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Abstract

The 2-oxyglutarate oxygenase family of enzymes catalyse post-translational hydroxylation of
substrates associated with fundamental cellular processes and are often implicated in disease.
The focus of this thesis was two poorly characterised 2-oxyglutarate oxygenases, JIMJD7 and

JMJDS.

JMID7 was recently assigned as a novel lysyl hydroxylase that targets two substrates,
Developmentally Regulated GTPases (DRG) 1 and 2. Although the molecular function of DRG
hydroxylation is unclear, the JMJD7-DRG pathway may play a role in neurodevelopment due
to the association of JMJD7 and DRG mutations with Autism Spectrum Disorder (ASD) and
intellectual disability. Here we begin to address the potential role of this novel pathway in
neuronal differentiation and ASD. We successfully characterise key stages of cortical neuron
differentiation and develop JMJD7 loss of function models in neuronal-like SHSYSY cell lines.
On the basis of this work we hypothesise how dysregulation of the IMJD7 pathway might

contribute to neurodevelopmental disorders and propose future areas for investigation.

The second enzyme investigated was JMID5, a JMJD7-related oxygenase whose catalytic
activity remains controversial. Here we characterise JMJD5 mutations identified in patients
with a novel human developmental disorder, which we demonstrate is associated with DNA
replication stress. We propose two novel candidate hydroxylation substrates of JMID5,
minichromosome maintenance (MCM) subunits 3 and 5, which form part of the essential DNA
helicase required for replication. Future investigation will aim to decipher the molecular
mechanism of JMJD5-associated replication stress and whether this is mediated by

hydroxylation of MCM3/5.

Overall, our work highlights the importance of protein hydroxylation in fundamental cellular
processes and human development and demonstrates the benefit that studies of human
disorders can provide in elucidating the function of poorly characterised 2-oxyglutarate

oxygenases.
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1 Introduction

In this thesis we investigated Jumonji Domain Containing protein 7 and 5 (JMJD7 and JMJD5),
two members of the 2-oxoglutarate oxygenase family of hydroxylase enzymes. To date both
are largely uncharacterised but are implicated in human developmental disorders and disease.
Consequently, this introduction will give an overview of hydroxylation as a post-translational
modification, including its catalysis by the family of 2-oxoglutarate oxygenase enzymes and
their roles in disease, with a specific focus on IMJD7, JIMID5, and their confirmed or candidate

hydroxylation substrates.

1.1 Post-translational modifications

Post-translational modification (PTM) predominantly involves the addition of a chemical
moiety onto a protein during or after its translation. Consequently, PTMs enable complexity
of the proteome to extend beyond what is possible by the genome alone (Spoel, 2018). The
most common PTMs are phosphorylation, acetylation, N- or O-linked glycosylation, amidation,
methylation and ubiquitination (Khoury et al.,, 2011). Each of these PTMs function
independently or in crosstalk with each other to facilitate a variety of protein functions
including; folding, localisation, degradation, enzymatic activation and substrate specificity
(Knorre et al., 2009, Duan and Walther, 2015, Csizmok and Forman-Kay, 2018). PTMs are
commonly dynamic, with their addition and removal being catalysed by specific enzyme
classes (e.g. kinases/phosphatases). Moreover, the ability of downstream proteins to detect
and respond to PTMs often forms the basis of fundamental signalling pathways, that when

dysregulated are associated with disease (Deribe et al., 2010).
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1.2 Hydroxylation and the 2-oxoglutarate oxygenase family

Hydroxylation is a relatively poorly characterised PTM that involves covalent addition of an
oxygen atom to a C-H bond to generate an alcohol (hydroxyl) group. The hydroxyl group can
increase amino acid polarity and act as a donor or acceptor during the formation of hydrogen
bonds (Loenarz and Schofield, 2011). The largest family of enzymes that catalyse
hydroxylation are 2-oxoglutarate (2-OG) oxygenases. The first 20G oxygenases were identified
while investigating the presence of hydroxyl-proline and hydroxy-lysine in collagen (Kivirikko
and Prockop, 1967) and for several decades after hydroxylation was deemed to be a rare PTM
(Loenarz and Schofield, 2011). However, the discovery of hydroxylases involved in hypoxia
signalling (lvan et al., 2001, Jaakkola et al., 2001, Lando et al., 2002) inspired further study of
this PTM, and since then numerous other 20G oxygenases have been discovered and
characterised. The importance of the 20G oxygenase family is demonstrated by their
evolutionary conservation, their fundamental role in a diverse range of cellular processes and

their association with a variety of diseases (Ploumakis and Coleman, 2015).

1.2.1 The 2-oxoglutarate oxygenase family members

20G oxygenases can be identified by the presence of a catalytic fold consisting of a double-
stranded B-helix (DSBH), also referred to as the cupin (barrel-like) or ‘jelly-roll’ fold (Roach et
al., 1995, Loenarz and Schofield, 2011). This DSBH is made up of eight anti-parallel B-strands
which fold into the barrel-like structure (Figure 1.1). This fold is fundamental for positioning
essential catalytic residues for the hydroxylation reaction, as discussed in Section 1.2.2 (Chen

et al., 2006, McDonough et al., 2010, Ploumakis and Coleman, 2015).
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Figure 1.1 Structure of the double stranded B-helix in the 20G oxygenase catalytic domain

Figure demonstrating the double-stranded B-helix (DSBH) domain common for 20G oxygenase
catalytic sites. The DSBH forms a barrel-like structure (green) that orientates catalytic residues for
substrate binding. Left image is from the front view, right image is from the side view. Adapted from
Ploumakis and Coleman (2015).

The 2-OG oxygenase family can be divided into sub-families based on similarities in their
sequence and structure as well as presence of any additional functional domains acquired
throughout evolution (Balciunas and Ronne, 2000, Klose et al., 2006). By doing this, the 2-0G
oxygenases can be crudely segregated into three main groups (Figure 1.2). Two of these
groups contain a DSBH with homology to that present in the protein ‘Jumonji’ and are thus
referred to as Jumoniji-C (JmjC) domain enzymes (Takeuchi et al., 1995, Clissold and Ponting,
2001). This JmjC domain is present in over thirty 20G oxygenases and is conserved throughout
archaea, bacteria and eukaryotes (Balciunas and Ronne, 2000). JmjC enzymes can be sub-
divided into the JmjC-only hydroxylases (boxed in red, Figure 1.2) and the JmjC-containing

lysine demethylases (KDM, boxed in blue, Figure 1.2).
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Figure 1.2 Classification of the 2-oxoglutarate oxygenase enzymes into sub-families

20G oxygenases can be separated into three broad sub-families based on the homology of the DSBH
catalytic domain to the Jumonji protein (JmjC domain). Enzymes containing the JmjC domain boxed in
red and blue, enzymes with a non-JmjC DSBH boxed in green. Enzymes are then separated further
based on substrate specificity including lysine demethylases (KDM), protein, nucleotide, prolyl,
collagen and small molecule hydroxylases. Figure adapted from Johansson et al. (2014).

Within these broad sub-families, the enzymes can be further divided based on homology and
substrate specificity (Figure 1.2). Although their substrates are diverse (including proteins,
nucleic acids and lipids) the reaction mechanism involved is largely conserved (Loenarz and

Schofield, 2011) and is discussed below.
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1.2.2 Catalytic mechanism

All 2-0G oxygenases use molecular oxygen to catalyse a decarboxylation reaction that involves
the hydrolysis of 2-OG and the production of succinate, CO;, and the hydroxylated prime
substrate (Ploumakis and Coleman, 2015). During the reaction both atoms of molecular
oxygen are incorporated into the products (one into the substrate, the other into succinate)
making the enzymes dioxygenases (McNeill et al., 2002, Welford et al., 2005, Ploumakis and
Coleman, 2015). This reaction mechanism is dependent on a highly conserved ‘two histidine
one carboxylate motif’ (HxD...H), which forms a facial triad that binds a reactive Fe(ll) ion
(Clifton et al., 2006, McDonough et al., 2010). The DSBH orientates the HxD...H motif towards
the opening of this substrate binding pocket to solvent expose the Fe(ll) ion as the site for the

hydroxylation reaction (Clifton et al., 2006).

Once bound into the HxD...H motif, the Fe(ll) ion has three remaining coordination sites, two
of which are occupied by the bidentate ligand 2-OG. The prime substrate binds to the enzyme
and as it does so water molecules are displaced from the active site. This enables molecular
oxygen to bind which then initiates the decarboxylation reaction, summarised in Figure 1.3A

(zhou et al., 1998).

One sub-family of 20G oxygenases mediate this decarboxylation reaction for the
demethylation of lysine residues on histone tails (lysine demethylases (KDMs), identified by a
blue box in Figure 1.2). In these demethylation reactions the hydroxylated methyl-lysine
fragments into formaldehyde and a demethylated lysine residue (Figure 1.3B) (Loenarz and
Schofield, 2011). The importance of this reaction in the epigenetics field is discussed below

(Section 1.2.3.1).
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Figure 1.3 The 2-oxyglutarate oxygenase hydroxylation reaction

(A) (1) The HxD...H facial triad of the active site (circled in blue) binds to ferrous ions (Fe?*). (2) 2-
oxoglutarate (20G) binds to the FeZion. (3) This initiates the binding of the prime substrate (circled in
green) into the active site of the enzyme. (4) This displaces a water molecule and enables coordination
of molecular oxygen (red molecule) with Fe?. (5/6) This generates a reactive Fe(IV) complex that is
unstable and undergoes a two-step oxidative decarboxylation reaction. (7) In this reaction, the oxygen
molecule is incorporated into the by-product of the reaction, succinate, and the prime substrate as a
hydroxyl group. The enzyme then regenerates its ferrous ion, though some enzymes require ascorbate
to facilitate this. (B) Hydroxylation of methylated lysine creates an unstable intermediate that
fragments resulting in an unmethylated lysine residue and formaldehyde as a by-product.
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1.2.3 2-Oxoglutarate oxygenase family members in disease

The functional significance of hydroxylation reactions depends on the context (e.g. stable
hydroxylation versus demethylation) and function of the substrate. However, as mentioned
above, an emerging theme is that 20G oxygenases and their substrates play essential roles in
fundamental cellular processes. As a consequence, 20G oxygenases are commonly implicated
in disease. We briefly discuss the role of 20G oxygenases in disease below, with a specific

focus on JmjC-containing 20G oxygenases, which form the focus of this thesis.

1.2.3.1  JmjC-containing lysine demethylases in disease

One sub-family of JmjC containing 20G oxygenases are the lysine demethylases (KDMs,
identified by a blue box in Figure 1.2). KDMs have been widely implicated in diseases, including
developmental disorders and cancer, due to the fundamental nature of their role in epigenetic

regulation.

With regards to development, IMJD3 (KDM6B) and UTX (KDM6A) which demethylate histone
H3 on lysine 27 that is di- or tri-methylated (H3K27me2/3) have both been implicated in
human development. For example, JIMJD3 activity promotes neural differentiation and when
dysregulated can contribute to neurodegenerative disorders, including Parkinson’s and
Alzheimer’s disease (Fonseca et al., 2012, Park et al., 2014, Tang et al., 2014, Burchfield et al.,
2015). Consistent with a fundamental role, deletion or mutation of UTX is associated with a
rare developmental disorder called Kabuki syndrome where patients present with intellectual
disability plus a range of other developmental defects (Lederer et al., 2012, Miyake et al.,
2013, Lederer et al., 2014, Banka et al., 2015). Interestingly, other JmjC-containing KDMs are

also implicated in cognitive impairment associated disorders, demonstrating the importance
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of their role during neural development (Kim et al., 2017). For example, KIAA1718 (KDM7A)
targets methylated lysine 9 and 27 on histone H3 (H3K9/27me) for demethylation, and its
expression is predominantly localised to the developing brain. Here it promotes neural
differentiation by regulation of ‘fibroblast growth factor’ 4 (Huang et al., 2010). PHF8
(KDM7B), that demethylates histone H4K20mel, is also essential during brain development
and consequently dysregulation is associated with intellectual disability as well as other birth
defects such as cleft lip/palate (Laumonnier et al., 2005, Abidi et al., 2007, Koivisto et al., 2007,
Chen et al.,, 2018, Qiao et al., 2008). Similarly, mutations in JARID1C (KDM5C), that
demethylates H3K4me2/3, is associated with X-linked intellectual disability disorders
prevalent in males (Jensen et al., 2005, Tahiliani et al., 2007, Adegbola et al., 2008, Brookes et

al., 2015).

Further demonstrating the importance KDMs in development, FBXL10 (KDM2B) and FBXL11
(KDM2A) can be used as accessory factors to facilitate generation of induced pluripotent stem
cells in vitro (Wang et al., 2011, Liang et al., 2012). Furthermore, both enzymes have been
implicated in cancer (Frescas et al., 2008, Tzatsos et al., 2013, Yan et al., 2018, Lu et al., 2019).
This association of KDMs with fundamental roles in both development and cancer appears to
be a common theme. For example, many KDMs activate the Androgen Receptor (AR) and
regulate metabolic genes during development (Yamane et al., 2006, Okada et al., 2007, Shin
and Janknecht, 2007, Wissmann et al., 2007, Wolf et al., 2007, Coffey et al., 2013). Therefore,
many KDMs have also been implicated in prostate cancer due to its dependence on AR
signalling. As such, KDMs have been proposed as prognostic markers and drug targets in this

and other cancers (Suikki et al., 2010, Crea et al., 2012).
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Further examples of KDMs with links to tumourigenesis include JARID1IA (KDM5A) and
JARID1B (KDM5B) which are both demethylases targeting H3K4. JARID1A was originally named
‘retinoblastoma binding protein 2’ as it contains a phospho-retinoblastoma protein binding
motif. As retinoblastoma protein is a major tumour suppressor gene, with critical roles in cell
cycle control, it is perhaps unsurprising that JARID1A is important for regulating the cell cycle
and is commonly dysregulated in cancer (Klose et al., 2007). On the other hand, the role of
JARID1B in cancer relates to epithelial-to-mesenchymal transition, where it inhibits the
expression of tumour suppressor miR-200 (Enkhbaatar et al., 2013). Overall, there is a large
body of evidence demonstrating the fundamental nature of KDMs and their association with

major human diseases, reviewed by Takeuchi et al. (2006).

1.2.3.2 JmjC-containing protein hydroxylases in disease

The JmjC-only sub-family of 20G oxygenases are largely characterised as protein hydroxylases
(identified by a red box in Figure 1.2). This family includes JMJD5 and JMIJD7 which are the
focus of this PhD and will be discussed in more detail in separate sections that follow below.
First, we briefly discuss other members of the JmjC-only sub-family, describing their

fundamental cellular roles and association with disease.

A well characterised member of this sub-family is Factor Inhibiting HIF (FIH). FIH prevents
binding of ‘hypoxia inducible factor’ (HIF) to its co-activator protein p300 by hydroxylating an
asparagine residue in the C-terminal transactivation domain of the HIFa subunit (Mahon et
al., 2001, Lando et al., 2002). Further regulation of HIF is mediated by Prolyl-hydroxylase
Domain (PHD) enzymes (a.k.a EGLN1-3), which hydroxylate HIF to promote its interaction with

the E3 ubiquitin ligase von Hippel-Lindau (VHL) protein. This targets HIF for proteasomal
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degradation (Jaakkola et al., 2001, Ivan et al., 2001, Yu et al., 2001). Under hypoxic conditions
the level of oxygen is decreased and correspondingly the extent of HIFa hydroxylation is
decreased. This results in the translocation of the HIFa subunit to the nucleus, hetero-
dimerisation to the HIFB subunit, and interaction with p300 to promote gene expression that

upregulates a cellular response to hypoxia, reviewed by (Schofield and Ratcliffe, 2004).

In addition to this role FIH also targets residues in ankyrin repeat proteins for hydroxylation
(Cockman et al., 2006, Coleman et al., 2007, Cockman et al., 2009, Yang et al., 2011). One most
recent example of this activity is towards the E3 ubiquitin ligase HACE1. This hydroxylation
event disrupted interaction between HACE1 and Racl, a protein important in cell motility (Kim
et al.,, 2019). Consequently, due to these fundamental roles FIH has been identified as a
tumour suppressor gene. It is commonly dysregulated in many cancers and thus could be used
as a prognostic biomarker (Kroeze et al., 2010, Wang et al., 2014a, Chen et al., 2015b, Kang et

al., 2018, Kim et al., 2019).

Other JmjC-only family members, MINA and NO66, are also implicated in cancer. Both target
ribosomal subunits for histidine hydroxylation: MINA has specificity towards Rpl27a and NO66
targets Rpl8 (Ge et al., 2012). One might expect that, since cell growth is directly associated
with protein translation (Rudra and Warner, 2004), these proteins would support
tumourigenesis. However, although this may be the case for NO66 (Pires-Luis et al., 2015,
Nishizawa et al., 2017, Sinha et al., 2019), MINA may have paradoxical roles in cancer, as it has
been implicated as both a tumour suppressor gene and an oncogene in different contexts (Yu
et al., 2014, Bundred et al., 2018). Interestingly, MINA and NOG66 are also implicated in other

physiological processes. For example, NO66 is involved in bone development as it negatively
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regulates the osteoblast transcription factor Osterix (Sinha et al., 2010, Chen et al., 2015a).
MINA is important for regulating T-cell differentiation and was subsequently associated with

allergic response and asthma (Okamoto et al., 2009, Chen et al., 2011b, Mori et al., 2013).

Another JmjC-only oxygenase important for protein translation is JMJDA4. Its hydroxylation of
‘eukaryotic release factor 1’ (eRF1) is essential for optimal translation termination (Feng et al.,
2014). Perhaps unsurprisingly JMJD4 is upregulated in cancer (Ploumakis and Coleman, 2015,
Ho et al., 2018) but interestingly is dispensable in normal development (Yoo et al., 2016).
Another JmjC-only oxygenase implicated in translation is TYWS5, which is unusual within this
sub-family because it targets an RNA rather than protein substrate. TYW5 is part of the
enzymatic cascade to produce the hypermodified base, hydroxywybutosine, in the
phenylalanine tRNA (Noma et al., 2010, Kato et al., 2011). The functional significance of TYW5
is unclear, but a role in translation might suggest that TYWS5 also supports tumourigenesis, like

many other members of this family.

Other, less well characterised JmjC-only subfamily members have also been implicated in
disease. For example, IMIDG, is a lysyl-hydroxylase that is reported to target serine-arginine
rich proteins, histones, VHL protein and splicing factor U2AF65 (Webby et al., 2009, Unoki et
al., 2013, Heim et al., 2014, Alahari et al., 2015), though whether IMID6 targets all of these
substrates is controversial (Bottger et al., 2015, Islam et al., 2019). These activities have been
linked to multiple tumourigenic pathways, which might explain why JMJD6 expression is
associated with poor prognosis (Boeckel et al., 2011, Lee et al., 2012, Shen et al., 2018, Liu et

al., 2019, Wan et al., 2019, Wong et al., 2019). Interestingly, JIMJD6 has also been associated
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with eye development in Xenopus laevis and for adipogenesis (Reyes-Gutierrez et al., 2019,

Shin et al., 2019).

Similarly, although JMIDS8 is a largely uncharacterised JmjC-only family member, with no
substrates yet assigned, it is suggested to localise to the endoplasmic reticulum to facilitate
protein folding (Yeo et al., 2017). It has also been implicated in angiogenesis (Boeckel et al.,
2016) and has been proposed as a therapeutic target to enhance efficacy of chemotherapy
and radiotherapy (Su and Wang, 2019, Wang et al., 2019b). Likewise, the activity of ‘Heat
Shock Protein-Associated Protein 1’ (HSPBAP1) is largely unknown. However, its function has
been associated with maturation of macrophages (Fagone et al., 2012), brain development
due to over-expression in epileptic patients (Xi et al., 2007), and cancer via interaction with
the AR (Saeed et al., 2015, Yang et al., 2015). Overall, the JmjC-only family have diverse
substrates, play essential roles in fundamental cellular processes, and are receiving increasing

attention for their potential importance in disease, reviewed by Oh et al. (2019).

1.2.33 Additional mechanisms for 20G oxygenase dysregulation in disease

As 20G oxygenase activity is dependent on the presence of oxygen, iron and 2-0G, these
enzymes can be sensitive to changes in cell metabolism and microenvironment (Schofield and
Ratcliffe, 2005). This could be another mechanism that the 20G oxygenases contribute to
disease. For example, mutations in isocitrate dehydrogenases alter its usual function from
converting isocitrate to 2-OG and instead produces ‘2-hydroxyglutarate’ (2-HG) (Ye et al.,
2013). This occurs at such a rate that the enzymes that oxidise this unwanted product are
overwhelmed, and thus the levels of 2-HG increase (Xu et al., 2011c, Losman and Kaelin, 2013).

As 2-HG is structurally similar to 2-OG it acts as a competitive inhibitor of some 2-0G
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oxygenases, including those with tumour suppressor function (Xu et al., 2011b). Therefore, 2-
HG is referred to as an oncometabolite (Losman and Kaelin, 2013, Zou et al., 2013). Other
oncometabolites that competitively inhibit 20G oxygenases include fumarate and succinate
(Yang et al., 2012, Sciacovelli and Frezza, 2016, Tretter et al., 2016, Collins et al., 2017,

Eijkelenkamp et al., 2019).

Due to the dependence on molecular oxygen, the activity of many of these enzymes can also
be inhibited by hypoxia. This is the case for the HIF hydroxylases mentioned previously, though
the oxygen affinity of FIH suggests it is less sensitive to hypoxia than the PHD enzymes
(Koivunen et al.,, 2004, Tian et al., 2011). That being said, FIH has been proposed as a
therapeutic target for disorders associated with hypoxia such as anaemia and stroke (Yeo et
al., 2006, Locatelli et al., 2017, Gupta and Wish, 2017, Davis et al., 2019). Other examples
include some KDM 20G oxygenases whose activity are also directly associated with hypoxia
(Cascella and Mirica, 2012, Sanchez-Fernandez et al., 2013, Hancock et al., 2017, Chakraborty
et al., 2019), whereas others indirectly respond to hypoxia due to HIF regulated expression
(Pollard et al., 2008, Batie et al., 2017). Moreover, the DNA demethylase activity of ‘ten-eleven
translocation’ (TET) enzymes was found to be directly affected by low oxygen levels in tumour
hypoxic conditions. This results in hypermethylation of tumour suppressive genes to promote
tumourigenesis (Thienpont et al., 2016). Interestingly, JMJD6 has also been attributed with
oxygen sensing properties in the placenta and could be a biomarker of preeclampsia (Alahari

et al., 2015, Farrell et al., 2019).
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Overall, there is a lot of evidence to demonstrate the fundamental importance of the 20G
oxygenase family and how their dysregulation can result in human developmental disorders
and disease. However, several members of the family remain either very poorly characterised
or their biological and substrate specificity is controversial. As there is potential merit in the
therapeutic targeting of these enzymes (Rose et al.,, 2011), this means that basic
characterisation of these enzymes is warranted. To this end, we investigated the disease-
related roles of two poorly characterised members of the JmjC-only sub-family, JMJD7 and
JMIDS5. As such we provided a focussed introduction to these enzymes in the sections that

follow.

1.3 IMID7

The first 20G oxygenase investigated in this thesis was a member of the JmjC-only sub-family
called JMJD7. Although two hydroxylation substrates have been assigned, the cellular role that

JMJD7 and its downstream pathway play is largely uncharacterised.

1.3.1 The JMID7 hydroxylation substrates DRG1 and DRG2

JMJD7 was recently proposed to have endopeptidase activity to cleave histone tails (Liu et al.,
2017, Liu et al., 2018a), a branch of nucleosome proteolysis predominantly important for
epigenetic regulation (Dhaenens et al., 2015). However, this activity was not supported by
structural and biochemical evidence demonstrating that JMJD7 acts as a protein hydroxylase
(Markolovic et al., 2018). Furthermore, two hydroxylation substrates of JIMJD7 have been
identified as the ‘Developmentally Regulated GTPases’ (DRG) 1 and 2 (Markolovic et al., 2018).
They are both members of the OBG sub-family of ‘translation factor’ (TRAFAC) GTPases that

are highly conserved in archaea and eukaryotes (Leipe et al., 2002). JMID7 targets lysine
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residues for hydroxylation, at position 22 in DRG1 and position 21 in DRG2 (Markolovic et al.,
2018), which are located at the apex of a functionally important helix-turn-helix motif (Figure

1.4) (Francis et al., 2012). However, the consequence of this hydroxylation is unknown.

Figure 1.4 Structure of yeast DRG1 (RBG1) to demonstrate the IMID7 mediated hydroxylation site

The yeast orthologue of DRG1, Ribosome-interacting GTPase 1 (RBG1) has 66% sequence identity to
human DRG1 (structure PDB ID: 4A9A). RBG1 is comprised of four domains; a highly conserved G-
domain responsible for GTPase activity, a TGS (ThrRS, GTPase and SpoT) domain thought to mediate
interaction with DFRPs, the S5D2L (ribosomal protein S5 2-like) and helix-turn-helix (HTH) domains
both essential for RBG1 function (Francis et al., 2012). A lysine within this HTH domain is targeted for
hydroxylation by JIMJD7, K22 in human DRG1 and K21 in human DRG2 (Markolovic et al., 2018). The
hydroxylated residue is shown in this figure as an orange stick on K22. Figure adapted from Markolovic
et al. (2018).

The available literature demonstrates that DRG1 and 2 expression is regulated during
development (Kumar et al., 1992, Sazuka et al., 1992, Kumar et al., 1993, Etheridge et al.,
1999). They have also been shown to play roles in proliferation (Schenker et al., 1994, Ko et

al., 2004, Song et al., 2004, Bower and Johnston, 2010, Ishikawa et al., 2013, Jang et al., 2016),
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endosome function (Mani et al., 2016, Mani et al., 2017), microtubule stability (Schellhaus et
al., 2017) and protein translation (Ishikawa et al., 2009, Wout et al., 2009, Daugeron et al.,
2011, Francis et al., 2012). However, the molecular mechanisms involving DRG1/2 in these
processes remain unclear making investigation into the consequence of JMJD7 hydroxylation

complicated.

That being said, recent proteomic characterisation, performed by the Coleman lab, has helped
to assign potentially specific functions of DRG1 and DRG2. For example, DRG2, consistent with
a role in translation, interacts with deoxyhypusine synthase (Dr Qingin Zhuang). This is the
enzyme that catalyses hypusination of eukaryotic initiation factor 5A, which is essential for its
role in mRNA translation (Nishimura et al., 2012, Park and Wolff, 2018). Interestingly, an
interaction between DRG2 and RNA was also identified which was found to be reduced after
JMJD7 knockdown or DRG2 hydroxylation site mutation (Markolovic et al., 2018). Unlike
DRG2, the current proteomic data suggests that DRG1 plays a role in transcription as it co-
immunoprecipitates with subunits of the ‘facilitates chromatin transactions’ (FACT) complex
(Dr Qingin Zhuang and Mr Christian Westrip). Therefore, although the DRGs are highly
conserved and are highly related in protein sequence (Li and Trueb, 2000), they are likely to
have individual roles. In addition, the activities mediated by DRG1 and DRG2 are likely to be
facilitated by the ‘DRG family regulatory proteins’ (DFRP) 1 and 2, which promote the stability
and activity of their respective DRG binding partners (Ishikawa et al., 2005, Ishikawa et al.,

2009).
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1.3.2 JMID7 and disease

Although there is very little known regarding the functional role of JMJD7, there is evidence
of its potential importance in human disease. For example, JMJD7 is implicated in cancer
where, paradoxically, it has been identified as both a tumour suppressor gene and oncogene
(Zhu et al., 2016, Liu et al., 2017) (Charlotte Eaton, Coleman lab). Consistent with a potential
role in supporting tumourigenesis, JMJD7 knockdown reduces cell proliferation (Zhu et al.,

2016, Liu et al., 2017, Markolovic et al., 2018).

JMJD7 mutations have also been found in patients with autism spectrum disorder (ASD)
(Matsunami et al., 2014) and intellectual disability (ID) (de Ligt et al., 2012) implying that
JMJD7 may also have an important role in development (ASD and neural differentiation
discussed in greater depth in Chapter 2). Consistent with this the DRG hydroxylation
substrates have also been implicated in developmental disorders. For example, the DRG2 gene
is localised within a chromosomal region implicated with the ID-associated Smith-Magenis
syndrome, and both DRG1 and DRG2 mutations are identified in patients with ASD (Vlangos
et al., 2000, Lucas et al., 2001, Bi et al., 2002, Nakamine et al., 2008, de Krom et al., 2009).
Interestingly, similarly to NO66 (see above), JMJD7 is also reported to play a role in osteoclast

differentiation (Liu et al., 2018b).

Another link between JMJD7 and disease may be related to its rather unique transcriptional
regulation. This occurs after transcriptional ‘readthrough’ from the JMJD7 gene into the
neighbouring phospholipase A2 beta (PLA2G4B) gene, creating a ‘readthrough’ transcript that
includes the N-terminus and partial JmjC domain of JMJD7 and the full PLA2G4B gene

sequences (Figure 1.5) (Cheng et al., 2017). Due to the incomplete JmjC domain the
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readthrough protein is unlikely to support DRG hydroxylase activity. Although the exact
regulation and function of this readthrough transcript is unknown, it has been implicated in

cancer and ASD (Matsunami et al., 2014, Su et al., 2016, Ito et al., 2016, Cheng et al., 2017).

JMID7 Functional Residues

* Fe(ll) binding residue
™ 20G binding residue
P Dimerisation Residue
== Dimerisation Domains

Jvwpz 9w Y. wWwWYVO._ VYV o

JmjC Catalytic Domain

JMJD7—PLAZG4B# PLA2G4B

Figure 1.5 Domains present in JMJD7 and the JMJD7-PLAG2B readthrough transcript

The JMID7 protein sequence labelled with functional domains, including the JmjC domain plus catalytic
residues and dimerisation domains. The readthrough transcript includes the N-terminal and partial
JmjC catalytic domain from the JMJD7 coding sequence into the neighbouring PLA2G4B gene. Currently
the prevalence and function of this readthrough protein is unknown.

Overall, there is a growing body of evidence suggesting the importance of the JMJD7 pathway

in disease. However, the molecular mechanisms responsible are undefined.

1.4 JMID5

The second 20G oxygenase investigated in this thesis was JMID5. Although there is a large
body of literature demonstrating a variety of JMJD5 functions, its enzymatic activity has been
controversial. Below we discuss the literature regarding JMJD5 and then review evidence
supporting that JMJD5 acts as a protein hydroxylase. We then briefly introduce two candidate
hydroxylation substrates of JMJD5, that we provide experimental evidence for later in this

thesis (Chapter 4).
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1.4.1 JMIDS cellular activity

The majority of the current literature surrounding the cellular function of JMJD5 comes from
studying its role in cancer, where it has been implicated as having tumour suppressive and
oncogenic properties. JMJD5 was originally predicted to be a tumour suppressor gene
following a retroviral insertion screen in mice deficient for the BLM DNA helicase (Suzuki et
al.,, 2006). Consistent with a potential tumour suppressor function, JMJD5 expression is
downregulated in cancer patients associated with a poor prognosis (Suzuki et al., 2006, Wang
et al., 2012, Wu et al., 2016b, Wilkins et al., 2017). Conversely, increased JMJD5 expression is
correlated with late stage tumours, increased metastasis and poor overall survival (Hsia et al.,
2010, Huangetal., 2015, Lee et al., 2015, Zhang et al., 2015, Zhao et al., 2015, Wu et al., 201643,
Wang et al., 20193, Yao et al., 2019). The fundamental role of JMID5 is further highlighted by
mouse models, whereby JMJD5 knockout mice were embryonic lethal due to severe growth
retardation. Although JMJD5 knockdown mice were viable, they continued to present with

growth defects (Ishimura et al., 2012, Oh and Janknecht, 2012, Ishimura et al., 2016).

There are various molecular mechanisms attributed to JMJD5 function that could contribute
to this impaired cellular proliferation phenotype (summarised in Figure 1.6). For example,
JMJD5 has been linked to the progression of the cell cycle through its regulation of CCN1A
(Cyclin A1) expression (Hsia et al., 2010, Huang et al., 2013). JMJD5 has also been shown to
regulate the p53/p21 pathway, which is functionally implicated in both cancer (Huang et al.,
2015, Wu et al., 20164, Yao et al., 2019) as well as the growth defect of JMID5 loss of function
mouse models (Ishimura et al., 2012, Ishimura et al., 2016). In addition, JMJD5 has also been
implicated in promoting microtubule stability for promoting the metastasis of cancer cells and

during mitosis (He et al., 2016b, Wu et al., 2016b, Wu et al., 2017). This microtubule stability
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role is thought to be facilitated by the binding partner of JMIJD5 called ‘Regulator of
Chromosome Condensation 1 domain containing protein’ (RCCD1) (Marcon et al., 2014, Wu
etal., 2017). RCCD1 is a member of the ‘Regulator of Chromosome Condensation’ (RCC) super
family and is important for microtubule stability which is oncogenic in breast and ovarian

cancer (Marcon et al., 2014, Hoffman et al., 2017, Kar et al., 2016, Wu et al., 2017).

JMIJD5 has been also associated with cancer by alternative pathways. For example, it facilitates
resistance to chemotherapeutic agents by promoting survival of prostate cancer cell lines via
interaction with Pyruvate Kinase M2 and the AR (Wang et al., 2014b, Chen et al., 2019, Wang
et al., 2019a). JMJD5 has also been implicated in the epithelial-mesenchymal transition of
endothelial cells (Yao et al.,, 2019). JMJD5 is also associated with proper homologous
recombination during double-strand DNA break repair in C. elegans (Amendola et al., 2017).
Interestingly, JMID5 has also been linked with the DNA mismatch repair pathway (Suzuki et
al., 2006). Perhaps consistent with this, JMJD5 expression and activity are regulated in
response to cellular stress and DNA damaging agents (Huang et al., 2015, Shen et al., 2017).
Impaired activity of JMJD5 could therefore promote tumourigenesis by increasing genomic
instability, a well-established hallmark of cancer (Negrini et al., 2010, Hanahan and Weinberg,
2011). Although the cellular mechanism is yet to be fully established, the importance of IMJD5
in tumourigenesis is highlighted by its proposal as a therapeutic target in cancer (Raynal et al.,

2017, Wang et al., 2018).

Independent of a role in cancer, JMJD5 has also been implicated in regulating cell proliferation
in other contexts. For example, Myc-interacting zinc-finger protein 1 (Miz-1) was found to

negatively regulate JMJD5 in order to promote the cell cycle exit that is essential for Schwann
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cell differentiation (Fuhrmann et al., 2018). Other evidence suggests JMJD5 regulation of p21
is important for stem cell differentiation (Zhu et al., 2014). A role for JMID5 in development is
further supported by its association with promoting the differentiation of osteoblasts and

osteoclasts (Youn et al., 2012, Munehira et al., 2017).

Finally, IMJD5 was found to bind and facilitate the activity of Hepatitis B virus X protein
(Kouwaki et al., 2016), which is a protein essential for viral replication and pathogenesis in
hepatocellular carcinoma (Benhenda et al., 2009). Moreover, completely distinct to its
previously discussed roles, JMJD5 has also been found to regulate circadian rhythm (Jones et
al., 2010, Jones and Harmer, 2011, Shen et al., 2016, Shalaby et al., 2018, Saran et al., 2018,

Jones et al., 2019).

Overall, there is strong evidence demonstrating a fundamental role for JMID5 (summarised in
Figure 1.6). However, the specific cellular activity of JIMID5 remains unclear. The identification
of JMID5 hydroxylation substrates will likely help to piece together the direct and specific
cellular activities of JMJD5. However, as discussed below, the catalytic activity of JMID5 is

highly controversial.
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Figure 1.6 Summary of cellular functions attributed to JMJD5

Cellular functions currently assigned to JMJD5 as described in the literature. The molecular mechanism
behind how JMID5 might play a role in these activities is largely uncharacterised. However, the
importance of JMID5 activity is apparent as it is implicated in disease, including cancer.

1.4.2 JMIDS5 catalytic activity
The assignment of the catalytic activity of JMJD5 has been highly controversial and therefore

a complete understanding of its enzymatic role remains elusive.

Similarly to JMJD7, recent enzymatic activity attributed to JMJD5 was as an endopeptidase for
histone tail clipping (Liu et al., 2017, Shen et al., 2017, Liu et al., 2018a). Liu et al. (2017)
proposed JMJD5 to have both endopeptidase activity, for an initial cleavage event at histone
H3R2me2, and exopeptidase activity to remove one residue after another along the histone
tail. Independently, JMJD5 was assigned endopeptidase activity targeted to monomethyl-
lysine on histone H3.3 in response to DNA damage and cellular stress (Shen et al., 2017).
Although the two groups contradicted each other with regards to the specific histone
substrate of JMID5, both demonstrated that Fe?* and JMID5 catalytic residues were essential

for these clipping events (Liu et al., 2017, Shen et al., 2017).
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A more historical function assigned to JMJD5 was as a KDM targeting H3K36me2 (Hsia et al.,
2010). This function was found to require both the catalytic activity and nuclear localisation
of JMID5 (Huang et al., 2013) and was thought to be important for cell cycle progression (Hsia
et al., 2010, Ishimura et al., 2012, Fuhrmann et al., 2018) and homologous recombination
(Amendola et al., 2017). However, there is mounting structural, sequence and biochemical
evidence suggesting that JMJD5 cannot act as a KDM or endopeptidase but instead is more

similar to other protein hydroxylases of the JmjC-only family members, as reviewed below.

Firstly, the H3K36me2 KDM and histone H3 endopeptidase activities of JMJD5 were not
successfully reproduced by other studies (Del Rizzo et al., 2012, Youn et al., 2012, Wang et al.,
2013, Williams et al., 2014, Wilkins et al., 2018, Jones et al., 2019). Importantly, the proposed
KDM activity of JIMJD5 was also not replicated by in vivo mouse or Drosophila models (Oh and

Janknecht, 2012, Shalaby et al., 2017).

Secondly, JMJD5 sequence and structure is more closely related to other JmjC-only protein
hydroxylases than with JmjC containing KDMs (Del Rizzo et al., 2012, Wang et al., 2013, Wilkins
et al., 2018). For example, the JMJD5 catalytic site contains residues conserved in other JmjC-
only family members, but does not contain residues in KDMs that are essential for binding
methylated lysine (Del Rizzo et al., 2012). JMJD5 was even found to contain residues in its
catalytic site that might block binding to methylated lysine (e.g. W414 which is conserved in
FIH) (Elkins et al., 2003, Wang et al., 2013). Moreover, the narrower entrance into the JMJD5
active site compared to KDMs is predicted to block the binding of a methylated lysine (Wang
etal., 2013). Consistent with the proposed absence of KDM activity, the JMID5 sequence does

not include other functional domains known to support KDM function, such as histone binding
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domains (Markolovic et al., 2016, Wilkins et al., 2018). However, it should be noted that the
binding partner of JIMJD5, RCCD1, is likely to directly interact with nucleosomes (Marcon et
al., 2010). Therefore, RCCD1 could be responsible for the localisation of JMJD5 to chromatin,

an important hypothesis to be addressed in the future.

Finally, there is evidence to indicate that JMJD5 acts as a protein hydroxylase. Wilkins et al.
(2018) identified that JMID5 can hydroxylate a specific arginine residue in a synthetic peptide
from both ‘ribosome protein S6’ (RPS6) and RCCD1 in vitro. However, the authors could not
provide evidence of RPS6 or RCCD1 hydroxylation in cells, suggesting that JIMJD5 may still be
an orphan protein hydroxylase (Wilkins et al., 2018). We addressed this hypothesis later in
this thesis and in doing so identified two novel candidate hydroxylation substrates of JMJD5
as the ‘minichromosome maintenance complex’ (MCM) subunits 3 and 5 (Chapter 4). As such

we next provide a detailed overview of the MCM complex.

1.4.3 JMID5 candidate substrates, MCM3 and MCM5

A fundamental step of cell proliferation is the complete and accurate replication of the cell
genome. This results in two identical copies of the genome that are segregated between the
daughter cells at mitosis. In Chapter 4 of this thesis, we propose MCM subunits 3 and 5 as
candidate JMJDS5 substrates which, as discussed below, act in an essential helicase during DNA
replication. Here we provide an overview of the stages and regulation of eukaryote DNA
replication, with particular reference to the role of the MCM complex, reviewed by Riera et

al. (2017).
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1.4.3.1 The minichromosome maintenance complex subunits

The MCM complex was initially discovered in a yeast genetics screen that identified mutants
deficient at replicating plasmids called minichromosomes (Maine et al., 1984). Since then
evolutionary conserved MCM subunits have been identified in archaea and in all eukaryotes

(Bochman and Schwacha, 2009).

The eukaryotic MCM complex is a hetero-hexamer composed of the subunits MCM2-7. These
subunits are members of the ATPases associated with a variety of cellular activities (AAA*
ATPase) family. Each subunit shares a conserved MCM domain containing the ATPase catalytic
motifs (Koonin, 1993). Also common to each MCM subunit is the presence of a zinc finger
important for stabilising the N-terminus of the MCM structure and coordinating ATP
hydrolysis between subunits (Poplawski et al., 2001). Outside of these common domains the
subunits have individual functional domains. For example, MCM2 and MCM3 subunits have
nuclear localisation signals (Young et al., 1997, Takei and Tsujimoto, 1998, Pasion and
Forsburg, 1999, Ishimi et al., 2001, Liku et al., 2005), and most MCM4 subunits have conserved
motifs targeted by cyclin-dependent kinases (Hendrickson et al., 1996, Forsburg, 2004). The

structural domains of the MCM subunits are displayed in Figure 1.7A.
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Figure 1.7 MCM subunit functional motifs and assembly into the MCM complex

(A) The MCM subunits share a conserved MCM domain composed of ATPase motifs. These are
identified as cis-elements (ATP binding motifs called Walker A and Walker B motifs) and trans-elements
(arginine finger that binds the y-phosphate of ATP). All MCM subunits also contain a zinc finger domain.
MCM2 and MCM3 subunits have nuclear localisation signals (NLS) and MCM4 subunits have cyclin-
dependent kinase (CDK) target sequences. Figure adapted from Forsburg (2004). (B) The
heterohexamer MCM complex assembles its subunits into a ring structure and into the centre are -
hairpins (blue coloured loop). Figure adapted from Li et al. (2015). (C) Once assembled the MCM
complex forms functional ATPase domains between adjacent subunits. One subunit provides the cis-
elements and the other trans-elements and ATP is coordinated between the subunits. (D) The MCM
complex is shown from the side view and cut away to show DNA binding in the central channel. Figure
adapted from Li et al. (2015).
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The MCM subunits form a heterohexamer complex as a ring-shaped structure (Figure 1.7B)
(Pape et al., 2003). Once assembled, two adjacent subunits form a complete ATPase catalytic
site at the interface between them, which is essential for ATPase activity (Figure 1.7C) (Davey
et al., 2003, Erzberger and Berger, 2006). Two other contacts form between subunits, one via
hairpin structures between adjacent subunits and the other between zinc finger domains (Li
et al., 2015). The central cavity of the complex is of optimal width and charge to encircle
double stranded DNA (Figure 1.7D) (Li et al., 2015). Positioned into this cavity are B-hairpin
loops from each subunit that are likely to couple ATPase activity with helicase activity to
facilitate movement of DNA through the complex (Figure 1.7B) (Gai et al., 2004, Brewster and

Chen, 2010).

1.4.3.2 The role of MCMs during DNA replication

DNA replication is initiated simultaneously from multiple sites termed origins of replication
that are located along the length of chromosomes. It is at these origins that multiprotein
complexes assemble to facilitate the initiation of bi-directional DNA replication. The first of
these protein complexes to assemble at the origin is the pre-replicative complex (pre-RC) in
G1 phase (Gillespie et al., 2001). The major role of the pre-RC is the loading of the MCM
complex onto DNA origins prior to entry into S phase. Briefly, the origin recognition complex
(ORC), facilitated by cell division cycle 6 (Cdc6), binds to origin DNA (Mizushima et al., 2000,
Speck and Stillman, 2007). Loading of the MCM complex is mediated by cell division cycle 10-
dependent transcript 1 (Cdt1) which binds to the MCM complex and holds it in a confirmation
that enables binding onto origin DNA but prevents ATPase activity (Frigola et al., 2017). The

loading of one MCM complex results in the sequential loading of another MCM complex
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(Remus et al., 2009, Gambus et al., 2011, Fernandez-Cid et al., 2013, Evrin et al., 2013, Ticau

et al., 2015). This is essential for bi-directional DNA replication and is depicted in Figure 1.8A.

Before DNA replication can initiate in S phase the assembly of further proteins is required to
form the ‘replisome’. For example, Cdc45 and the GINS (Go-Ichi-Ni-San) complex are recruited
to each MCM complex to form the CMG helicase, which is responsible for DNA unwinding
ahead of the replication fork (Gambus et al., 2006, Moyer et al., 2006). The formation of the
CMG helicase is facilitated by MCM10, which also aids loading of DNA polymerases and
stability of the replisome (Zhu et al., 2007, Chadha et al., 2016). Other essential components
in the replisome include the DNA polymerase enzyme processivity factor, ‘proliferating cell
nuclear antigen’ (PCNA) (Moldovan et al., 2007), ‘replication protein A’ (RPA) that binds to and
stabilises single-stranded DNA (Zou et al., 2006), and the fork protection complex and the
clamp loader ‘replication factor C’ (RFC) that together help coordinate DNA polymerase and
helicase activity (Podust et al., 1995, Unsal-Kacmaz et al., 2007, Leman and Noguchi, 2012).
Other protein complexes support replication ahead of the fork, such as topoisomerases which
act to reduce torsional stress (Champoux, 2001), and the histone chaperone FACT complex
(Tan et al., 2006, Han et al., 2010). A simplified DNA replication fork structure is depicted in

Figure 1.8B.

When two DNA replication forks converge the replication proteins from each fork dissociate.
As the CMG complex forms an enclosed ring around the DNA it requires more active removal
(Figure 1.8C). Experiments in Xenopus leavis demonstrated that removal of the MCM complex
from chromatin was dependent on K48-linked poly-ubiquitination of MCM7 which signals for

extraction from chromatin (Moreno et al., 2014, Sonneville et al., 2017).
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Figure 1.8 A summary of the DNA replication mechanism

(A) Formation of the pre-replicative complex composed of ORC, Cdc6, Cdtl and the MCM complex are
loaded onto origins of DNA replication. (B) Upon loading of two MCM complexes the pre-RC
components are no longer required. Instead replisome components bind, a simplistic replication fork
is shown here including GINS and Cdc45 to make the CMG with the MCM complex, DNA polymerases
and processivity factor PCNA and single-stranded DNA binding protein RPA. There are many more
proteins not included, that act ahead and within the replisome essential for progression of the
replication fork. (C) When two replication forks converge DNA replication is terminated and the
replisome disassembles. Active removal of the MCM complex is required as it encircles the DNA
molecule. Included in this diagram are arrows to demonstrate directionality of protein movement
along the DNA molecule.
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1.4.3.3 Regulation of the MCM complex by post-translational modifications

Proper regulation of DNA replication is essential to maintain genomic stability. Due to the
essential nature of the MCM complex, in the DNA replication process, it is highly regulated.
This can be indirect, such as regulating essential proteins responsible for loading or activation
of the MCM complex. For example, Cdtl expression levels are cyclic to prevent improper
loading of new MCM complexes. This is mediated by its inhibitor geminin as well as proteolytic
degradation regulated by phosphorylation by ‘cyclin dependent kinases’ (CDKs) or by
interaction with PCNA (Pozo and Cook, 2016). In addition, MCM regulation can be direct, via
PTM of the MCM subunits. Due to the focus of this project and our hypothesis that the
MCM3/5 subunits could be hydroxylated (Chapter 4), the regulation of the MCM complex by

PTM is summarised below and in Figure 1.9.

The best characterised MCM PTM is phosphorylation, mediated by CDKs and cell division cycle
7-related protein kinase, which facilitate MCM complex formation and regulate loading and
unloading of the complex on chromatin. For example, loading of MCM3 onto chromatin is
dependent on CDK1 phosphorylation of MCM3 at serine 112 and threonine 722 (Schumann et
al., 2018). The phosphorylation on S112 was also found to promote MCM3 incorporation into
the MCM complex (Lin et al., 2008). The complex can also be phosphorylated in response to

DNA damage or ‘replication stress’ (defined in Chapter 5) (Cortez et al., 2004).

As mentioned above, ubiquitination of the MCM complex is important during termination of
DNA replication for the disassembly of the complex (Moreno et al., 2014, Sonneville et al.,
2017). Interestingly, TRAIP mediated MCM7-ubiquitination and complex unloading has also

been identified as an important step in the repair of replication stalled forks (Priego Moreno
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et al., 2019, Wu et al., 2019). The MCM complex is also potentially targeted for a ubiquitin-
like modification called UFMylation on subunits 3 and 7, though the consequence of this is

currently unknown (Merbl et al., 2013, Pirone et al., 2017).

MCM subunits can also be targeted for SUMOylation when the complex is bound to chromatin
(Golebiowski et al., 2009, Elrouby and Coupland, 2010). Levels are highest in G1 phase, but
upon entry into S phase, when MCM phosphorylation peaks, the SUMQylation of MCM
subunits decreases (Wei and Zhao, 2016). This is important because prevalence of
SUMOylation in G1 prevents DNA replication initiation by reducing the formation of the CMG
complex (Wei and Zhao, 2016). This PTM has also been implicated in negatively regulating
DNA replication in order to maintain genomic stability (Golebiowski et al., 2009, Cremona et

al., 2012).

Other PTMs include O-linked B-N-acetylglucosaminylation (O-GlcNAcylation), which is
reported to increase affinity between MCM subunits (Leturcq et al., 2018). However,
depletion of O-GIcNAc transferase had no effect on replication speed, suggesting that this
modification could be targeted to dormant origins in response to DNA damage or replication
stress (Leturcq et al., 2018). Finally, the PTM acetylation has been implicated in regulating
initiation of DNA replication by targeting MCM10 (Fatoba et al., 2013) or MCM3 (Takei et al.,

2001).

Overall, tight regulation of MCM function is mediated by an array of PTMs that coordinate

activity throughout the cell cycle, reviewed by Li and Xu (2019).

Page 40



Figure 1.9 A summary of MCM complex PTMs for regulation of DNA replication

This figure summarises some of the PTMs important for regulating the function of the MCM complex
during DNA replication. MCM complex assembly can be facilitated by phosphorylation (P) and O-
GlcNAcylation (GIcNAc). Loading of the complex onto chromatin can be regulated by phosphorylation,
and DNA initiation can be regulated by MCM complex SUMOylation (SUMO) and acetylation (Acetyl).
Removal of the complex from chromatin is facilitated by ubiquitination (Ub) of MCM7. These subunits
can also be regulated by PTM in response to cellular stress, such as DNA damage or replication stress.

1.5 Aims of the study

It is clear from the evidence presented in this introduction that the 20G oxygenase family of
enzymes are important in fundamental cellular processes. Moreover, when dysregulated they
can play important roles in the aetiology and progression of human diseases, particularly
developmental disorders and cancer. Despite this knowledge, there are many 20G oxygenase
family members that remain poorly characterised. Investigating the role of these enzymes in

disease could help to progress our understanding of their cellular and enzymatic functions.
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JMJD7 has been implicated in cancer and developmental disorders associated with ID and
ASD. Although the hydroxylation substrates of JMJD7 have been assigned, their cellular
activities remain largely uncharacterised and the consequence of hydroxylation is unknown.
How JMJD7-dependent DRG1 and/or DRG2 hydroxylation might regulate neural
differentiation and proliferation has not yet been investigated. Therefore, in this study we aim
to analyse the potential role of the JMJD7 hydroxylation pathway in neural differentiation and
ASD. Specifically, we aim to generate cellular models of neural differentiation and function in
embryonic stem cell, induced pluripotent stem cell and SHSY5Y neuron-like cell lines that

could be characterised for future analysis (Chapter 2).

JMID5 has been associated with many cellular processes, including those linked to the
progression of cancer and developmental defects in mouse models. Whether JMJD5 mutation
is associated with human developmental disorders is not known. Furthermore, the role of
JMIJD5 hydroxylase activity in disease is unclear and it is likely that the bona fide substrate(s)
of JMJD5 have yet to be identified. To address these uncertainties, we aim to characterise the
pathogenicity of two JMJD5 mutations identified in patients affected with a novel
developmental disorder. We first aim to determine the mRNA products of these JMJD5
mutations and to characterise their effect on JIMJD5 protein expression, stability and activity
(Chapter 3). Secondly, we aim to phenotype fibroblast cell lines generated from an affected
patient to identify and characterise JMID5 hydroxylation substrates (Chapter 4). Finally, we
aim to investigate the effects of JMJD5 activity on associated cellular processes and the
potential pathogenicity of these JMJD5 mutations towards the developmental disorder

phenotypes (Chapter 5).
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2 Characterisation of the JMJD7 pathway in

neurodevelopmental disorders

In this PhD project we aimed to investigate the role of JmjC-only family members in
developmental disorders. As discussed in Chapter 1 there are many links between the function
of 2-0G oxygenase family members and disease. One JmjC-only sub-family member, JMID7,
has been implicated in cancer (Dr Charlotte Eaton) (Zhu et al., 2016, Liu et al., 2017) and
developmental disorders, including intellectual disability (ID) and Autism Spectrum Disorder
(ASD) (de Ligt et al., 2012, Matsunami et al., 2014). Unfortunately, the role JMJD7 might play
in the aetiology of these disorders is largely limited by the lack of understanding regarding its
cellular function (discussed in Chapter 1). However, two JMJD7 hydroxylation substrates were
recently identified as the Developmentally Regulated GTPases (DRG) 1 and 2 (Markolovic et
al., 2018). Interestingly, these two hydroxylation substrates have also been implicated in ID
developmental disorders and ASD (Vlangos et al., 2000, Lucas et al., 2001, Bi et al., 2002,
Nakamine et al.,, 2008, de Krom et al.,, 2009). This evidence suggests that the JMJD7
hydroxylation pathway could be important for normal brain development or function.
However, apart from these observations no attempt has been made in the literature to
characterise how this JMID7 pathway might contribute to neuron differentiation, function and
the pathology of ID and ASD. Consequently, in this chapter we aimed to contribute to this by
performing a preliminary characterisation of the JMJD7 hydroxylation pathway in neuronal

cell models.
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In order to do this, two cellular models were established. We developed the first cell model in
the ‘Centre for Neural Engineering’ at the University of Melbourne under the supervision of
Assistant Professor Mirella Dottori. This model used embryonic stem cells (ESCs) and ASD
patient-derived induced pluripotent stem cells (iPSCs) directed along two neural
differentiation pathways. The second cellular model involved JMJD7 loss of function models
generated in the neuronal-like cell line SHSY5Y, established at the University of Birmingham.
However, due to time constraints at the University of Melbourne complete analysis was not
possible. Therefore, the data presented in this chapter focusses on the work performed to
generate these cellular models and the pilot data derived from their preliminary
characterisation. Consequently, in the following sections we provide a detailed introduction
to ESC and iPSC models, SHSY5Y cell lines and an overview of ASD, which was the major focus

of the work performed in Melbourne.

2.1 Introduction

2.1.1 Autism Spectrum Disorder (ASD)
ASD affects around 1 in 100 people in the UK (Baird et al., 2006), with a clinical diagnosis that

covers a variety of different complex behavioural defects such as language communication,
compromised social skills, and restrictive or repetitive behaviours. As autism is a spectrum
disorder this has made understanding it from a biological perspective complicated and the
specific causes are still ambiguous. Investigation of ASD-associated disorders, such as Fragile
X Syndrome, as well as rare single gene mutation cases of ASD have been invaluable to make
strides in understanding this disorder at the biological and systems level (Brooks-Kayal, 2010).
However, the complete aetiology of ASD is far from being uncovered and the spectral nature

of ASD highlights the potential importance of combined environmental and genetic influence
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(Lyall et al., 2017). However, as patients can be diagnosed as early as 18 months old
(Zwaigenbaum et al., 2016), it is widely appreciated that ASD is associated with impaired
prenatal development and postnatal maturation of the brain. The study of this has been
established in vitro using ESCs and patient-derived iPSCs cellular models, which are introduced
in more detail below. In this chapter we aimed to employ these cellular models to characterise
the JMID7 pathway in neuronal cells in order to improve our understanding of its potential

role in neural differentiation, maturation, and ASD.

2.1.2 Pluripotent stem cells as models for ASD research

In this chapter, we began characterising the biological role of JMID7 in neural development
using embryonic stem cell (ESC) and ASD patient-derived induced pluripotent stem cell (iPSC)

lines. Stem cells (SCs) are able to self-renew and are defined by their differentiation potential.

ESCs are derived from the inner cell mass (ICM, a.k.a embryoblast) of a blastocyst (Figure
2.1B). The ICM can be classified into two types of cell, the hypoblast which will develop into
extra-embryonic endoderm, and the epiblast that are pluripotent SCs able to differentiate into
all cells of the embryo. It is these epiblast cells, purified from in vitro fertilisation blastocycts,
that ESC lines are derived for culture in vitro (Figure 2.1B). In this project SC populations were
maintained on a vitronectin substrate combined with Essential 8™ medium (derived from the
original recipe by Chen et al. (2011a)). The ESC line utilised in this project were the H9 line,

which was one of the first human ESC lines to be established (Thomson et al., 1998).

As there are many ethical complications associated with using ESCs, therefore, other methods
have also been developed to generate pluripotent SCs in vitro. One method, somatic cell

nuclear transfer, imitated fertilisation by transferring somatic DNA from an adult skin cell into
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enucleated oocytes (Briggs and King, 1952). However, this method was still surrounded by
ethical complications and poorly efficient. Therefore, this was superseded by induced
pluripotent stem cells (iPSCs) created by nuclear reprogramming (Figure 2.1A). In this method
fully differentiated somatic cells are reprogrammed using four critical genes required for SC
pluripotency: Oct3/4, c-Myc, KIf4 and Sox2 (Takahashi and Yamanaka, 2006, Takahashi et al.,
2007). These factors are responsible for reactivating endogenous pluripotency genes and
inactivating differentiation promoting genes to revert somatic cells into having ESC
characteristics (Sohn et al., 2012).

(A) In Vitro (B) In Vivo

Terminally differentiated
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Figure 2.1 Pluripotent stem cells in vitro, isolation from blastocysts or generation from differentiated
somatic cells

Pluripotent stem cells have the potential to differentiate into all cells of the developing embryo and
thus when cultured in vitro provide an invaluable model to study development. They can be derived
by two methods depicted here. (A) Reprogramming of terminally differentiated somatic cells by
introduction of four pluripotency factors, Oct3/4, Sox2, c-Myc, KIf4 (the historical method of viral
infection is shown in this figure). The product of this in vitro manipulation are colonies of cells called
induced pluripotent stem cells (iPSCs). (B) In vivo pluripotent cells are naturally formed after
fertilisation and blastulation. The resulting blastocyst is composed of the trophoblast and inner cell
mass (ICM). Epiblast cells of the ICM are pluripotent and can be isolated for culture in vitro. Human
blastocysts are commonly sourced from in vitro fertilisation procedures. However, they are ethically
controversial and therefore iPSCs are becoming more commonplace.
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The delivery of these pluripotency factors can be performed by viral transduction, however,
these methods have been deemed unsafe for potential downstream clinical applications due
to the risk of cancer (Okita et al., 2007). In this project, reprogramming of ASD patient derived
fibroblasts was performed by Ms Tejal Kalkarni and Dr Giovanna D’Abaco using
electroporation of reprogramming genes Oct4, Sox2, Lin28, L-Myc and KIf4. A dominant
negative p53 was included to improve reprogramming efficiency (Zhao et al., 2008, Utikal et
al., 2009, Hong et al.,, 2009). Epstein-Barr nuclear antigen-1 (EBNA1) was included to
contribute towards the inhibition of p53 (Saridakis et al., 2005), facilitate the direction and
retention of the reprogramming plasmids into the nucleus, and drive expression of the

reprogramming genes downstream of oriP sites (Leight and Sugden, 2000).

This reprogramming of terminally differentiated human cells into iPSCs was a ground-breaking
scientific discovery. However, there is debate regarding how similar iPSCs are to the naturally
occurring ESCs. Some suggest there are no distinguishable differences between them
(Guenther et al.,, 2010), whereas others demonstrate that iPSCs have changes in
differentiation potential, epigenetics and gene expression compared to ESCs (Chin et al., 2009,
Bock et al., 2011, Lister et al., 2011, Koyanagi-Aoi et al., 2013). However, these differences
could be aresult of the reprogramming method, passage number, tissue culture environment,
tissue origin of the reprogrammed cells, or due to lines not being isogenic (Baker et al., 2007,
Newman and Cooper, 2010, Kim et al., 2011a, Kajiwara et al., 2012, Churko et al., 2017).
Despite this, iPSCs remain a widely used tool as the major benefit they provide is the ability to
generate disease relevant SC lines and overcome limitations of post-mortem samples or

animal models.
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2.1.3 Invitro versus in vivo neural differentiation

Due to the pluripotent nature of ESCs and iPCS they can be induced along any lineage of the
developing embryo. This can be achieved using different combinations of small molecule
agonists and antagonists as well as growth factors supplemented into the culture media. This
means that ESCs and iPSCs, differentiated along multiple neural lineages, enable study of

neural differentiation, function and neurodevelopmental disorders in vitro.

In this chapter, we utilised in vitro methods to generate glutamatergic projection neurons
(excitatory, dorsal forebrain neurons) and GABAergic interneurons (inhibitory, ventral
forebrain neurons) from SCs. This is because they are the two major neuron types identified
within the cerebral cortex, which is the region of the brain that mediates information
processing and commonly where improper development relating to ASD is identified (Ha et
al., 2015). Consequently, in this chapter we were interested to explore whether the JMID7
hydroxylation pathway may contribute to the ASD phenotype by investigating whether the
pathway was important during development of cerebral cortex (cortical) neurons. The process
of forebrain neural differentiation in vivo, and how our methods aimed to replicate this in

vitro, are explained below and depicted in Figure 2.2.

In vivo, the first important lineage decision facing epiblast pluripotent SCs is which of the three
germ layers to become. The ectoderm layer is the site for future neural and epidermis lineages
(Figure 2.2A). Many studies have shown that neural differentiation is the default fate for these
ectoderm cells and that active signalling is required to promote epidermal fate (Stern, 2006).
In this model, transforming growth factor B (TGFB) morphogens expressed in the ectoderm

such as bone morphogenic proteins (BMP), activin and nodal, facilitate internal cellular
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signalling to promote epidermal fate (Zhou et al., 1993, Jones et al., 1996, Pera et al., 2004,
Vallier et al., 2004). Consequently, inhibition of TGF-B signalling is required for neuroectoderm
(NE) specification. In vivo, these inhibitors are produced by a group of cells responsible for
directing neural fate called the ‘Spemann organiser’ which restricts NE specification to the
dorsal side of the embryo (Spemann and Mangold, 1924, Hemmati-Brivanlou et al., 1994,
Piccolo et al., 1996, Zimmerman et al.,, 1996, Stottmann et al., 2006). This process can be
replicated in vitro by incubating SC colonies with TGF-B small molecule inhibitors LDN/ Noggin
and SB431542 to promote NE specification (Figure 2.2B). These cells are grown on a laminin
substrate as this has been found to promote the growth, survival and differentiation of neural

SCs (Hall et al., 2008).

Following this NE specification event in vivo cells migrate and organise into the neural tube
which becomes the site for future brain and spinal cord development (Figure 2.2C). NE cells in
the neural tube are given rostral-caudal (axis from the front to the back of the brain) and
dorsal-ventral identity (axis from the top to the bottom of the brain) which in turn defines the
cell’s specific terminal differentiation identity. The most rostral region of the neural tube
develops into the forebrain (Figure 2.2F), as the site for generatating neurons that will
populate the future cerebral cortex (Campbell, 2003) This is the default positional identity of
NE cells, meaning that in vitro specification can be directed towards glutamatergic (dorsal) or
GABAergic (ventral) neurons by giving NE cells a dorsal-ventral identity (Gaspard et al., 2008).
In vivo this dorsal-ventral identity is defined by a gradient of sonic hedgehog (SHH) signalling
(Li et al., 2009) that originates from the notochord (Figure 2.2C). In vitro the specification of
ventral neurons is promoted by incubating cells with a SHH agonist called SAG (smoothened

agonist) (Figure 2.2C).
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Following NE specification, the population is expanded by formation of neural progenitors and
neurons, which later require further morphological and synaptic maturation. These events
take an extended period of time in primates compared to other species (Rakic, 2009), and is
thought to be essential for the complexity of the primate cortex (Smart et al., 2002, Hansen
et al., 2010, Petanjek et al., 2011, Reillo and Borrell, 2011). Therefore, to mimic this process in
vitro, NE populations are expanded in fibroblast growth factor (FGF) for 1 week in 2D culture,
then in FGF and epidermal growth factor (EGF) for 2 weeks in 3D culture as neurospheres.
Developing neurons are then allowed to mature for a further 2 weeks in 2D culture (Figure
2.2F) on Poly-D-lysine and Laminin substrates, as these were reported to promote in vitro

neuron survival and extension of neurites (Kim et al., 2011b).

During these expansion and maturation stages the in vitro models form intrinsically organised
polarised structures that are reminiscent of the organisation found in vivo. In 2D culture the
NE cells form rosette structures with apical and basal polarity (Figure 2.2D). As in vivo these
structures have mitotic NE cells facing the apical (inner) side and neuron fated NE cells towards
the basal (outer) side (Li et al., 2005, Elkabetz et al., 2008). When grown in 3D as neurospheres
this cell polarity replicates the in vivo organisation of dorsal cortical layers (Eiraku et al., 2008,
Nasu et al., 2013). Briefly, NE cells generate neural progenitor cells called radial glia that divide
asymmetrically to generate neurons directly, or indirectly via formation of intermediate
progenitor cells (called basal progenitors or outer radial progenitors) in the sub-ventricular
zone (Noctor et al., 2004). These neurons then migrate into the cortical layers depending on
the time of their synthesis, i.e. early neurons migrate to deep cortical layers and later neurons
migrate to upper cortical layers (Figure 2.2E). To note, in vivo the generation of GABAergic

neurons is thought occur predominantly on the ventral side and neurons then migrate into
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the dorsal side (Nadarajah and Parnavelas, 2002, Campbell, 2003). However, the organisation
of the neural rosette and neurosphere structures are sufficient to facilitate both glutamatergic

and GABAergic neural differentiation in vitro (Suzuki and Vanderhaeghen, 2015).

Importantly, cells taken at different stages of in vitro neural differentiation, also express
markers representing key developmental stages identified in vivo. For example, pluripotent
cells found in SC colonies in vitro and the ICM in vivo are positive for Oct4 and Nanog (Loh et
al., 2006, Lee et al., 2010). Cells after one week of neural induction (early rosettes) stain
positive for Sox2, a marker of neural SCs (Ellis et al., 2004, Cavallaro et al., 2008). After the
second week of neural induction (late rosettes) cells are positive for Pax6, which can also be
found expressed in NE cells and neural progenitors in the developing forebrain in vivo (Zhang
et al., 2010). A further two weeks of differentiation in 3D culture results in neurospheres
positive for TBR2, a marker of basal progenitor cells (Arnold et al., 2008, Sessa et al., 2008),
and BllI-tubulin is an established marker of early neurons (Memberg and Hall, 1995). After two
weeks of neural maturation in vitro cells become positive for microtubule-associated protein-
2 (MAP2AB), which is a well-established marker of mature neural dendrites (neural extensions

that receive neurotransmitter signals) (Izant and Mclntosh, 1980, Huber and Matus, 1984).

Unfortunately, these models are limited as they cannot replicate the extensive in vivo
maturation and organisation of the cerebral cortex, that continues for months and years
postnatally (Dehay et al., 2015). However, they allow researchers to mirror important cellular
events found during early neural differentiation in vivo. Therefore, in this chapter we aimed
to adopt the methods described above to explore the JMJD7 hydroxylation pathway in early

stages of neural development, including using cells derived from healthy and ASD patients.
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Figure 2.2 Forebrain neural differentiation in vitro versus in vivo

(A) The future central and peripheral nervous system plus the epidermis are formed from the ectoderm
layer. (B) Differentiation fate is induced by local cellular signalling and morphogen gradients. For
example, the Spemann Organiser promotes neural fate by releasing inhibitors for TGF-B ligands. In
vitro stem cells are incubated with BMP inhibitor (SB431542) and nodal/activin inhibitor (LDN/Noggin).
(C) Neural fated cells organise into the neural tube. This is given dorsal-ventral patterning by sonic
hedgehog (SHH) signalling from the notochord or in vitro using SHH agonist (SAG). (D) In vitro the cells
self-organise into a rosette structure which mirrors that seen in the early neural tube in vivo. At the
basal side neural stem cells rapidly divide, at the apical side cells acquire a neural fate (neuroectoderm,
NE). (E) In the forebrain NE cells asymmetrically divide to produce neural progenitors or early neurons
that migrate into the cortical layers which can be reproduced in vitro as neurospheres. Basal
progenitors (BP), outer radial glia progenitors (0RG), ventricular zone (VZ), sub-ventricular zone (SVZ),
cortical deep layer (DL), cortical upper layer (UL). (F) In vitro neural progenitor and early neurons are
released from neurospheres to enable maturation of neurons. In vivo these forebrain cortical neurons
form the cerebral cortex and other regions of the neural tube generate the structures of the brain.
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2.1.4 SHSYSY cellular models

In addition to using SC models described above, we also used the neural-like cell line, SHSY5Y,
to characterise the JMJD7 pathway. As SHSY5Y and SC models have distinct strengths and
limitations, we proposed that using both in parallel would be advantageous for studying the

JMJD7 hydroxylation pathway in the following work presented in this chapter.

Neuronal-like cell lines, such as SHSY5Y, provide a model that overcomes some of the
limitations associated with studying SC models. For example, although the knockdown of
proteins in SCs is possible by viral (Zaehres et al., 2005) or transfection methods (Ma et al.,
2010), these can be technically challenging and have low efficiency compared to SHSY5Y cells.
Another benefit is that the generation of neurons from SHSY5Y cells is relatively inexpensive,
less technical and time consuming compared to using SCs (Kovalevich and Langford, 2013). As
SHSYS5Y cells are transformed human cell lines they also provide major benefits over studying
rodent primary neurons that are terminally differentiated and therefore cannot be

propagated for extended periods of time (Kovalevich and Langford, 2013).

The parental line, SK-N-SH, were derived from a bone marrow biopsy taken from a patient
with metastatic neuroblastoma, and the SHSY5Y line was sub-cloned based on their neuron-
like morphology and differentiation capabilities (Biedler et al., 1978). Studies have
demonstrated the presence of both adherent and non-adherent SHSY5Y cell types (Ross et al.,
1983). The significance of these two populations has not been established, however, some

suggest they have different neuron differentiation potentials (Encinas et al., 2000).

SHSY5Y cells can differentiate into cholinergic, adrenergic or dopaminergic neuron types by

treating them with different stimuli (Xie et al., 2010, Dwane et al., 2013). After differentiation
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SHSY5Y cells form neurites and express neuron-specific proteins to form functional synapses
(Encinas et al., 2000, Lopez-Carballo et al., 2002, Cheung et al., 2009). The ability to induce
SHSYS5Y cells into a more mature neuron-like cell types has made them valuable in vitro models
of neuronal development and disease (Presgraves et al., 2004, Lopes et al., 2010, Xie et al.,

2010).

This cell line is also valuable in the undifferentiated state for studying neural characteristics
(Cheung et al., 2009). Undifferentiated SHSY5Y cells are neuron-like but more reminiscent of
immature neuron-like progenitors (Pahlman et al., 1984, Lopes et al., 2010). For this reason,
we utilised undifferentiated adherent SHSY5Y cells in this chapter for our initial work to

generate JMJD7 loss of function models.

2.2 Investigation of the JMJD7 pathway in stem cell models

2.2.1 JMID7 hydroxylation pathway expression in stem cells

Due to reported mutations of IMID7, and its hydroxylation substrates, in ID and ASD, we were
interested in understanding how the JIMID7 pathway might play a role in the aetiology of such
conditions. As both disorders are associated with defects in neuronal development, we were
first interested to investigate when expression of JMJD7 pathway components could be

identified during neuronal development.

The first lineage of cells established during development that can be studied in vitro are
pluripotent SCs, normally localised within the ICM of the blastocyst, and called embryonic
stem cells (ESCs) (described in Section 2.1.2). We were therefore interested to investigate
whether components of the JMJD7 hydroxylation pathway were expressed at this early

developmental stage. To undertake this analysis ESCs were grown on vitronectin coated
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coverslips prior to harvesting for immunofluorescence staining to analyse expression of JMJD7

and its substrates DRG1 and DRG2, plus their obligate binding partners DFRP1 and DFRP2.

Due to positive staining, we hypothesised that all components of this IMJD7 hydroxylation
pathway were expressed in ESC colonies (Figure 2.3). Interestingly, the staining patterns of all
pathway components were concentrated to the periphery of the colony (Figure 2.3). As
mentioned in Section 2.1.3, the default pathway adopted by pluripotent SC colonies is towards
rostral neural fates, which has been validated experimentally (Rosowski et al., 2015).
Therefore, the potential expression of JMIJD7 hydroxylation pathway components in
differentiating cells at the periphery of the ESC colonies, led us to hypothesise that the

pathway might be regulated during neural differentiation.
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Composite

Figure 2.3 JMJD7 hydroxylation pathway protein expression in embryonic stem cell colonies
Embryonic stem cell line, H9, were grown as stem cell colonies on vitronectin coated coverslips before
immunofluorescence staining for proteins of the JMJD7 hydroxylation pathway (detected using 488nm
Alexa Flour® secondary antibodies). The apparent difference in morphology for the JMID7
immunofluorescence stained ESC colony is due to the magnification used for this analysis (JMID7
images scale bar= 20 um, all other images scale bar= 100 um). DAPI was used as a nuclear marker. This
is representative of an n=1 biological repeat for JMID7 and n=2 biological repeat for all other pathway
components.
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2.2.2 Induction of neural lineages from ESCs

To explore the hypothesis that the JMID7 pathway might be regulated during neural
differentiation, we utilised an in vitro model to generate two types of cortical neurons from

SCs.

As outlined in the introduction to this chapter, well-established protocols have been
developed to make use of the pluripotent nature of ESCs. For our investigation, we were most
interested in studying two neural lineages, excitatory glutamatergic neurons generated in the
dorsal portion of the forebrain, and inhibitory GABAergic neurons generated within the
ventral region of the forebrain. The reason for this was that these neuron types form the
majority of cells localised within the cerebral cortex, the region of the brain where improper
development associated with ASD is most commonly identified (discussed in detail in Section

2.1.3).

In order to differentiate ESCs into these two cortical neuron types in vitro, we adopted an
already established method that mirrors in vivo neural differentiation (summarised in Figure
2.2). Briefly, ESCs are incubated with the activin inhibitor (SB431524) and BMP inhibitor (LDN/
Noggin) for one week to promote neural specification. In order to give the differentiating
neurons a ventral identity, the sonic hedgehog agonist SAG was used. This intervention
promoted NE formation which could be identified by the self-organisation of the cells into
rosette structures. These NE cells were then expanded and allowed to continue differentiation
as 2D and 3D colonies to generate neurons, which were then further matured for 2 weeks in

2D culture.
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Before analysis of the JMJD7 pathway could be performed, we first wanted to validate
whether these neural induction treatments of our ESC colonies had successfully generated
populations of glutamatergic or GABAergic neurons. This was determined by
immunofluorescence staining of neurons for the expression of GAD67, the enzyme that
mediates the decarboxylation of glutamate into the neurotransmitter GABA and is produced
exclusively by GABAergic neurons (Chattopadhyaya et al., 2007). MAP2AB co-staining was also
used to identify whether the neurons were mature (Section 2.1.3). Importantly, the results
presented in Figure 2.4 confirmed the specificity of our induction methods, as only the ESCs
treated with SAG during NE specification were positive for GAD67 staining (identified as
GABAergic neurons), all others were negative for GAD67 staining (identified as glutamatergic

neurons).
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Figure 2.4 Validation of in vitro differentiation of stem cells into two different cortical neuron types
Well-established protocols were applied to H9 ESC colonies to promote the differentiation of either
glutamatergic or GABAergic neurons. Neurons from each differentiation pathway were matured for
two weeks on coverslips before immunofluorescence staining. MAP2AB staining was used to test
whether neurons had matured. GAD67 staining was used as a marker of GABAergic neurons. This
demonstrated the specificity of each neural differentiation protocol. DAPI was used as a nuclear
marker. Glutamatergic neurons scale bar= 20 um, GABAergic neurons scale bar= 10 um. This is
representative of an n=1 biological repeat.
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2.2.3 mRNA expression of JIMJD7 pathway components in differentiated neurons

The work presented above gave us confidence that these neural induction methods could be
utilised for characterisation of the JMJD7 hydroxylation pathway. As discussed in Section
2.1.3, both glutamatergic and GABAergic cortical neurons have been associated with defects
implicated in the aetiology of ASD. Therefore, we first aimed to identify whether components
of the JMIJD7 hydroxylation pathway were expressed in these two populations of cortical
neurons. In order to do this, cDNA was purified from ESCs and matured GABAergic or
glutamatergic neuron populations, then transcript abundances were measured by
guantitative PCR (gPCR). Analysed transcripts included JMJD7 and the hydroxylation pathway
components DRG1, DRG2, DFRP1, DFRP2 plus the JMJD7 read-through transcript. As detailed
in Chapter 1, the JMJD7 gene can undergo transcriptional readthrough into the neighbouring
PLA2G4B phospholipase gene to generate fusion proteins. Although this readthrough protein
is very poorly characterised it has been implicated in disease, including cancer and ASD
(Matsunami et al., 2014, Ito et al., 2016, Su et al., 2016, Cheng et al., 2017). Therefore, we
aimed to investigate this readthrough transcript in parallel with JMJD7 to establish differences

or similarities between them.

By performing this analysis, we identified a general trend that all transcripts had increased
MRNA expression in mature cortical neuron populations compared to ESCs (Figure 2.5). When
comparing the two cortical neuron types we found that there was no obvious difference in
DRG or DFRP mRNA expression (Figure 2.5). However, JMJD7 and the readthrough transcript
were found to have increased mRNA expression in glutamatergic neurons compared to
GABAergic neurons and ESCs (Figure 2.5). Consequently, we hypothesised that JMJD7 might

play a more prominent role in glutamatergic differentiation or function.
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Figure 2.5 mRNA expression of the JMID7 hydroxylation pathway in ESCs and cortical neurons

cDNA was purified from the embryonic stem cell line H9 (ESC), GABAergic (GABA) neurons and
glutamatergic (Glut) neurons presented in Figure 2.4. Quantitative PCR was then performed to
determine the mRNA expression of the JMJD7 hydroxylation pathway components, and readthrough
transcript, relative to housekeeping gene B8-actin, and normalised to the ESC sample. This is
representative of an n=1 biological repeat, with quadruplicate technical repeats.
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2.2.4 JMID7 hydroxylation pathway proteins in glutamatergic neural populations

One limitation of the mRNA analysis presented above (Figure 2.5) was that it measured
expression across a pooled population of cells. Due to the potential presence of neural
progenitors and glia in this pool, we were therefore unable to conclude that expression was
specific to mature glutamatergic neurons. To address this, we performed
immunofluorescence analysis of mature glutamatergic neuron populations. Alongside staining
for the JMID7 hydroxylation pathway components, we also co-stained for MAP2AB to
specifically identify mature neurons within the population of cells (Section 2.1.3). We found
that all components of the IMJD7 hydroxylation pathway were expressed in MAP2AB positive
cells suggesting that the JIMJD7 pathway is likely to be active in mature glutamatergic neurons

(Figure 2.6).

The added benefit of thisimmunofluorescence method was that sub-cellular localisation could
also be examined. We found that JMJD7, DRG2 and DFRP2 were co-localised with MAP2AB in
the cell body and along MAP2AB-positive dendrites. We hypothesised that they were also
expressed in axons because staining was observed in neuron extensions that were negative
for MAP2AB (example identified by a red arrow, Figure 2.6). DRG1 and DFRP1 were also
expressed in the cell body of MAP2AB positive neurons. Interestingly, although they were
excluded from MAP2AB-positive dendrites they were expressed in MAP2AB negatively stained
axons (Figure 2.6). This differential sub-cellular localisation of the two JMJD7 hydroxylation
substrates might suggest that they have non-redundant roles in glutamatergic neurons which

will be interesting to explore in the future.
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Figure 2.6 Expression of JMJD7 hydroxylation pathway in mature glutamatergic neurons
Glutamatergic neurons were differentiated from ESC line H9 and matured on coverslips for two weeks.
Immunofluorescence was then used to determine the expression and sub-cellular localisation of the
JMID7 hydroxylation pathway components. MAP2AB was used as a marker of mature neurons that
stains cell bodies and dendrites. DAPI was used as a nuclear marker. White arrows mark MAP2AB
negatively stained cells. The red arrow marks an example of a MAP2AB negatively stained axon that
stained positive for a component of the JMID7 pathway (DRG2). All scale bars= 10 um. This is
representative of an n=1 biological repeat for JMJD7 staining and n=2 biological repeat for all other
pathway components.
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In addition to MAP2AB positive cells, JMJD7 protein and other components of the
hydroxylation pathway, were also detected in MAP2AB negative cells (white arrows, Figure
2.6). This suggests that JIMJD7 hydroxylation pathway components are not only expressed in
neurons, but also other cell types within a population of mature glutamatergic neurons. In
order to investigate this further, immunofluorescence staining was performed using different

co-staining antibodies to investigate the identity of these cells.

We hypothesised that other cell types in our population of mature neurons, that stained
negative for MAP2AB, could either be cells at a different stage of neurogenesis (i.e. immature
neurons or neural progenitor cells) or they could be a glial cell type. In order to distinguish
between these possibilities, we utilised immunofluorescence co-staining with either B3-
tubulin as a marker of early neurons (Section 2.1.3), or s100pB to stain mature glia (Raponi et

al., 2007).

We found that both hydroxylation substrates and their binding partners were co-localised
with B3-tubulin, indicative of their expression in early neurons (Figure 2.7). Also, all
components were expressed in s100 positive cells suggesting that all are expressed in glial
cells (Figure 2.8). Unfortunately, due to constraints with resources, we were unable to

continue this analysis or investigate expression of JMJD7 in these cell types.
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Figure 2.7 Expression of IMID7 hydroxylation substrates and binding partners in early neurons
Glutamatergic neurons were induced from ESC line H9 and matured on coverslips for two weeks.
Immunofluorescence was used to determine the expression and sub-cellular localisation of the IMID7
hydroxylation substrates and binding partners. Blll-tubulin was used to mark neural progenitor cells.
DAPI was used as a nuclear marker. All scale bars= 10 um. This is representative of n=2.
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Figure 2.8 Expression of IMID7 hydroxylation substrates and binding partners in glial cells
Glutamatergic neurons were induced from ESC line H9 and matured on coverslips for two weeks.
Immunofluorescence was used to determine the expression and sub-cellular localisation of the IMJD7
hydroxylation substrates and binding partners. S100-f was used to mark glial cells. DAPI used as a
nuclear marker. Scale bars= 10 um. This is representative of n=2.

2.2.5 JMID7 hydroxylation pathway during glutamatergic neuron differentiation

Currently our data suggested that the expression of the JMJD7 hydroxylation pathway may be
upregulated during glutamatergic neural differentiation. In order to investigate this in more
detail we aimed to perform further transcript analysis by purifying cDNA for qPCR analysis
from ESCs and key stages of glutamatergic neuron differentiation. This included two-week-old
neural induction samples (2D neural rosettes), 4-week-old neural induction samples (3D

neurospheres), and 2-week matured neuron populations.
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We observed a general trend that mRNA expression of JMIJD7 hydroxylation pathway
components increased during glutamatergic neuron differentiation and peaked at the
neurosphere stage (Figure 2.9). In contrast the readthrough transcript reduced expression in
the 2-week-old neural induction, compared to ESCs, but then peaked in mature neuron
populations. This could indicate that the readthrough transcript and JMJD7 have different
roles regarding glutamatergic neuron differentiation and function, which should be followed

up by future investigation.
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Figure 2.9 mRNA expression of the JMJD7 pathway during glutamatergic neuron differentiation
Glutamatergic neurons were induced from ESC line H9 and cDNA samples taken at different stages
including, stem cells (ESC), 2 weeks of neural induction (NI), 2-week-old neurospheres (NS), and
neurons. Expression was determined by gPCR, relative to 8-actin, and normalised to the ESC sample.
This is representative of an n=1 biological repeat, with quadruplicate technical repeats.
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2.2.6 JMID7 hydroxylation pathway proteins in ASD neurons

Overall, the data presented above suggested that components of the IMJD7 hydroxylation
pathway are upregulated during the differentiation of glutamatergic neurons, a cell type that
has been heavily implicated in the aetiology of neurodevelopmental disorders, including ASD
(Section 2.1.3). As such, our findings motivated us to directly investigate the expression of

JMJD7 pathway components in cells derived from ASD patients.

To do this, we utilised induced pluripotent stem cells (iPSCs) sourced from a control individual
(007) and three different ASD patients (119, 125, 147). As JMJD7 is reported to be mutated in
ASD and ID (de Ligt et al., 2012, Matsunami et al., 2014), we first aimed to determine the
JMJD7 genotype of the iPSCs so that this could be considered when interpreting future data.
cDNA was purified from all iPSCs at the SC colony stage and PCR used to amplify the JMJD7
cDNA sequence for Sanger sequencing. The JMJD7 sequencing chromatograms for each cell
line were analysed to determine whether the patients carried any mutations, including the
known ID and ASD associated JMJD7 mutations, M160V and R260C (de Ligt et al., 2012,
Matsunami et al., 2014). However, all cell lines were found to express the wildtype JMJD7

MRNA sequence (Table 2.1). With this in mind we continued characterisation of the iPSC lines.
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Table 2.1 Chromatograms of JMJD7 cDNA genotyping of control and ASD patient derived iPSC lines
cDNA was purified from stem cells from control iPSC line 007 and three ASD patient derived iPSC lines
119, 125 and 147. The JMJD7 cDNA sequence was amplified using PCR and analysed by Sanger
sequencing. Chromatograms were compared to the wildtype JMJD7 sequence NM_001114632.2 and
analysed for mutations. Chromatogram sequences covering ID associated mutation M160V (de Ligt et
al., 2012) and ASD associated mutation R260C are presented (Matsunami et al., 2014).

iPSC Line
007 119 125 147 ASD/ID Patient

ASD Mutation

de Ligt et al,

2012
M160V

\ AL ~ |AAG A/GTG ccc
AAGATGCCC | AAGATGCCC |AAGATGCCC |A AGATGCCC [Tys Met/ Pro

Lys Met Pro Lys Met Pro Lys Met Pro Lys Met Pro Val

Matsunami

R260C etal, 2014

CTTC/TGCTGC
CITCGETGE |CTTCGETGC | CTTEGETGC| CTTCGETGR [ror Aref O

Leu Arg Cys Leu Arg Cys Leu Arg Cys | Leu Arg Cys Cys

We first aimed to investigate any differences of IMID7 pathway component mRNA expression
in the iPSC lines. To do this we induced the iPSC lines along the glutamatergic neuron
differentiation pathway and purified cDNA at the neurosphere stage (as this stage correlated
with the peak of JIMJD7 pathway mRNA expression observed previously, Figure 2.9). We
observed that mRNA expression of JMJD7 pathway components were increased for two ASD
patients (119 and 147) and decreased in another ASD patient (125) compared to the 007
control line (Figure 2.10). Interestingly, expression of the readthrough transcript was reduced
across all three ASD patient lines compared to the 007 control line (Figure 2.10). Although the
patient-derived cells analysed above were obtained from independent families, and are
therefore likely to be genetically heterogenous, our preliminary data suggests that further

work to explore potential dysregulation of this pathway in ASD is warranted.
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Figure 2.10 mRNA expression of the IMJD7 hydroxylation pathway in control and ASD patient iPSCs
cDNA was purified from the 007 control and ASD-derived 119, 125 and 147 iPSC lines at the
neurosphere stage of differentiation towards glutamatergic neurons. Expression of JMJD7 pathway
components and the readthrough transcript were determined by gPCR relative to housekeeping gene
B-actin and normalised to the 007 iPSC control line. This is representative of an n=1 biological repeat,
with quadruplicate technical repeats.
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2.3 Development of a JMID7 loss of function SHSYSY cell model

The preliminary data above suggested that the JMJD7 pathway is expressed in neurons, and
that its levels may be upregulated during glutamatergic neurogenesis. These observations
might be consistent with a functionally important role for this pathway during neuronal
differentiation and/or function which when dysregulated could contribute to ASD.
Consequently, we were next interested to model JIMJD7 dysregulation by establishing SHSY5Y
cell lines. To this end, we first undertook bioinformatic analysis to determine the potential
functional consequences of existing ASD and ID JMJD7 mutations (Section 2.3.1). We then

developed a JMJD7 shRNA knockdown model in SHSY5Y cells (Section 2.3.2).

2.3.1 Bioinformatic analysis of IMJD7 ASD and ID mutations

Although two mutations of JMJD7 have been previously described in ID and ASD patients,
M160V and R260C respectively (de Ligt et al., 2012, Matsunami et al., 2014), no functional or
bioinformatic characterisation of either mutant had been reported. Therefore, we first
performed bioinformatic analysis to determine whether these mutations were likely to be

pathogenic.

To do this we used two online software tools called SIFT and PolyPhen-2. These tools are able
to generate a score that predicts how detrimental a mutation at a certain residue within a
protein is likely to be considering sequence conservation (Adzhubei et al., 2010, Sim et al.,
2012). The SIFT score is the probability that a change will be tolerated, therefore the lower
the score the more deleterious the mutation is predicted to be (<0.05 substitutions are

deemed deleterious). PolyPhen-2 scores the probability that the amino acid substitution will
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be damaging, therefore, the higher the score the more confident the prediction that the

mutation will be deleterious.

For the JMJD7 ID mutation (M160V), SIFT gave a score of 0.23 and PolyPhen-2 generated a
score of 0.129, meaning that both software tools predicted the M160V mutation would be
tolerated. This is perhaps unsurprising when considering the similar properties of the two
amino acids involved in this substitution (Betts and Russell, 2003). Consistent with this, M160
was found to be functionally conserved as a hydrophobic amino acid among JMID7

orthologues, by the presence of a methionine or leucine at this residue (Figure 2.11).

The JMJD7 ASD R260C mutation was also predicted to be tolerated, as SIFT gave a score of
0.06 and PolyPhen-2 gave a score of 0.011. However, the SIFT score, based on both sequence
homology and amino acid properties, was close to the threshold. Therefore, in view of the
amino acid substitution that this mutation infers we predicted that the R260C mutation was
likely to be damaging to JMJD7 (Betts and Russell, 2003). Consistent with this, the R260
residue was found to be functionally conserved in JMJD7 orthologues as a positively charged

amino acid as an arginine or histidine (Figure 2.11).

Interestingly, the R260C mutation was also identified, by analysis performed by Charlotte
Eaton (Coleman group), in a patient with endometrial cancer and localised within a hotspot of
cancer patient mutations (Figure 2.12). Therefore, this further implied that the R260C

mutation was likely to be pathogenic.
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M160

Mouse QCSNLPTELPQLLSDIESHVPWASES------ LGKM PDAVNFWLGDASAVTSLHKDHYE 183
Rat QCSNLPTELPQLLSDIESHVPWASES------ LGKM PDAVNFIWLGDAAAVTSLHKDHYE 183
Human QCSNLPSELPQLLPDLESHVPWASEA------ LGKM PDAVNFIWLGEAAAVTSLHKDHYE 183
Bovine QCSNLPTELPQLLPDVEPHVPWASEA------ LGKM PDAVNFWLGEAAAVTSLHKDHYE 183
Xenopus QCSNLTEEFPELVEDVENHIPWMSET------ LGKS PDAVNFWLGESAAITSLHKDHYE 182
Zebrafish QCSNLMEEIPELTGDVQTHIPWMSEA------ LGKL PDAVNFWLGEESAVTSMHKDHYE 178
Atlantic QCSNLTEELPELTGDVEAHIPWMSEALVFFFSLGKL PDAVNFWLGEASAVTSMHKDHYE 203
EXExx oK% e EeXEX XX xxx EERXEXEEXEK o PRI XK EREXER
R260
Mouse EGTFRVWDEEAMEKVPWIPLDPLAPDLTQYPSYSQAQALHCTVRAGEMLYLPALWFHHVQ 280
Rat EGTFRWDEEAMEKVPHWIPLDPLAPDLARYPSYSQARALHCTVRAGELLYLPALWFHHVQ 280
Human EGTFKVWDEEAMEKVPWIPLDPLAPDLARYPSYSQAQALRCTVRAGEMLYLPALWFHHVQ 230
Bovine EGSFRMVDEEAMEKVPWIPLDPLAPDLARYPSYCQAQALRCTVRAGEMLYLPALWFHHVQ 280
Xenopus DGSFKVVDHESAEKVPWIPLDPLEPDLIRYPSYKQTKPLHCTVRAGEMLYLPSLWFHHVR 279
Zebrafish DGTFEIVDEENSPKVPWIPLDPLKPDFERFPSYRHAKALHCTVKAGEMLYLPSLWFHHVR 275
Atlantic DGDFDVVDVADSDKVPHWIPLDPLKPDLELYPDYRLACPLHVTVKAGEMLYLPSLWFHHVR 300

X X ox% EXEREERERER HX . T . e REEXE HEEX cHERERE .

Figure 2.11 Sequence alignment for JMJD7 ASD and ID mutations between different species

JMID7 sequences across a range of species were aligned using Clustal Omega online software to
determine the conservation of the two patient JMJD7 mutations M160V and R260C (sequences as
Table 7.11).

Previous analysis performed by Charlotte Eaton (Coleman group) also identified that the M160
and R260 residues were localised in the catalytic domain of IMID7. We further interpreted
this analysis to establish how these mutations might affect the JMJD7 protein (Figure 2.12).
We observed that both amino acids were positioned in B-strand structures (Figure 2.12B).
M160 was found in a B-strand N-terminal to a DSBH fold and R260 was localised within the BV
strand of the DSBH catalytic domain (Markolovic et al., 2018). Considering that both amino
acids appear to be solvent exposed, it is possible that they are important for mediating

protein-protein interactions (discussed in Section 2.4.3).
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Figure 2.12 Location of ASD patient mutations M160V and R260C on the JMJD7 protein sequence

(A) Mapped onto the sequence of JMJD7 are two JMJD7 ASD patient mutation residues (M160 and
R260), cancer mutations sourced from cBioportal and COSMIC that were recurrent or localised in
hotspots, cofactor binding residues and dimerisation domains. (B) Mapped onto the crystal structure
of JMJD7 (5NFN) are cofactor binding residues and two JMJD7 ASD patient mutation residues (M160
and R260). Front orientation (with catalytic site facing outwards) demonstrates the location of M160
(magenta), reverse orientation (with catalytic site facing towards the back) demonstrates the location
of R260 (green). Figure generated using Chimera software.

2.3.2 JMJD7 knockdown system

Bioinformatic analysis of the ASD patient R260C mutation above suggested that it was likely
to be deleterious to JIMID7. Therefore, we next aimed to model JMJD7 loss of function in a

neuronal cell line.
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We first attempted this with RNA interference, using a transient transfection approach in
SHSY5Y cells. To this end, we tested three JMJD7 targeted siRNA sequences and two
transfection reagents in SHSY5Y cells. The positive control for transfection efficiency was a
previously validated JMJD7 siRNA transfection protocol, performed in HEK-293T cells using
Oligofectamine™ (Dr Charlotte Eaton). Alongside this a positive control siRNA, targeting an
unrelated protein (eRF1) was used. Western blotting confirmed that the transfection was
successful, as we observed reduced eRF1 protein levels compared to the siRNA control in HEK-
293T cells (Figure 2.13). It also confirmed that two of the three JMJD7 targeted siRNA
sequences showed JMID7 knockdown in HEK-293T cells (#6 and #8, Figure 2.13).
Unfortunately, we were unable to observe any eRF1 or JIMJD7 knockdown in the SHSY5Y cells

using either Oligofectamine™ or INTERFERiIn® (Figure 2.13).
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Figure 2.13 Testing siRNA transfection protocols in HEK-293T cells and SHSY5Y cells

Transfection of a scrambled control RNA (scrRNA), positive control siRNA targeting eRF1, or three
siRNA sequences targeting JMID7 (#15, #8, #6) were transfected into HEK-293T cells using
Oligofectamine™. The same siRNA sequences were transfected into SHSY5Y cells using
Oligofectamine™ and INTERFERiIn®. ‘Control’ denotes an un-transfected sample. Protein expression
analysed using Western blotting, B-actin was used as a loading control. IMJD7 (36 kDa), eRF1 (49 kDa),
B-actin (42 kDa). This is representative of an n=2 biological repeat.
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As the siRNA sequences #6 and #8 were able to reduce JMJD7 protein levels in HEK-293T cells,
we speculated that the lack of knockdown observed in SHSY5Y cells was due to poor
transfection efficiency. This hypothesis was supported by the lack of eRF1 knockdown using
either transfection reagent tested in SHSY5Y cells. To improve transfection efficiency, we
tested the ability of a panel of transfection reagents to introduce an RNA transfection control
into SHSY5Y cells. This control RNA contained an Alexa Fluor® 555 nm label meaning that
detection of successfully transfected SHSY5Y cells could be monitored in live cells using an
EVOS microscope. However, successful transfection was not achieved using any of the
reagents tested (Figure 2.14). Overall, we concluded that transient siRNA transfection was

unlikely to be an efficient method for JMJD7 knockdown in SHSYSY cells.

Lipofectamine
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Figure 2.14 Optimisation of RNA transfection into SHSY5Y cells

Five transfection reagents were used to transfect a 555 nm Alexa Fluor® labelled control RNA sequence
into SHSY5Y cells. Successful transfection was monitored in live cells using an EVOS microscope,
however, only transfection reagent conjugates were detectable as punctate red spots outside of the
cells. Scale bars=400 um.
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Considering these technical difficulties, we next explored alternative means of performing
RNA interference in SHSY5Y cells. To avoid transient transfection, we next aimed to develop a
JMJD7 shRNA knockdown model in SHSY5Y cells based on a viral delivery system. We first
tested JMJD7 shRNA sequence expression vectors (Sigma) which were introduced into SHSY5Y
cells by lentiviral infection. As these shRNA sequences were expressed from an IPTG inducible
promoter we incubated the SHSY5Y cells with 0.5 ug/mL IPTG for 48 hours prior to harvesting
cDNA to analyse JMJD7 knockdown using gPCR. We found that both shRNA sequences induced
JMJID7 knockdown compared to the control shRNA control (Figure 2.15). However, the
maximum level of mRNA knockdown was only 60% for shRNA #501 which was unlikely to be
sufficient, based on previous experience within the Coleman group. Furthermore, partial
JMID7 knockdown was also observed with shRNA #136 in the absence of IPTG, which might

indicate ‘leaky’ shRNA expression (Figure 2.15).

1.2 4

0.8 A
0.6 1 I
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Relative JMJD7 expression
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Control shRNA #136 | shRNA #501 Control shRNA #136 | shRNA #501
IPTG (pg/ml) 0 0.5

Figure 2.15 IPTG inducible IMID7 shRNA sequences in SHSY5Y stable expression cell lines

IPTG (0.5 pg/mL) was used for 48 hours to induce the expression of shRNA constructs in SHSY5Y stable
expression cell lines. These included a shRNA control and two shRNA sequences targeting JMJD7.
Successful knockdown was determined using gPCR relative to 8-actin and normalised to the control
shRNA sequence minus IPTG sample. This is representative of an n=1 biological repeat, with
quadruplicate technical repeats.
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Overall, because the IPTG-inducible shRNA sequences were not optimal for future analysis,
we decided to test a different lentiviral shRNA system. These new shRNA sequences were
expressed alongside a GFP cDNA ‘marker’ under the control of a doxycycline inducible
promoter (transOMIC). This meant that shRNA expression could be controlled using
doxycycline treatment and monitored using an EVOS microscope by the presence of GFP-
expressing cells. As before, we performed lentiviral infection into SHSY5Y cells with the shRNA
vectors. We next performed a doxycycline time course to determine the kinetics of GFP (and
consequently shRNA) expression from the lentiviral vectors. We concluded that the plasmids

responded to doxycycline optimally after 48-72 hours of treatment (Figure 2.16).

Bright field No Dox 24h Dox 48h Dox 72h Dox
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Figure 2.16 VaI|dat|on of construct expression from SHSY5Y doxycycline inducible shRNA cell lines
Doxycycline (1 ug/mL) was used to induce the expression of shRNA sequences targeting IMJD7 and a
shRNA control from SHSY5Y stable expression cell lines. Upstream of the shRNA sequences was a GFP
gene, also doxycycline inducible. To validate that the SHSY5Y cell lines responded to doxycycline GFP
protein expression was monitored after a doxycycline time course using an EVOS microscope. Scale
bars= 400 um.
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Next, we aimed to determine whether JIMJD7 knockdown could be identified at the mRNA and
protein levels following doxycycline treatment for 48 or 72 hours. We observed that two
shRNA sequences (#2 and #3) were able to knockdown JMJD7 mRNA expression to 20-30% of
that detected in shRNA controls (Figure 2.17A). As one of these shRNA sequences (#2) could
theoretically also target the JMID7 readthrough transcript, we also investigated whether
readthrough mRNA expression was altered after doxycycline treatment of these SHSY5Y cells.
However, we found that the shRNA knockdown appeared to be specific to JMJD7 (Figure
2.17B). This was important to ensure that later analysis of these knockdown cells could be
used to specifically characterise JMJD7 dependent activities. Western blot analysis of protein
samples, generated in parallel, confirmed that the JMJD7 mRNA knockdown observed for
shRNA sequences #2 and #3 (Figure 2.17A) resulted in a significant decrease in JIMJD7 protein

expression (Figure 2.17C).
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Figure 2.17 Validation of JIMID7 mRNA and protein knockdown in SHSY5Y shRNA cell lines

Stable expression SHSY5Y cell lines for an shRNA control or three shRNA sequences targeting JIMJD7
were incubated in 1pg/mL doxycycline for 48 or 72 hours before determining the level of IMJD7
specific knockdown. This involved monitoring the mRNA expression by gqPCR for JMJD7 (A) and
readthrough transcript mRNA (B). This is representative of an n=1 biological repeat with four
quadruplicate technical repeats. (C) JMID7 protein knockdown was determined by analysing whole cell
extract using Western blotting. This is representative of n=2 biological repeats.
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Overall, we concluded that shRNA sequences #2 and #3 were efficient at knocking down
JMJD7 expression to a suitable level for future loss of function experiments in SHSY5Y cells.
Therefore, we next aimed to apply these cell models to study the potential consequences
following loss of JIMJD7 expression. Due to current evidence in the literature (discussed in
Chapter 1), we first aimed to investigate whether JMJD7 knockdown resulted in a cell
proliferation defect. To undertake this analysis, we performed an MTS assay to monitor cell
proliferation of SHSY5Y cell lines following JMJD7 knockdown. The MTS assay utilises the
ability of live and viable cells to metabolise a colourless MTS substrate into a coloured
formazan product, which can be measured by absorbance at 490 nm. From this we identified
that SHSY5Y cells had reduced cellular proliferation compared to the control, following JMID7
knockdown with either shRNA sequences (Figure 2.18). This observation was additionally
interesting as the clinical phenotypes of some ASD patients have been linked to deficient
cellular proliferation during development (discussed in Section 2.4 below). Therefore, we
propose that future investigation of the JMID7 hydroxylation pathway in the aetiology of ASD

is warranted.
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Figure 2.18 Knockdown of IMID7 in SHSYS5Y cell lines correlates with reduced cell proliferation

SHSY5Y cells were induced with 1 pg/mL doxycycline for 48 hours to express an shRNA control or two
shRNA sequences targeting IMJD7. Cell proliferation was monitored using the MTS assay (CellTiter 96®
Aqueous One Solution Cell Proliferation Assay, Promega) which demonstrated that JMJD7 knockdown
resulted in reduced cell proliferation. This is representative of an n=1 biological repeat, with
quadruplicate technical repeats.

2.4 Discussion

In this chapter we aimed to explore the cellular function of the JMJD7 hydroxylation pathway
by investigating its dysregulation in human disease, specifically focussed on ASD and ID. Prior
to our investigation the only knowledge regarding this was the observation that JMID7 and its
hydroxylation substrates, DRG1 and DRG2, were implicated in developmental disorders
associated with ID and ASD (Vlangos et al., 2000, Lucas et al., 2001, Bi et al., 2002, Nakamine
et al., 2008, de Krom et al., 2009, de Ligt et al., 2012, Matsunami et al., 2014). Consequently,
we proposed that characterisation of the IMID7 pathway in development would help to not
only decipher the currently understudied cellular role of this pathway but could also to help

further the understanding regarding the aetiology of neural developmental disorders.
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Therefore, in this chapter we aimed to develop cellular models to be used in parallel for future
investigation. Firstly, we successfully differentiated stem cells into glutamatergic and
GABAergic neurons. We then initiated the characterisation of the JMJD7 hydroxylation
pathway with regards to mRNA expression levels and protein sub-cellular localisation at
different stages along the glutamatergic neural differentiation pathway. This analysis was then
progressed to explore the pathway in ASD patient-derived iPSCs. In an independent neuronal-
like cell line, SHSY5Y, we then generated a JMJD7 loss of function system to model potential

dysregulation of JMJD7 in ASD.

Unfortunately, as mentioned above, the JMJD7 project was prematurely concluded during my
PhD due to time restrictions at the University of Melbourne. This meant that only preliminary
data was obtained, which will require future repeats and optimisation of experimental
limitations. However, we were able to generate some hypotheses regarding the potential
function of JMID7 in neural differentiation and function. These are discussed below with
reference to the potential functional consequence they might have with regards to the

aetiology of ASD.

2.4.1 A potential role of the JMID7 pathway during early neural differentiation

In this chapter we presented evidence suggesting the importance of the JMID7 hydroxylation
pathway during neural differentiation. This is discussed below with reference to the potential

role of JMID7 in ASD.

We first observed that all components were expressed at the ESC stage as mRNA (Figure 2.5)
and protein (Figure 2.3). Interestingly, immunofluorescence staining of stem cell colonies

demonstrated the JMJD7 pathway components were not expressed in the centre but were
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concentrated to the periphery of the colonies (Figure 2.3). It is well characterised that stem
cells congregate to the centre of colonies, whilst the periphery of these colonies is composed
of cells initiating differentiation (Smukler et al., 2006, Rosowski et al., 2015). This implies that
the IMJD7 pathway may not be important for pluripotency but instead could be important for
promoting differentiation. However, future work in order to make this observation more
reliable should include co-staining ESC colonies with stem cell markers such as SOX2, Oct4 and
Nanog. This will confirm whether the pattern of IMJD7 hydroxylation pathway expression was

real and not an artefact of antibody staining.

The strongest evidence, consistent with our hypothesis that the JMJD7 pathway is likely to be
important for neural differentiation, was that all components were found to have increasing
levels of mRNA expression during glutamatergic neural differentiation (Figure 2.9). We
propose that this mRNA analysis should be complimented in the future with protein
expression analysis, as mMRNA expression is not always linear with protein expression.
However, if increasing expression can infer potential functional importance, then this

suggested that JMJD7 pathway might be increasingly important during neural differentiation.

The peak of mRNA expression for JMID7 pathway components was identified at the
neurosphere stage (Figure 2.9). These in vitro neurospheres represent the organised
structures identified in the in vivo developing forebrain that are essential for neural progenitor
expansion and early differentiation of neurons. Consequently, neurospheres contain TBR2
expressing basal progenitor cells and BllI-tubulin expressing immature neurons (discussed in
Section 2.1.3). Therefore, the neurosphere structures represent a key proliferative stage

during neurogenesis. Consistent with this, neurospheres are grown in the presence of growth
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factors for two weeks in order to promote neural progenitor expansion for subsequent
dissociation to allow neurons to mature. As mature neurons have reduced proliferative

potential this population expansion at the neurosphere stage is essential.

Interestingly, we demonstrated that knockdown of JMJD7 resulted in reduced SHSY5Y cell
proliferation (Figure 2.18). It should be noted that as this MTS assay is an indirect readout of
proliferation, future analysis should aim to confirm this observation using more direct cell
proliferation assays. However, our observations (Figure 2.18) are in line with the current
literature (Dr Charlotte Eaton) (Zhu et al., 2016, Liu et al., 2017). Moreover, consistent with
our hypothesis, the hydroxylation substrates of IMJD7, DRG1 and DRG2, have also previously
been implicated in development and play roles important for cell proliferation (Chapter 1).
Consequently, we hypothesise that increased regulation of the JMID7 pathway could be
important for promoting proliferation during early neural development. Therefore, we

propose that if the IMID7 pathway is dysregulated this could contribute to ASD phenotypes.

In support of this there are many ASD phenotypes associated with impaired growth during
neural development. For example, there is a prevalence of macrocephaly in ASD patients but
also occasional presentation of microcephaly (Davidovitch et al., 1996, Fombonne et al., 1999,
Sacco et al., 2015). Alongside this altered cerebral volume is associated with common
structural abnormalities found in ASD patients (Sparks et al., 2002, Orekhova et al., 2007,
Avino and Hutsler, 2010, Courchesne et al., 2011, Supekar et al., 2013, Valvo et al., 2016). In
vitro modelling of ASD iPSC-derived organoids also demonstrate altered cellular proliferation
and cell cycle progression (Mariani et al., 2015). However, some adolescent ASD patients have

accelerated cortical thinning, indicating that an ASD cortical growth defect remains prevalent
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but can manifest differently throughout development (Zielinski et al., 2014, Wallace et al.,

2015).

Overall, we hypothesise that the JMIJD7 pathway could be important for early neural
differentiation by promoting proliferation and therefore could contribute to ASD if
dysregulated. In order to test this hypothesis JIMID7 knockdown should be attempted in stem

cells to decipher how this impacts neural differentiation.

2.4.2 A potential role of the JMJD7 pathway in mature neuron function

We also identified expression of the JMJD7 pathway components in mature neurons (Figure
2.5, 2.6 and 2.9). This was consistent with a report that identified increased JMJD7 expression
in adult brain tissues, compared to other tissues, in Kryptolebias marmoratus fish (Fellous et
al.,, 2019). This led us to hypothesise that JMJD7 might play a role in mature neurons,
potentially in neuron function. Consistent with this we found expression of the JMID7
pathway in s100B positively stained mature glia (Figure 2.8). These glial cells have been shown

to be important for supporting the function of neurons (Petrelli et al., 2016).

The major role of mature neurons in the brain is to respond to activation by the propagation
of an action potential. This signal is then passed onto proximal neurons by release of
neurotransmitters. Gene transcription and protein translation are two fundamental processes
for this activity. They are both directly coupled to synaptic activity (activity-dependent
transcription/translation) which is essential for synaptic modification, implicated in plasticity
and memory (Hernandez and Abel, 2008, Yap and Greenberg, 2018). This activity-dependent
transcription/translation is regulated locally, which is important for spatially organising

proteins to generate the polarised structures of neurons. It is also important for specific and
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rapid response to synaptic activation (Rangaraju et al., 2017, Yap and Greenberg, 2018).
Therefore, proper regulation over localised transcription and translation is essential for
individual mature neuron function and more generally for brain connectivity fundamental for

memory and learning.

Interestingly, the hydroxylation substrates of JIMJD7, DRG1 and DRG2, have been implicated
by the Coleman lab to have roles in transcription and translation, respectively (discussed in
Chapter 1). These seemingly non-redundant roles of DRG1 and DRG2 could be consistent with
our observation that DRG1 and DRG2 have different sub-cellular localisation within mature
neurons (Figure 2.6). We found DRG1 was expressed in a similar pattern in Blll-tubulin
positively stained early neurons (Figure 2.7) and mature neurons (Figure 2.6). Conversely, we
found DRG2 expression in MAP2AB or Blll-tubulin co-stained cells were not comparable
(Figure 2.6 and 2.7). This suggests that DRG2 appears to be re-localised from the cell body in

early neurons to include neural extensions in mature neurons (Figure 2.6 and 2.7).

In order to investigate whether the JMJD7 pathway is important for neuron function future
analysis will be required. This could include investigating neuron activity by performing assays
such as ‘patch clamp’, a classical technique able to detect the generation and propagation of
action potentials by measuring changes in voltage across the cell membrane. In addition,
investigation into whether the pathway is important for transcription and/or translation for
neuron function could be performed. For example, by monitoring localised transcription or
translation in different regions of the neuron, as performed previously in the literature,
reviewed by Holt et al. (2019). More informative assays could also include characterisation of

the activity of downstream DRG1 and DRG2 targets, such as the FACT complex or
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deoxyhypusine synthase (as identified by proteomic screening by the Coleman lab). These
assays could be followed up by using JMJD7, DRG1 and DRG2 knockdown models or
expression of ASD patient mutation models. This could help to identify individual roles of each

component and their potential pathogenicity in ASD.

2.4.3 Evidence of dysregulated JMJD7 hydroxylation pathway in ASD

Overall, we have presented evidence to suggest that the JMJD7 pathway could be important
for neural differentiation and function. This could help to explain why components of this
pathway are mutated in neurodevelopmental disorders (Vlangos et al., 2000, Lucas et al.,
2001, Bi et al.,, 2002, Nakamine et al.,, 2008, de Krom et al., 2009, de Ligt et al., 2012,
Matsunami et al., 2014). Possibly in support of this, we observed different mRNA expression
levels for JMID7 pathway components in ASD patient-derived iPSCs compared to a healthy
control (Figure 2.10). However, the caveat of this analysis was the small sample size.
Therefore, this pilot experiment should be expanded by increasing the size of the patient
derived iPSC cohort. Furthermore, it would be interesting to complement the mRNA data with
protein expression analysis and to measure DRG hydroxylation levels to directly assess

potential dysregulation of JMJD7 activity in ASD.

Further evidence to support the potential dysregulation of this pathway in ASD was from
bioinformatic analysis on patient derived JMJD7 ID and ASD mutations. We were unable to
draw conclusions regarding the potential pathogenicity of the ID M160V mutation without
performing cellular analysis. However, we were able to hypothesise how the ASD mutation
R260C might be pathogenic. Online bioinformatic analysis predicted the R260C mutation

could be tolerated. However, the SIFT score, which takes into account amino acid conservation
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as well as functionality, was close to the tolerance threshold. Consistent with this the R260
residue was found to be functionally conserved (Figure 2.11) suggesting that mutation to
cysteine might be pathogenic. This was further supported by the observation that the R260C
mutant was also identified in an endometrial cancer patient and within a hotspot of cancer

mutations in the JmjC catalytic domain (Dr Charlotte Eaton, shown in Figure 2.12).

Interestingly, evidence suggests that the R260C mutation does not significantly alter JMJD7
protein folding, as Markolovic et al. (2018) utilised this mutant to generate a higher resolution
crystal structure of JMJD7. Due to its solvent exposure we hypothesise that the R260 residue
could facilitate the interaction of JMJD7 with another protein such as a kinase during JMJD7
phosphorylation (Dr Charlotte Eaton), or with DRG1/2. It would be interesting to follow this
up by investigating the activity of this JMID7 ASD mutant in SHSY5Y cells and SC lines and how

it might affect neuron differentiation and function.

2.4.4 A potential role of the JMID7 pathway in ASD

Here we present our hypothesis regarding how the JMJD7 pathway might contribute to ASD
if dysregulated, considering data and previous discussion points presented in this chapter. We
hypothesise that the role of JMID7 in neural development and function could be to regulate
transcription and translation via hydroxylation of DRG1 and DRG2. When dysregulated this
could contribute to ASD in two ways. Firstly, as proper transcription and translation are
directly associated with cellular proliferation and growth (Rudra and Warner, 2004), we
hypothesise that this could impact essential neural progenitor expansion phases during early
development. Secondly, due to the fundamental nature of transcription and translation for

neuron function (discussed in Section 2.4.2) we hypothesise that when dysregulated this could
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contribute to ASD. In support of this hypothesis, dysregulated transcription and translation
are frequently described in neurodevelopmental disorders, including ASD (Kelleher and Bear,
2008, Yap and Greenberg, 2018). For example, mice with dysregulated protein translation
were found to present with ASD phenotypes which could be rescued upon treatment with
rapamycin, an inhibitor of mTORC1 (Ehninger et al., 2008, Meikle et al., 2008, Zhou et al., 2009,
Gkogkas et al., 2012, Tsai et al., 2012). Moreover, ASD patient mutations modelled in mice
caused dysregulated protein synthesis, which was found to be the molecular basis for ASD
synaptic defects (Santini and Klann, 2014). Similarly, dysregulated transcription was found to
impact neuron and synapse function as well as cell cycle progression, and consequently has
been associated with ASD (Parikshak et al., 2013, Amiri et al., 2018). Furthermore, essential
components of activity-dependent transcription/translation are commonly mutated in ASD
(Ebert and Greenberg, 2013). Transcription and translation are also critically important for
neuron development. For example, inheritance of differentially localised mRNA was proposed
to facilitate asymmetric division of radial glial progenitor cells, essential for the generation of
neurons (Pilaz and Silver, 2017). Moreover, localised translation in growth cones was found to

aid migration of early neurons in response to proximal synaptic activity (Jung et al., 2012).

2.4.5 Chapter conclusions

Overall, we hypothesise that the JMJD7 pathway could be involved in regulating transcription
and translation important for neural differentiation and function. Moreover, when
dysregulated this could contrite to ASD. In order to test this hypothesis, future investigation
will be required, and we propose that the cells lines established in this chapter could be

essential for this.
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3 Characterisation of JMJD5 mutations in patients

with a novel developmental disorder

The second 20G oxygenase enzyme we aimed to investigate in this thesis was JMJD5 which
we begin to address below. In this Chapter we describe a novel human developmental
disorder associated with compound heterozygous mutations in the JMJD5 gene. We aimed to
utilise this opportunity to further characterise the cellular role of JMID5, with the hope that
this information could help with further diagnosis or care of the affected patients. In order to
undertake this investigation, we obtained, then immortalised, primary dermal fibroblasts
from affected and unaffected members of the family. This Chapter describes the initial steps
taken in order to begin the characterisation of these affected patients. Firstly, we confirmed
the patient JMJD5 genotypes and explored the effect of the JIMJD5 mutations on mRNA
splicing. The mutations were then further characterised to determine their effect on the
JMIJD5 protein with regards to expression, localisation and function. These immortalised cells
then provided a novel model for exploring the enzymatic activity and cellular function of

JMJD5 which is addressed in Chapter 4 and 5.

3.1 JMIDS is mutated in patients with a novel developmental disorder

Two siblings were presented at a paediatric medical clinic in Estonia with unexplained
developmental defects. Prenatally, these defects included intrauterine growth retardation
and failure to thrive. Postnatally the two affected siblings had developmental delay, various
skeletal, defects, brain atrophy, reduced muscle tone, and relative macrocephaly (a smaller

body size relative to the head size) (Table 3.1 & Figure 3.1A). In order to explore the genetic
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basis for the observed clinical phenotypes whole exome sequencing (WES) was performed on
the whole family (Dr Sander Pajusalu and Dr Katrin Ounap in clinic). This identified two
heritable mutations in JMJD5 (Figure 3.1B). The maternal JMJD5 mutation is a point mutation
converting the cysteine at position 123 to a tyrosine (C123Y). The paternal JMJD5 mutation is
an eight-base pair deletion within the intron localised between exons 7 and 8 (referred to as
‘InMut’). The patients affected by the developmental disorder were found to be compound

heterozygote for these JMJD5 mutations (Figure 3.1B).

(A)
ORO7
B H
(B) ,
O C123Y carrier
OR56 [ intron deletion carrier (InMut)
Wt/InMut (3 wild type (WT)
O Affected (C123Y and deletion carrier)
- Female
— Male
MR98 KR94 AROO Cciggz /
WT/WT Wt/InMut Wt/InMut MUt

Figure 3.1 Phenotype and JMJD5 genotypes of a family affected with a novel developmental disorder
(A) Two patients with a novel developmental disorder (images to compliment the clinical evaluation
displayed in Table 3.1). We obtained parental consent to include these images. (B) The two affected
patients are from a family that carry two heritable JMJD5 mutations; all members of this family are
presented here in a family tree diagram. Patient identifications are in bold with JMJD5 mutation status
beneath: wildtype (WT), point mutation converting cysteine at amino acid position 123 to a tyrosine
(C123Y), eight-base-pair intronic deletion (InMut). The mother (LR74) carries the C123Y mutation. The
father (OR56), KR94 and AROO carry InMut. Two patients carrying both JMJD5 mutations (OR07 and
MR10) are affected by the developmental disorder. One family member is wildtype for JMJD5 (MR98).
The black dot denotes a miscarriage of unknown JMJD5 genotype.
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Table 3.1 Clinical phenotypes of two patients affected with a novel developmental disorder

Clinical evaluation was performed upon birth and at 10 years of age for patient OR07 or at 7 years of
age for patient MR10, by Dr Sander Pajusalu and Dr Katrin Ounap. The patients share similar
developmental defects including reduced growth but with a relatively larger head circumference

(relative macrocephaly), plus facial and skeletal dysmorphism.

Patient OR97 MR10
Gender Male Female
Intrauterine hypotrophy, oligohydramnion, ) . )
Prenatal Intrauterine hypotrophy, oligohydramnion
small placenta
Weeks 35 40
. Length 43 cm (- 2 SD) 43 cm (-3.55D)
Birth Weight 2360 g (-1 SD) 2386 g (-2.5SD)
Head 34 cm (+15D) 33.5cm (-1.5SD)
Height 96.5 cm (- 7 SD) at 10 years of age 84.1 cm (-6 SD) at 7 years of age
Growth Weight 13.1 kg (- 4 SD) at 10 years of age 10.2 kg (-4 SD) at 7 years of age
Head 52 cm (-1.2 SD) at 10 years of age 51 cm (-0.5 SD) at 7 years of age
Craniosynostosis No No
Craniofacial Triangular face, high forehead, broad nasal| Triangular face, high forehead, deep set eyes,
Dysmorphism bridge, full lips, microretrognathia, high prominent nose, microretrognathia, short neck,
palate, short neck, dysplastic ears dysplastic ears
Development Moderate intellectual disability Mild intellectual disability
Muscular system Muscular hypotonia Muscular hypotonia
Nervous . : . - p p e - .
Epileptic activity (generalised myoclonias); Mild background abnormalities; no epileptic
system EEG L
no treatment activity
MRI Mild brain atrophy Mild cortical atrophy and dilated lateral ventricles
. Foramen ovale apertum, mild ventricular septal
Vascular Cardiac Foramen ovale apertum . )
defect (closed without operation)
Respiratory Freguent bronchitis in infancy No
Skeleton Thoracolumbar scoliosis, sacral dimple Narrow shoulders, hypoplastic nipples
Limbs Hands Single palmar crease Single palmar crease, F5 clinodactyly
Feet Right clubfeet Sandal gap
Gastrointestinal Reflux in infancy No
. . Hypospadia, abnormal shape of right
Genitourinary kidney (L-shape) No
Vision Divergent strabismus Divergent strabismus
Hair and nails No Sparse hair; mild hypoplasia of nails
Immunological No No
Lymphatic No No
. IGF 43.7 pg/L <25 pg/L
Endocrine Thyroid gland Normal Hypothyreosis
Growth hormone Since 2 years 2 months of age, positive Since 4 years of age, positive efect
replacement efect
Other Hematoma subduralis at 1 month of age No
(trauma)

3.2 Generation of immortalised fibroblast cell lines

In order to perform phenotypic characterisation of the affected patients and their JMJD5
mutations, dermal fibroblasts were obtained as follows. Skin biopsies and fibroblast isolation
was performed by Dr Sander Pajusalu and Dr Katrin Ounap (University of Tartu, Estonia) which

were then expanded in culture by Professor Grant Stewart (The University of Birmingham).
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To then generate long term cellular model systems, for future characterisation experiments,
we immortalised the dermal fibroblasts using retroviral transduction of human telomerase
(hTERT). The hTERT gene encodes the catalytic subunit of the telomerase reverse transcriptase
enzyme which is responsible for maintaining telomere sequences and is not usually expressed
in differentiated cells. Therefore, re-expression of hTERT in our primary fibroblasts would
prevent telomere-controlled senescence to overcome the inherent finite lifespan of primary
cells, and thus make them immortalised (Lee et al., 2004). This hTERT expression vector also
contained a hygromycin resistance gene which allowed antibiotic selection of successfully
transduced and immortalised cells. A hygromycin dose titration was used to identify the
optimal concentration of 70 pug/mL hygromycin for selection and subsequent growth of the

immortalised cell lines (Figure 3.2).

Figure 3.2 Hygromycin dose titration for optimal selection of immortalised fibroblasts

A hygromycin dose titration was performed on primary MR98 fibroblasts for 48 hours before
monitoring for cell death using an EVOS microscope. The optimal dose to be subsequently used for
selection of successfully immortalised primary fibroblasts was chosen as 70 pg/mL. Scale bars= 400
pum. This is representative of an n=1 biological repeat.
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Unfortunately, during the immortalisation process, the primary fibroblasts from one affected
patient, MR10, stopped growing. We investigated whether this could be due to entry into
senescence by utilising an assay that monitors B-galactosidase activity at pH 6. The principle
of the assay is that due to increased numbers of lysosomes in senescent cells there is
accumulation of the B-galactosidase enzyme. Consequently, activity of the enzyme is found at
the higher than usual pH 6 which can be detected by the hydrolysis of the colourless X-gal
substrate into a blue product. Although B-galactosidase activity is not required for senescence

it is a well-established biomarker of senescence (Dimri et al., 1995).

We included in our assay an untreated negative control which demonstrated a low level of
background staining but were generally healthy and continued to grow throughout the assay
until confluent (Figure 3.3A). We also included positive controls, treated with 12.5 uM
etoposide or 4% ethanol to induce senescence. These conditions gave us confidence that the
assay was optimal for detecting senescence, because cells from both conditions displayed
strong blue nuclear staining indicative of active B-galactosidase activity at pH 6 (Figure 3.3C,
3.3C). Consequently, we hypothesised that the MR98 primary fibroblasts had entered
senescence, because they had enlarged cellular size and altered morphology, as well as blue
B-galactosidase product detectable at pH 6 (Figure 3.3D). This meant that immortalisation and

further characterisation of fibroblasts, from this patient, could not be completed.
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Figure 3.3 Investigating entry into senescence for MR10 primary fibroblasts
MR10 fibroblast entry into senescence was determined using an assay that monitors B-galactosidase
activity, at pH 6, by the presence of a blue X-gal product observed using an EVOS microscope. (A)
Untreated MR98 fibroblasts as a negative control for the assay. MR98 cells as positive controls were
treated with (B) 12.5uM etoposide for 24 hours, or (C) 4% ethanol for 2 hours repeated for three
consecutive days. Both (B/C) treatments were followed by a five-day recovery before performing the
assay. (D) MR10 cells stained clearly for blue B-galactosidase product, had significant growth arrest
and morphology change compared to negative control in (A) all indicative of senescence. Scale bars=
400 um. Negative and positive controls are representative of n=2 biological repeats, MR10 image is
representative of an n=1 biological repeat.
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3.3 Confirmation of patient genotypes

For the successfully immortalised patient fibroblasts, we next aimed to confirm the JMJD5
genotypes originally identified in clinic by WES (Figure 3.1). To do this, genomic DNA was
purified from the fibroblast lines and gene regions surrounding each JMJD5 mutation were
amplified by PCR before analysis using Sanger sequencing (Table 3.2). The presence of the
C123Y point mutation was identified on the sequencing chromatograms by the overlap of a
black peak corresponding to guanine (to encode cysteine), with a green peak corresponding
to adenine (to encode cysteine) at the C123 codon. From this we confirmed that the C123Y
point mutation allele was carried only by the mother (LR74) and affected patient (OR07)

whereas all other patients were wildtype for this mutation on both alleles (Table 3.2).

Similarly, the presence of the InMut deletion mutation could be identified on the sequencing
chromatograms by the loss of eight-base-pairs from the intron, located between exons 7 and
8. To demonstrate this, the sequence missing from the InMut is underlined in red on the
wildtype allele chromatogram and the location of these missing nucleotides is shown by a red
arrow on the InMut allele chromatogram (Table 3.2). This confirmed that the InMut allele was
carried by the father (OR56), InMut carrier children (KR94 and AR0O), as well as the affected
child (OR07), whereas the mother (LR74) and wildtype sibling (MR98) were wildtype for this

mutation on both alleles (Table 3.2).

With the genotype of the immortalised fibroblast cell lines confirmed, we next aimed to
determine the effect that each mutation might have on the downstream JMJD5 mRNA and

protein products.
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Table 3.2 Confirming the patient genomic DNA genotypes of the immortalised fibroblast cell lines
Genomic DNA from successfully immortalised fibroblasts was harvested, PCR used to amplify regions of interest
on the JMJD5 gene for analysis by Sanger sequencing. One locus analysed included the cysteine, at position 123,
that is converted to a tyrosine by a point mutation in C123Y carrier patients. The second locus analysed included
the eight base pair deletion, within the intron between JMJD5 exons 7 and 8, identified in InMut carrier patients.
Red underlined sequence in the wildtype (WT) allele chromatogram marked the eight-base pairs lost from the
InMut. The location of these missing base pairs is shown by a red arrow on the InMut allele chromatogram. Green
underlined sequence is common between both WT and InMut.

= Intron motif
Patient C123Y Mutation Locus Intron Mutation (InMut) Locus — Deleted intron motif
m) Site of deletion in mutant
LR74 G TIC NGAT G AC =
Val  Cys/Tyr Asp GGGCACTGGGGGT CTGGGGIGACGTTGCAGG
>
s
ORS56 GTCTGTGAC |*= :
" ' GGGCACTGGGGGTCTGGGGTGACGTTGCAGG GGGCACMGACGYTGCAGG
Val Cys Asp e 1
=
MR98 CTCT T GcAC 3
Val CyS ASp GGGCACTGGGGGTCTGGGGTGACGTTGCAGG
C————
KR94 5 2
G TET 6T G AL A V) 4 GGGCACTGGGGTGACGTTGCAGG
Val CyS Asp GGGCACTGGGGGTCTGGGGTGACGTTGCAGG '
s
- s
AROO G TCT 6T G AC 3 b 04 B AT S QA J
Val Cys Asp GGGCACTGGGGGT CTGGGGTGACGTTGCAGG GGGCACTGG:GTGACG”GCAGG
<
ORO7 \AMMM S z
G TCTGATG AC GGGCACTGE GEGTCTGGGGTGACGTTGCAGS GGGCACTGGGGTGACGT TGCAGG
- >
Val  Cys/Tyr Asp 1T
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3.4 InMut results in alternative splicing

The paternal mutation is an eight-base pair deletion at the 5’ end of the intron located
between exons 7 and 8. Due to the position of the InMut we hypothesised that normal JMJD5

mRNA splicing could be affected, our rationale is discussed below.

Splicing is an essential stage of processing mRNA into exon-containing sequences for
subsequent protein translation. Splicing is mediated by a multi-protein complex called the
spliceosome which assembles onto splice sites by complementary base pairing. Introns
contain these splice sites at the extreme 5’ and 3’ ends, termed donor and acceptor splice
sites respectively, that are essential for directing the spliceosome to the correct region of the
mRNA. Often the presence of enhancer and silencer sequences, localised within the
surrounding exons or within the intron sequences themselves, are required to facilitate
spliceosome loading and activity, reviewed by Wang and Burge (2008). Some of these splice

sequences are depicted in Figure 3.4.

5' Branchpoint 3'

5’ Exon Intron 3’ Exon

Figure 3.4 The location and function of splice sequences

mMRNA splicing is mediated through base pairing between intron and exon sequences with spliceosome subunits.
The donor splice site marks the 5’ intron-exon boundary and the acceptor splice site marks the 3’ intron-exon
boundary. The acceptor sequence is composed of the acceptor splice site (located on the extreme 3’ end of the
intron), a poly pyrimidine (Y) tract important for facilitating splicing, and a branch point whereby an adenine
mediates the first nucleophilic attack in the two-step splicing reaction. Other sequences located in the intron or
adjacent exons can promote or inhibit splicing. One such element is depicted here, an intron splice enhancer
(ISE) that binds to arginine-serine-rich (SR) splicing factors to facilitate nearby splice sites.
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Once loaded onto the mRNA sequence the spliceosome catalyses two transesterification
reactions that results in the ligation of two exons together and the removal of the intron
sequence (Will and Lihrmann, 2011). Importantly, the sequence of all splice motifs is essential
as they mediate spliceosome recruitment by base pairing. Therefore, mutation of a single
splice site sequence could impact normal splicing of an exon and result in an alternative
protein product. Consequently, we hypothesised that the InMut deletion might affect splice

sites within the intron sequence between exons 7 and 8.

In order to begin investigating this the wildtype and InMut JMJD5 gene sequences were
analysed using ‘The Human Splicing Finder’ (HSF) (Table 7.12). This is an online bioinformatics
tool that is able to predict the presence of splice donor, acceptor, branch sites and auxiliary
enhancer or silencer motifs on a sequence (Desmet et al., 2009). The HSF combines ‘position
weight matrices’ and ‘maximum entropy principle’ algorithms to predict splicing sequences.
These algorithms determine the importance of each nucleotide in a predicted sequence to
generate a consensus value. This value infers confidence to the functional assignment of a
sequence. Therefore, the higher the consensus value the more likely that a sequence would

be used for the HSF predicted function in vivo (Desmet et al., 2009).

The HSF was able to predict a series of donor sites for the wildtype and InMut sequences
(Figure 3.5A). Interestingly, one predicted wildtype donor site (boxed in red, Figure 3.5A) was
not predicted for the InMut sequence. However, the presence of a higher scoring donor site,
predicted for both wildtype and InMut sequences (black arrows, Figure 3.5A,), suggested that
lack of the aforementioned donor site for the InMut may be inconsequential. For the same

reason we concluded that the InMut was also unlikely to affect the acceptor splice site
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sequence (green arrows, Figure 3.5A) or branch point sequence (blue arrows, Figure 3.5A).
We therefore concluded that the InMut was not likely to affect the donor or acceptor splice

site sequences directly (Figure 3.5B).

The HSF is also able to determine possible effects that mutations might have on auxiliary
sequences and whether consequential changes to splicing are probable (Desmet et al., 2009).
Interestingly, HSF predicted two potential splice enhancer sequences that would be removed
by the InMut deletion (Figure 3.5B). Intron localised enhancer sequences facilitate splicing by
interacting with arginine-serine-rich (SR) splicing factors that promote assembly of the
spliceosome onto proximal splice sites (Figure 3.4) (Dvinge et al., 2016). Therefore, mutation
of an intron enhancer site could affect the specificity or efficiency of splicing at proximal splice

sites.

Overall, the HSF analysis predicted that the InMut was likely to negatively impact normal
splicing of JMJD5 mRNA, in this region, due to the removal of an enhancer site within the

intron between exons 7 and 8.
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(A) Wildtype
Splice site type Motif Splice site Consensus value (0-100)
— Donor CAGGTGGGC CAGgtgggc 88.33
Donor GGGGTCTGG GGGgtctgg 77.62
Donor GGGGTGACG GGGgtgacg 78.28
Donor CAGGTTCTC CAGgttctc 71.68
Acceptor GTGACGTTGCAGGT gtggacgttgcagGT 86.65
Acceptor CTGCCCCTGGAGAT ctgccectggacAT 80.43
— Acceptor TGCTTTCTTCAGGT tgctttcttcagGT 93.94
ol Branch Point TCCCCAC - 89.44
Branch Point TCTTCAG - 71.91
InMut
Splice site type Motif Splice site Consensus value (0-100)
=i Donor CAGGTGGGC CAGgtgggc 88.33
Donor GGGGTGACG GGGgtgacg 78.28
Donor CAGGTTCTC CAGgttctc 71.68
Acceptor GTGACGTTGCAGGT gtggacgttgcagGT 86.65
Acceptor CTGCCCCTGGAGAT ctgccectggacAT 80.43
(- Acceptor TGCTTTCTTCAGGT tgctttcttcagGT 93.94
— Branch Point TCCCCAC - 89.44
Branch Point TCTTCAG - 71.91
(B) HSF HSF
predicted InMut HSF predicted predicted
donor deletion branchpoint acceptor

Intron 7-8

Exon 7 (1=62.89) (2= 73.38)

Figure 3.5 HSF predicted splice sites in JMJDS5 for the intron between exons 7 and 8

(A) Human splice finder (HSF) predicted sequences of 5’ donor splice sites and 3’ acceptor splice sites
for wildtype and InMut JMJD5 genomic sequences between exons 7 and 8. Red box marks a donor site
present in the wildtype sequence but missing from the InMut. Arrows mark splice sites with the highest
consensus value and therefore most likely to be a real sequence; donor (black), acceptor (green),
branch point (blue). Splice sites demonstrated by lower-case lettering intron sequences and upper-
case lettering for exon sequences. (B) The splice sequences, as predicted by HSF in (A), are labelled
onto the JMID5 intronic sequence between exons 7 and 8. Two intron splice enhancers were predicted
by HSF (numbered 1 and 2, underlined in blue and green, with each consensus values indicated) for
the region that overlapped with the InMut deletion (sequence crossed through in bold).

Due to predictions made by HSF, we next wanted to determine whether InMut affected JMJD5
MRNA splicing in a biological context. To do this the complete JMJD5 coding sequence was
PCR amplified, from cDNA purified from the immortalised patient fibroblast lines. PCR
products were examined by agarose gel electrophoresis which identified a doublet banding
pattern correlating to patients that were carriers of the InMut (Figure 3.6A). The larger (upper)
band, identified in all patients, was approximately 1.3 kb in size and corresponded to the

predicted size of wildtype JMJD5. The smaller (lower) band, only present for patients carrying
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the InMut, was approximately 100bp smaller than the upper band. Therefore, we
hypothesised this could be indicative of alternative splicing of InMut JMJD5. In order to
determine the identity of the two PCR products both the upper and lower bands from the
ORO7 patient were purified from the agarose gel and analysed by Sanger sequencing. As
predicted from the PCR product size, the upper band corresponded to the wildtype JMJD5
sequence (Figure 3.6B). Interestingly, the smaller PCR product (lower band) was completely

missing the mRNA sequence encoded by 7, the exon preceding the InMut (Figure 3.6B).
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Figure 3.6 Analysis of the InMut demonstrates removal of exon 7 coding sequence from mRNA

PCR amplification of the complete JMJD5 mRNA sequence was performed on cDNA purified from
immortalised patient fibroblasts. Patient fibroblast JMJD5 genotypes; MR98 wildtype, LR74 carrier of
C123Y, OR56, KR94 and AROO carriers of InMut, OR07 affected patient carrying C123Y and InMut
JMJD5. (A) PCR products were separated by agarose gel electrophoresis where one band, at
approximately 1.3 kb, corresponded to the predicted size for the JMID5 wildtype gene (upper band).
A second band, corresponding to InMut carrier patients, was approximately 100bp smaller than the
upper band (lower band). This is representative of n=3 biological repeats. (B) Chromatogram for Sanger
sequencing performed on the two PCR products purified individually for the affected patient OR07.
The larger (upper) band, from the DNA gel, was found to have the same sequence as wildtype JMJD5
(NM_024773). The smaller (lower) band was found to not contain the mRNA sequence for the whole
of exon 7 but instead expressed exon 6 directly into exon 8.
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Sanger sequencing was then performed on all upper and, where applicable, lower bands from
the JMJD5 PCR reaction products shown in Figure 3.6A. This confirmed that loss of the mRNA

sequence encoding exon 7 was consistent for all patients carrying the InMut allele (Table 3.3).

Table 3.3 Removal of exon 7 coding sequence from mRNA consistent for all InMut carrier patients

PCR products separated by gel electrophoresis in Figure 3.6A were purified and analysed by Sanger
sequencing. This confirmed that InMut consistently resulted in loss of exon 7 coding sequence from
MRNA. Chromatograms underlined in blue mark exon 6 coding sequence, green underling to mark
exon 7 coding sequence and yellow underlining to mark exon 8 coding sequence.

Patient mRNA Product of WT allele mRNA Product of InMut allele
LR74 g
AGIC CEAGCCTTGAGCGT
<
Exon 7 Exon 8
s “
; ]
OR56 b=
AGCCAGGTTGACGT £ 6T G ECAGECTTGACGCT
% é—
Exon 7 Exon 8 Exon 6 Exon 8
MR9S8 g
EAGCCAGGTTGAC G T
Exon 7 Exon 8
= 2
KR94 <
AGCCAGGTTGACGT GTGCECAGG TTGAGCGT
Exon 7 Exon 8 Exon 6 Exon 8
e 8
AROO = 2
AGCCAGGETTOGAGGT EGTECAGCS TTGACGT
—_—
Exon 7 Exon 8 Exon 6 Exon 8
= -
p= |
ORO7 = s
AGCCAGGTTGACGT E56 TG CAGCGGC T THGACG T
% 6_—
Exon 7 Exon 8 Exon 6 Exon 8

With the knowledge that InMut resulted in the removal of the exon 7 coding sequence during
JMJD5 mRNA splicing, we next questioned how this might affect the JMJD5 protein. Exon 7
encodes a large portion of the JmjC catalytic domain for JIMJD5 (Figure 3.7A) corresponding to

31 amino acids and 3.59 kDa predicted molecular weight. Examining exon 7 on the crystal
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structure of JIMJD5 demonstrated that it forms an essential catalytic structural fold, specifically
one of the core B-helices, and includes a 2-OG cofactor binding residue (Figure 3.7B).
Therefore, we predicted that removal of exon 7 from InMut JMID5 protein was likely to have
a dramatic effect on the structure and stability of JMJD5 but also would impact its catalytic

activity. This hypothesis is addressed later in this chapter (Section 3.7).

(A) Functional Residues

»Fe(ll)
»20G
:;Ss Intron 7-8
f—] '
== Y ALAR \
183 2'7'1 416
JmjC extension JmjC catalytic

(B)

= 20G cofactor
BBl-= cofactor binding
residues

Yellow= Fe(ll) cofactor
Green= Exon 7 (region

deleted in Intron mutants)

Figure 3.7; Exon 7 mRNA sequence encodes a portion of the JmjC catalytic domain of JMID5 protein
(A) Exon 6, 7 and 8 were mapped onto the protein sequence of JMID5. Exon 7 constitutes a large
portion of the JmjC catalytic domain of JIMJD5. Therefore, loss of exon 7 would result in an incomplete
JmjC domain and loss of 2-OG cofactor binding residues. (C) Mapped onto the 3D crystal structure of
JMID5 (4GAZ) loss of exon 7 sequence removes a large structural fold in the catalytic domain (exon 7
highlighted in green). Figure generated using Chimera software.
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3.5 C123Y is a conserved residue in the N-terminus of JMJD5

The second JMJD5 mutation carried by this family, provided from the maternal allele, was a
point mutation converting a cysteine at position 123 to a tyrosine. The presence of this
mutation was already confirmed from genomic DNA isolated from the immortalised
fibroblasts (Table 3.2). Therefore, we next aimed to investigate whether the mutation was
also detected in the corresponding mRNA. The full-length JMJD5 PCR products, generated and
Sanger sequenced above for the InMut analysis (in Section 3.4), were analysed for the
presence of the C123Y mutation. As expected, the C123Y mutation was detected only in JMJD5

cDNA obtained from the mother (LR74) and affected patient (OR07) (Table 3.4).

As the genomic C123Y mutation was present at the mRNA level this raised the question of
how this mutation might affect any expressed C123Y mutant JMJD5 protein. Unfortunately,
we were unable to utilise the JMID5 crystal structure to predict the consequences of this
mutation because current structures do not include the complete N-terminal domain of
JMJDS5. Therefore, we used online analysis tools, PolyPhen-2 and SIFT, to determine whether
the C123Y mutation was likely to be deleterious to JMJD5. As discussed in Chapter 2, both
software tools generate a score to predict whether an amino acid change is likely to be
tolerated based on sequence conservation (Adzhubei et al., 2010, Sim et al., 2012). SIFT
determines the probably that a change will be tolerated whereas PolyPhen-2 predicts the
probability that the change will be damaging. Therefore, a low SIFT score and high PolyPhen-
2 score assigned to a mutation implies that a mutation will be detrimental. Interestingly, for
the C123Y mutation SIFT gave a score of 0 and PolyPhen-2 gave a score of 1 meaning that both

software tools predicted the C123Y amino acid change to be deleterious for JMIDS5.
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Table 3.4 Confirmation of C123Y mRNA genotype in patient fibroblasts

Chromatogram demonstrating the presence of the guanine to adenine point mutation identified in
C123Y JMIJD5 mutation carriers. PCR amplification of the complete JMJD5 mRNA sequence was
performed and analysed by Sanger sequencing, samples as used in Figure 3.6 and Table 3.3.

mRNA Products at C123Y
Locus

LR74 M a @Cl

G TCTGAT G AC
Val  Cys/Tyr Asp

GTCTGTGAC

Patient

Val Cys Asp
MR98 GTCTGTGAC
Val Cys Asp

R PNV VAAVARY.VA

GTCTGTGAC
Val Cys Asp

VAAVAVYAVAL

ARO0O CTCTCECTGAC
Val Cys Asp

G TCTGAT G AC
Val  Cys/Tyr Asp

We complemented this bioinformatic analysis by determining the evolutionary conservation
of the C123 residue in JMJD5 paralogues and orthologues, to predict its potential importance.
We observed that the C123 residue and N-terminus of JMJD5 was not conserved compared to
other human JmjC-only sub-family members (Figure 3.8A). However, C123 was conserved
between diverse JMJD5 orthologs indicative of C123 having an important role specifically

related to JMJD5 function (Figure 3.8B).
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Figure 3.8 Cysteine at amino acid position 123 is highly conserved in JMJD5

Sequence conservation was determined for the C123 residue by protein sequence alignment analysis,
performed using Clustal Omega online software, for (A) JmjC-only family members in humans and (B)
JMJD5 across a selection of different species. Protein sequences analysed are outlined in Table 7.11.

Overall, due to the conserved nature of C123 and the dramatic change in amino acid, caused
by its substitution to a tyrosine, we hypothesised that the C123Y mutation was likely to have

a detrimental effect on JMID5. This hypothesis is addressed in the following sections.

3.6 JMID5 mutations affect JMID5 protein expression and stability

The previous sections confirmed that our immortalised patient fibroblasts carried the
expected JMJD5 mutation genotype, and initial bioinformatics analysis predicted that both of
the mutations were likely to negatively affect the JMJD5 protein. Therefore, we next assessed
endogenous JMID5 protein expression across the immortalised fibroblast cell lines.
Interestingly, JMJD5 mutation status appeared to correlate with JMJD5 protein expression

levels (Figure 3.9A). We found that fibroblasts from patients carrying one JMJD5 mutation had
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reduced JMID5 protein expression compared to the wildtype patient fibroblasts. The
fibroblasts from the affected patient (OR07), carrying both JMJD5 mutations, had the lowest
JMID5 protein expression compared to all other fibroblast lines (Figure 3.9A). Interestingly,
this difference was not explained by a decrease in JMJD5 mRNA expression level, as both the
wildtype (MR98) and ORO07 affected patient fibroblasts expressed similar levels of JMJD5

mRNA (Figure 3.8B).
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Figure 3.9 JMJD5 mutation correlated with JMID5 protein expression levels in patient fibroblasts
Patient fibroblast JMJD5 genotypes; MR98 wildtype, LR74 carrier of C123Y, OR56, KR94 and AROO
carriers of InMut, OR07 affected patient carrying C123Y and InMut JMJD5. (A) JMID5 protein
expression was determined by Western blot analysis of whole cell lysate purified from immortalised
patient fibroblasts. B-actin was used as a loading control. This is representative of n=3 biological
repeats. ‘Short’ and ‘long’ refer to the length of exposure time used to visualise a Western blot signal.
JMID5 (47 kDa), B-actin (42kDa). (B) gPCR was used to determine JMJD5 mRNA expression in wildtype
(MR98) and affected (OR07) patient fibroblasts. This is representative of an n=1 biological repeat, with
quadruplicate technical repeats.
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As a consequence of this result (Figure 3.9), we hypothesised that the reduced JMID5 protein
expression observed for the affected (OR07) patient fibroblasts was likely due to reduced
stability of the mutant JMJD5 proteins, rather than reduced transcription from the JMJD5 gene

or increased degradation of the JMJD5 mRNA.

To address this hypothesis, we investigated the protein expression of each JMJD5 mutation
individually (Figure 3.10). To do this wildtype, C123Y and InMut JMJD5 were cloned into
expression vectors with an N-terminal HA tag and transfected into HeLa and HEK-293T cells.
Western blotting indicated that the C123Y mutant protein expressed less than wildtype, and
that InMut protein expression was undetectable (Figure 3.10A and B). A co-transfected
plasmid was used as a positive control to demonstrate equal transfection efficiency between

samples (Figure 3.10B).

To explore this further the wildtype, C123Y and InMut JMJD5 sequences were sub-cloned into
a lentiviral vector with an N-terminal FLAG tag and expressed from a doxycycline inducible
promoter. Lentivirus infection of these vectors was performed to generate MR98 patient
stable expression fibroblast cell lines (see Section 5.5.1, Chapter 5). Following doxycycline
treatment, Western blot analysis confirmed that the C123Y and InMut JMJD5 protein
expressed less than wildtype (Figure 3.10C). However, unlike in the transient transfection
experiments, in this system the InMut JMJD5 protein was detectable by Western blotting. We
found that FLAG-tagged InMut JMJD5 migrated faster than FLAG-tagged wildtype JMJD5
(Figure 3.10C), consistent with predictions that the InMut JMID5 protein would be

approximately 3.6 kDa smaller than wildtype JMID5 (Section 3.4).
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Figure 3.10 C123Y and InMut proteins express less than wildtype JMJD5

N-terminal HA-tagged wildtype, C123Y or InMut JMID5 expression vectors were transiently
transfected into (A) Hela or (B) HEK-293T cells. Protein expression analysed by Western blotting. HEK-
293T cells were co-transfected with a positive control FLAG-tagged expression vector to establish
transfection efficiency. (C) MR98 stable expression cell lines were doxycycline treated (1 pg/mL) to
express N-terminal FLAG-tagged wildtype, C123Y or InMut JMID5 for 24 hours. Protein expression was
analysed by Western blotting. B-actin was used as a loading control. JMJD5 (47 kDa), B-actin (42kDa).
This is representative of n=2 biological repeats.

This evidence was consistent with the hypothesis that the JMJD5 mutants affected JMJD5
protein folding and stability. To test this further we aimed to measure JMID5 protein turnover
using a cycloheximide assay. Cycloheximide interferes with the translocation step of protein
translation, thus blocking global protein synthesis, and provides an opportunity to indirectly
measure protein stability (Kao et al., 2015). Rapid loss of protein expression following
cycloheximide treatment indicates a protein with increased ‘turnover’. We applied this assay
to monitor the turnover of FLAG-tagged wildtype, C123Y and InMut JMIJD5 from the
doxycycline inducible MR98 fibroblast cell lines. These cell lines were most suited for this

experiment, compared to transient transfection into cancer cell lines, because InMut JMJD5
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protein was detectable by Western blotting in this system (Figure 3.10C). From this assay we
found that wildtype FLAG-JMID5 protein expression levels remained stable, even after 10
hours of cycloheximide treatment (Figure 3.11A). In contrast, C123Y and InMut protein
expression levels were reduced after only 2 hours of cycloheximide treatment (Figure 3.11A).

This result was consistent with both C123Y and InMut reducing the protein stability of JMJD5.

The majority of unstable proteins are degraded in the cell by the proteasome. This
proteasomal degradation can be inhibited by MG132 that covalently binds to the catalytic
inner rings of the 20S core subunit of the proteasome and consequently inhibits its activity
(Adams, 2003). Therefore, application in vitro can provide information regarding the
degradation pathway a specific protein is targeted for. Therefore, we performed an MG132
assay on our doxycycline inducible MR98 FLAG-JMIDS5 expression cell lines to determine

whether either IMJD5 mutant were targeted for proteasomal degradation.

We found that JMJD5 wildtype and C123Y were stabilised by proteasome inhibition to a
degree, suggesting that the instability of the C123Y mutant is likely mediated by an alternative
proteolytic pathway (Figure 3.11B). In contrast, the expression of the InMut JMJD5 was
significantly increased by MG132 treatment, suggesting that the InMut is rapidly degraded by
the proteasome (Figure 3.11B). Overall, our data indicated that both patient JMJD5 mutations
contributed to the reduced overall level of IMJD5 protein expression for the affected patient
(Figure 3.8A) due to increased proteolytic degradation because of reduced JMID5 protein

stability (Figure 3.10 and 3.11).
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Our data also demonstrated that the InMut had a more deleterious effect to JMJD5 compared
to the C123Y mutant (Section 3.5). We therefore hypothesised that any JMIJD5 protein
expressed in affected patient fibroblasts (Figure 3.9A) would be from the C123Y allele.
Consistent with this, the JMID5 protein expressed in fibroblasts from this patient migrated
similarly to the wildtype JMID5 when separated by SDS-PAGE (Figure 3.9A) and no faster
migrating JMJD5, indicative of the smaller InMut protein, was detected (Figure 3.9A).
Consequently, we continued to characterise the C123Y mutation to determine what affect it
might have on JMJD5 and whether any defective phenotypes might explain the reduced

stability of the C123Y mutant JMJD5 protein.

3.7 Characterising the C123Y Mutation

As previously discussed, the cysteine at position 123 is found within the N-terminus of JMJD5,
which is not represented in current crystal structures and has been poorly characterised with
regards to its function. Investigation of the C123Y mutation was therefore directed by the
available literature regarding the JMJD5 N-terminus (Figure 3.12). Specifically, in this section,
we investigated the effect of C123Y mutation on JMJD5 nuclear localisation (Section 3.7.1),
oligomerisation (Section 3.7.2), interaction with a known N-terminal binding partner (Section
3.7.3), analysis of the proximal protein sequence (Section 3.7.4), and the enzymatic activity of

JMJDS5 (Section 3.7.5).
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Figure 3.12 The C123Y mutation is located in the N-terminus of JMID5

Cysteine at position 123, the site of the C123Y point mutation, was mapped onto the JMJD5 protein
sequence and found to be localised in the N-terminus. It sits between a nuclear localisation signal (NLS,
orange block) and nuclear export signal (NES, purple block) and within a minimal domain identified to
interact with binding partner RCCD1 (green arrow). Also included are catalytic domains and residues.

3.7.1 JMID5 Localisation
JMIJDS5 is reported in the literature to have a predominantly nuclear localisation (Shen et al.,
2017, Huang et al., 2013, Zhu et al., 2014, He et al., 2016a, Kouwaki et al., 2016, Wu et al.,
2016b, Shalaby et al., 2018). This may be regulated by its N-terminal domain due to the
identification of a nuclear localisation sequence (amino acids 151-170) and a nuclear export
sequence (amino acids 30-17) in this region (Huang et al., 2013). Since the C123Y mutation is
located between these two signals (Figure 3.12) we investigated how it might affect JMJD5
nuclear localisation. To do this, immunofluorescence analysis was performed in our FLAG-
JMID5 MR98 expression cell lines. Doxycycline treatment was used to over-express FLAG-
tagged JMID5 wildtype or C123Y. An empty vector control was used in parallel which

demonstrated no background staining of the FLAG antibody (Figure 3.13).

Consistent with the literature we found the wildtype JMJDS5 localised within the nucleus, and
this was mirrored by the C123Y mutation (Figure 3.13). Consistent with lower expression
levels, as detected previously by Western blotting (Figure 3.10), we observed fewer cells that

expressed C123Y JMID5, at levels detectable by FLAG staining. Overall, this
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immunofluorescence analysis demonstrated that C123Y had no negative affect on the nuclear
localisation of JMJD5 and is therefore unlikely to be a contributing factor towards the reduced

C123Y protein stability observed compared to wildtype (Section 3.6).
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Figure 3.13 C123Y nuclear localisation mirrors that of wildtype JMJD5

Immunofluorescence targeted to FLAG was performed on MR98 stable expression cell lines
doxycycline inducible to express N-terminal FLAG-tagged wildtype (WT) or C123Y JMJD5. Doxycycline
was used to induce expression of these constructs for 24 hours prior to immunofluorescence staining,
at a concentration of 10 ng/mL for wildtype, or 1 pg/mL for C123Y, to ensure more equalised starting
protein expression. An empty vector (EV) control was used to confirm the specificity of the FLAG
staining. Scale bars= 20 um. This is representative of n=2 biological repeats.
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3.7.2 JMID5 Oligomerisation

Shen et al. (2017) previously concluded that JMJD5 oligomerised via its C-terminal catalytic
domain. However, their data also suggested that the N-terminus of JMJD5 could contribute to
this oligomerisation. Alongside this, evidence from other JmjC-only family members suggests
that other domains, outside of the catalytic domain, contribute to oligomerisation. For
example, the JMJD7 oligomerisation interface includes both N- and C-terminal regions and an
extreme N-terminal cysteine residue, which is thought to be important for stabilising the
interaction (Markolovic et al., 2018). Consequently, we were next interested to investigate

whether the C123Y mutation impacted JMID5 oligomerisation.

Firstly, we wanted to confirm the finding of Shen et al. (2017) that JMJD5 was able to
oligomerise. To test this, HEK-293T cells were co-transfected with wildtype JMJD5 constructs
containing two different epitope tags, one with an N-terminal FLAG tag and one an N-terminal
HA tag. This was followed by immunoprecipitation (IP) to purify JMID5 via its FLAG tag. We
then used Western blot analysis of immunoprecipitates to detect the co-transfected HA-
JMJD5, indicative of oligomerisation between the HA and FLAG-tagged constructs. We
successfully observed co-immunoprecipitation of HA-JIMJD5 after FLAG-immunoprecipitation
confirming that JMJD5 can oligomerise (Figure 3.14A). An empty vector co-transfected with
HA-JMJD5 expression vector was also FLAG immunoprecipitated as a negative control and
demonstrated no non-specific interaction between HA-JMJD5 and the FLAG beads (Figure
3.14A). This gave confidence to our conclusion that HA-JMJD5 and FLAG-JMJD5 were able to

oligomerise.
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After confirming that wildtype JMJD5 could oligomerise, and that our assay was reliable, we
next investigated whether the C123Y mutant affected JMJD5 oligomerisation. To do this we
repeated the same assay but included HA- and FLAG-tagged C123Y JMJD5. In addition, we
aimed to extend the previous results by performing the assay in reverse (analysing anti-HA

immunoprecipitates for co-purification of co-transfected FLAG-tagged JMID5).

Firstly, we were able to replicate that wildtype JMJD5 could oligomerise, after both FLAG and
HA immunoprecipitation (Figure 3.14B and C). We also found that the C123Y mutant was able
to interact with both wildtype and C123Y JMID5 constructs (Figure 3.14B and C). Therefore,
loss of JMJD5 oligomerisation was unlikely to explain the reduced protein stability of the

C123Y mutant (Section 3.6).

In addition, we noticed reduced expression of C123Y when co-transfected with empty vector
compared to when co-transfected with wildtype JMJD5 (Figure 3.14C). We first hypothesised
that this could help to explain the C123Y reduced protein stability. For example, if
oligomerisation was important for stability. However, as this observation was only seen for
the HA-tagged C123Y construct, we therefore predicted that this was more likely an

artefactual observation or a potential Western blot loading issue.
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Figure 3.14 JMJD5 wildtype and C123Y can form oligomers

(A) Expression vectors for wildtype JMJD5 with N-terminal HA or FLAG tags were co-transfected into
HEK-293T cells. FLAG immunoprecipitates were then analysed by Western blotting to determine
presence of the co-transfected HA-tagged construct, indicative of oligomerisation. Empty vector (EV)
co-transfected with HA-tagged JMJD5 was used as a negative control. This is representative of an n=1
biological repeat. Expression vectors for N-terminal FLAG-tagged wildtype and C123Y JMID5 were co-
transfected with N-terminal HA-tagged wildtype and C123Y JMJD5. Lysates were then (B) FLAG or (C)
HA immunoprecipitated and analysed by Western blotting. This found that wildtype JMJD5 and C123Y
could oligomerise and that C123Y JMJD5 could oligomerise with other C123Y JMID5 protein. This is
representative of n=2 biological repeats. B-actin was used as a loading control. JMJD5 (47 kDa), B-actin
(42kDa).
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3.7.3 JMJD5 RCCD1 interaction

As discussed in Chapter 1, RCC-domain containing protein 1 (RCCD1) was identified as a
binding partner of JIMID5. The interaction domain was mapped to amino acids 1-150 in the N-
terminus of JMJD5 (Marcon et al., 2014). As C123 is localised within this domain (Figure 3.11)
we next investigated whether the C123Y mutation affected the ability of JMJD5 to interact
with RCCD1. To do this we transfected HA-tagged wildtype, catalytic mutant H321A, or C123Y
mutant JMJD5 expression vectors into HEK-293T cells. This was followed by HA-

immunoprecipitation and Western blotting to determine interaction with endogenous RCCD1.

We found that both JMJD5 wildtype and catalytic mutant H321A were able to interact with
RCCD1 (Figure 3.15A). This was expected due to the aforementioned interaction domain being
outside of the catalytic domain. We also found that C123Y JMID5 was able to interact with
RCCD1, and the specificity of this was confirmed using an empty vector control (Figure 3.15A).
However, our analysis was limited due to the reduced protein expression of C123Y compared
to wildtype JMJD5 (Section 3.6). In order to overcome this, we established an in vitro pull-
down assay. In this assay, HEK-293T whole cell lysate was combined with equalised
concentrations of recombinant GST-tagged wildtype or C123Y JMID5 expressed from E.coli.
Following this, a GST pull-down was performed and Coomassie staining used to confirm equal
loading of the JMJD5 constructs (Figure 3.15B). Endogenous RCCD1 interaction was then
determined by Western blotting. We found no difference in RCCD1 interaction between
wildtype and C123Y JMID5 (Figure 3.15B). Consequently, these results suggested that
impaired RCCD1 interaction was unlikely to explain the reduced protein stability observed for

C123Y (Section 3.6).
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Figure 3.15 JMID5 binds to RCCD1 independent of catalytic or C123Y mutations

(A) HEK-293T cells were transiently transfected with N-terminal HA-tagged wildtype (WT), C123Y or
point mutation H321A expression vectors. HA immunoprecipitation was performed and Western blot
analysis used to determine co-immunoprecipitation of endogenous RCCD1. An empty vector (EV) was
used as a negative control. B-actin was used as a loading control. This is representative of n=3 biological
repeats. (B) An in vitro interaction was formed between GST-tagged recombinant wildtype (WT) or
C123Y JMID5 with HEK-293T endogenously expressed RCCD1, purified in whole cell lysate. This JMJD5-
RCCD1 complex was then purified by GST pull-down using glutathione affinity beads. Coomassie
staining was used to demonstrate equal loading of JMID5 (blue box) or GST epitope tag alone (green
box). Western blotting confirmed the interaction between GST-tagged JMJD5 wildtype and C123Y with
cell purified endogenous RCCD1. ‘Short’ and ‘long’ refer to the length of exposure time used to visualise

a Western blot signal. This is representative of an n=1 biological repeat. RCCD1 (40 kDa), B-actin
(42kDa).
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3.7.4 JMIJDS5 structure and stability

To further explore the potential mechanisms by which the C123Y mutation destabilises the
JMJD5 protein (Section 3.6) we analysed the JMJD5 protein sequence surrounding the C123
residue. We observed three other conserved cysteine residues N-terminal to C123 (Figure
3.16A). As cysteine residues play important structural or functional roles in proteins, due to
the presence of a reactive sulphur in its side chain (Betts and Russell, 2003), we predicted
C123 could coordinate with the other N-terminal cysteine residues to facilitate JMJD5 folding.
To investigate this, we aimed to establish whether these other N-terminal cysteine residues

might also be required for JMJD5 protein stability.

To do this each cysteine was mutated individually to a tyrosine (to mimic the C123Y patient
mutation) or serine (considered as a conservative substitution). Expression vectors were then
transfected into HEK-293T cells and Western blotting used to determine JMJD5 protein
expression. We found that C99Y, C105Y and C107Y mutants all had reduced JMJD5 protein
expression compared to wildtype, though this was not as significant as the affect observed for

C123Y (Figure 3.16B).

Interestingly, C123S mutation also reduced JMIJD5 protein expression (Figure 3.16B). This
suggests that the reduced C123Y stability is predominantly casued by the loss of cysteine
rather than substitution with tyrosine. The only other cysteine to have reduced stability when
mutated to a serine was C107 (Figure 3.16B). This observation might be consistent with
coordinated activity of C123 and C107 contributing to the JMJD5 stability in this region and
could help to explain the loss of stability observed for the C123Y mutant (Section 3.6), a

hypothesis to be addressed in the future.
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Figure 3.16 Mutation of conserved N-terminal cysteine residues reduces JMJD5 protein expression

(A) Clustal Omega protein sequence alignment between JMJD5 from a variety of species was analysed
in the region proximal to C123; the location of the point mutation generating the C123Y mutant. Three
other conserved cysteine residues were identified in this region. C123Y marked by green arrow, C99,
C105 and C107 marked by blue arrows. Sequences as Table 7.11. (B) The four conserved cysteine
residues (A) were individually mutated, by site directed mutagenesis, into tyrosine or serine. The
expression of these mutant JIMNJD5 constructs was then compared to expression of a wildtype JMJD5
construct, by Western blotting, after transient transfection into HEK-293T cells. A FLAG-tagged control
was co-transfected to demonstrate transfection efficiency. B-actin was used as a loading control.
‘Short’ and ‘long’ refer to the length of exposure time used to visualise a Western blot signal. JMJD5
(47 kDa), B-actin (42kDa). This is representative of an n=1 biological repeat.

3.7.5 JMIJD5 enzymatic activity
The JMJDS literature suggests that its N-terminus may regulate catalytic activity (Hsia et al.,
2010). Consistent with this, other regions of JIMJD5, outside of the catalytic domain, were
found to include residues important for facilitating cofactor binding and mediating substrate
release (Wilkins et al., 2018). This evidence raised the possibility that the C123Y mutation

might affect JMID5 enzymatic activity in addition to protein stability (Section 3.6).
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In order to investigate this, we optimised an in vitro hydroxylation assay. However, as the bone
fide cellular target of JMID5 activity is yet to be characterised (discussed in Chapter 1), we
made use of a published ‘synthetic’ peptide substrate consisting of residues 129-144 from the
40S ribosomal protein S6 (RPS6). This peptide has previously been shown to be hydroxylated
by JMID5 in vitro (Wilkins et al., 2018). In this assay we incubated equal amounts of
recombinant GST-tagged wildtype or C123Y mutant JMJD5 (Figure 3.18A) with cofactors Fe(ll),
ascorbate and 2-OG plus the RPS6 peptide. We then detected the resulting IMJDS5 activity and
RPS6 hydroxylation indirectly using the Succinate-Glo™ JmjC Hydroxylase assay kit (Promega).
This converts the by-product of the hydroxylation reaction, succinate, into a detectable
luminescent signal. This means that the amount of luminescent signal correlates to the
amount of succinate produced, which in turn is indicative of the activity level of the 2-0OG
oxygenase enzyme. We found that the wildtype plus buffer control had increased signal
compared to the no enzyme controls (Figure 3.17B), consistent with the JMJD5 literature
(Wilkins et al., 2018). This occurs after decarboxylation of 2-OG without the presence of a
prime substrate (uncoupled turnover) and is indicative of a functional 2-OG oxygenase
(Williams et al., 2014). As expected, the addition of the RPS6 peptide increased the production
of succinate by the wildtype JMID5, consistent with successful hydroxylation (Figure 3.18B).
Interestingly, the C123Y JMID5 mutant had reduced uncoupled turnover suggesting it has
lower intrinsic activity compared to wildtype (Figure 2.18B). Consistent with this, activity in
response to the addition of the RPS6 peptide was also significantly reduced for the C123Y
mutant (Figure 3.17B). However, future investigation will investigate the impurities present in
the C123Y recombinant protein preparation (Figure 3.18A), which we cannot rule out might

have contributed to the reduced activity detected.
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Figure 3.17 The C123Y JMID5 mutant has decreased hydroxylase activity in vitro

GST-tagged recombinant wildtype or C123Y JMJD5 were incubated with Fe?, ascorbate, 2-OG and a
short peptide covering amino acids 129-144 of RPS6; targeted for hydroxylation by JMID5 in the
literature (Wilkins et al., 2018). (A) Coomassie staining was used to prove equal loading of the wildtype
or C123Y JMIDS5 constructs (blue box). (B) Successful hydroxylation was determined indirectly using
the Succinate-Glo™ JmjC demethylase/hydroxylase Assay, measured by luminescence. This is
representative of an n=1 biological repeat, with quadruplicate technical repeats.

Overall, our data suggests that the C123Y mutation may not only affect IMID5 protein stability
but also its activity.
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3.8 Discussion

In this Chapter we described work done to characterise two heritable JMJD5 mutations
identified in a family affected by a novel developmental disorder. We successfully established
immortalised fibroblast cell lines from the family members which we used to confirm the
JMID5 genotypes. We went on to characterise the JMJD5 mutations with regards to JMJD5

MRNA and protein expression, interactions, stability and enzymatic activity.

3.8.1 Patient derived JMJD5 mutations affect JMID5 stability and activity

The JMJD5 mutations carried by the family were an eight-base pair deletion within an intron
(InMut) and a point mutation converting an N-terminal cysteine into a tyrosine (C123Y). We
identified that all patient derived fibroblasts carrying a IMJD5 mutation were found to have
reduced JMJD5 protein expression compared to the wildtype patient (MR98) fibroblasts
(Figure 3.8A). The JMID5 protein expression correlated with the JMJD5 genotype as it was
significantly lower in the affected patient fibroblasts (OR07) that carry both JMJD5 mutations
(Figure 3.8A). Consistent with this both JMJD5 mutants caused reduced JMJD5 expression
which we identified was as a result of reduced protein stability and increased proteolytic

degradation (Section 3.7).

During this analysis we found inconsistency for the ability to detect InMut expression between
transient transfection and stable expression models (Figure 3.10), which we hypothesise could
be due to several reasons. Firstly, the continuous high expression of the InMut protein, driven
by maximal doxycycline concentration, could have saturated proteasome degradation (Figure
3.10B). Secondly, the transient transfection system into HEK-293T and Hela cells may be

subjected to a differential rate of protein turnover compared to the patient fibroblasts, for
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example, due to the differences in cell proliferation rates (personal observation). It is likely
that a combination of both factors could explain the inconsistency between InMut expression
by the two systems used. However, both models supported the observation that InMut

resulted in reduced JMJD5 protein expression compared to wildtype (Figure 3.10).

3.8.2 Molecular mechanism for InMut reduced JMJDS stability and activity

The mechanisms by which the C123Y and InMut mutations destabilise JMID5 protein
expression are likely to be different when considering the difference in nature of the two
mutations. This was confirmed as the InMut mutation was found to have a greater

destabilising effect on the JMID5 protein compared to the C123Y mutation (Figure 3.10A).

This deletion mutation is located in the intron between exons 7 and 8, which together form a
large proportion of the JmjC catalytic domain of JMID5 (Figure 3.7A). The mutation was found
to result in the complete loss of mMRNA sequence encoding exon 7 (Figure 3.6). We

hypothesised this to be caused by alternative splicing, discussed below.

The online software, HSF, predicted that alternative splicing as a result of the InMut might be
due to loss of enhancer sites from the intron sequence between exons 7 and 8 (Figure 3.5B).
Splicing enhancers, localised within introns or exons, can facilitate spliceosome assembly via
recruitment of arginine-serine (SR) splice factors, whereas splicing silencing sites prevent
splicing at pseudo-exons. Together these regulatory elements help to define splice sites and
boundaries between introns and exons (Wang and Burge, 2008).Therefore, the loss of an
enhancer site within an intron would potentially make intron-exon boundary identification
less optimal (Shen and Green, 2006). The HSF predicted enhancer site for this intron was

proximal to the 5’ splice site (Figure 3.5B). Therefore, loss of an enhancer at this location could
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render the 5’ splice site ineffective and result in alternative splicing. Consequently, we propose
that the InMut results in alternative splicing of mRNA coding sequences linking exon 6 to exon

8 and causing the skipping of exon 7 (model depicted in Figure 3.18).
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Figure 3.18 Predicted alternative splicing of JIMJD5 mRNA as a result of the InMut mutation

This figure represents a hypothetical model of the alternative splicing that might occur due to the
InMut. (A) Wildtype JMID5 mRNA sequence is spliced as normal between exons 6, 7 and 8. This is
facilitated by the presence of an intron splice enhancer (ISE) located within the intron between exons
7 and 8 (predicted by HSF, Figure 3.5). This ISE is likely to interact with arginine-serine (SR) splicing
factors that promote the identity of the 5’ splice site at this intron-exon boundary. (B) This ISE could
be lost due to the eight-base-pair deletion within the intron between exons 7 and 8 (InMut). This could
contribute to reduced identification of the 5’ splice site by the spliceosome. This is likely to cause
splicing between exons 6 and 8, resulting in the skipping of exon 7.

When mapped onto the JMID5 crystal structure this removal of exon 7 from the protein
sequence causes loss of structural folds essential for folding of the JmjC catalytic domain
(Figure 3.7). In JMID5, the JmjC domain is formed by amino acids 174 to 416, including the N-
terminal JmjC extension, and forms a topology of helical and B-strands. The core of this is the

DSBH that is supported by a- and 31p-helices (Wilkins et al., 2018). Protein sequence encoded
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by exon 7, which is lost from InMut JMJD5, comprises amino acids 331 to 362 (Figure 3.7). This
encompasses the C-terminal end of B-strand lll, all of B-strand IV, all of helix a6, and the
majority of the BIV-BV insert loop which all are incorporated into the DSBH core structure
(Wilkins et al., 2018). Since the tertiary folding of this region requires multiple interactions the
loss of any section of the DSBH could impact the folding of the remaining JmjC domain, making

the observation that InMut causes reduced JMJD5 protein stability unsurprising.

Importantly, loss of protein sequence encoded by exon 7 would also directly inhibit JMJD5
enzymatic activity. Firstly, an important cofactor binding residue (N327) that forms hydrogen
bonds with the Ci carboxylate of 2-OG, localised in the Bl domain, would be lost (Del Rizzo et
al., 2012, Wang et al., 2013, Wilkins et al., 2018). Secondly the BIV-BV insert loop, formed by
amino acids 342 to 381 would be lost. This domain creates a mobile region which along with
the B3-B4 loop of the N-terminal JmjC extension, forms a ‘gating’ mechanism to facilitate
substrate binding and product release during catalysis (Wilkins et al., 2018). In the substrate
bound structure the BIV-BV insert loop forms a partial helical confirmation, whilst in the apo-
protein it forms a hairpin structure that folds towards the f3-f4 loop to enclose the active site
(Wilkins et al., 2018). This flexible BIV-BV insert loop appears to be important for JmjC-only
protein hydroxylases, and not for JmjC KDMs, and is therefore likely to be essential for IMID5

catalytic activity (Wilkins et al., 2018).
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Taken together, we predict that the alternatively spliced InMut protein is unable to fold
correctly due to the incomplete DSBH domain. This would cause it to be targeted for
ubiquitination and rapid turnover by the proteasome (Figure 3.10B), with any residual InMut

JMJD5 protein being smaller in size (Figure 3.10C and 3.11B) and catalytically inactive.

3.8.3 Molecular mechanism for C123Y reduced JMJD5 stability and activity

The C123Y mutant protein on the other hand, although less stable than wildtype JMID5, was
significantly more stable than the InMut protein (Figure 3.9 and 3.10A). As the C123 residue
was found to be conserved among orthologues of JMID5 we predicted that this residue might
be important for a JMJD5-specific role (Figure 3.8). Consequently, we were interested to
investigate whether C123Y JMJD5 had an altered function which could help to explain the
reduced stability of this mutant. Unfortunately, the crystal structure of the N-terminus of
JMIJDS5 is unsolved, plus the sequence is not conserved in other JmjC-only family members
(Figure 3.8A). Therefore, we used current literature regarding the N-terminus of JMJD5 to
investigate the potential properties of the C123Y mutation. However, we observed that the
C123Y mutation did not affect JIMID5 nuclear localisation (Section 3.7.1), oligomerisation
(Section 3.7.2) or its interaction with RCCD1 (Section 3.7.3). We did observe that the C123Y
mutation had reduced catalytic activity when compared to wildtype JMJD5. However, it
should be noted that this experiment (Figure 3.17) is a single biological repeat and so attempts
to replicate this should be made before reliable conclusions can be drawn. In addition, the
sub-optimal activity of C123Y JMID5 could be explained by the reduced stability of this
mutant. To test this hypothesis the assay could be repeated at a lower temperature, where
the mutant should be more stable. Overall, the mechanism by which the C123Y mutation

affected stability of JMJD5 remained unclear.
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To investigate this further we used bioinformatics to assess the potential consequence of the
C123Y mutation. Two online software tools, SIFT and PolyPhen-2, predicted that the C123Y
mutant would be highly deleterious to JMID5 (Section 3.5). One significant difference between
tyrosine and cysteine is the change in amino acid size. Cysteine is a small amino acid and
substitution with a large amino acid, such as tyrosine, could induce steric clashing and impact
tertiary folding. Another difference is the change in functional side chains. Cysteine contains
a reactive sulphur group, not found in tyrosine, which has important structural or functional
roles by forming disulphide bonds or by coordinating metal ions (Betts and Russell, 2003).
Taken together we hypothesised that the reduced expression observed for the C123Y
mutation could be due to improper folding. We predicted that this folding was likely to be
dependent on the activity of the cysteine functional side chain. This is because mutation to a
serine, which is a comparable in size to cysteine but lacks the sulphur side chain, still resulted
in reduced JMJD5 protein expression (Figure 3.16). A similar result was observed for another
conserved N-terminal cysteine residue (at residue 107) when mutated to serine. Considering
the properties of cysteine, we hypothesised that these residues could act together to stabilise
JMIJD5, for example by coordinating a metal ion or forming a disulphide bond. However, it
should be noted that due to the lack of conservation for C105 it is unlikely that the four
cysteine residues identified in Figure 3.16 establish a zinc finger. Instead cysteine or histidine
residues from other regions of the N-terminus, or from other domains in JMJD5, could be
involved. Consistent with this hypothesis, zinc fingers between JmjC domains and distal
regions of other 20G oxygenases have been identified to be important for folding (Chen et al.,
2006). However, in order to address limitations of our current expression data (Figure 3.16B)

future analysis will be required. Firstly, additional repeats should be performed to establish

Page 131



the reliability of our current observations. Secondly, future experiments will include point
mutations of the conserved N-terminal cysteine residues into alanine. This will address
whether the cysteine to serine mutations made in our current experiment (Figure 3.16B) infer
any other functional change that could implicate structural instability. Finally, acquisition of a
crystal structure including the N-terminus of JMID5 would be hugely beneficial for

understanding the implications of the C123Y mutation.

3.8.4 Could the affected patient JMJD5 genotypes be pathogenic?

Interestingly the growth defect of the affected patients (Table 3.1) was consistent with a
JMJD5 mouse model whereby JMID5 knockdown resulted in growth defects (Oh and
Janknecht, 2012, Ishimura et al., 2012, Ishimura et al., 2016). Similar to this mouse model our
affected patient fibroblasts were found to have reduced JMJD5 protein expression (Figure
3.8A). This led us to hypothesise that the affected patient JMJD5 genotype could be

pathogenic.

The growth phonotype and lethality of the JMJD5 knockdown mouse model was explained by
upregulation of the p53 target gene p21 by JMJD5 (Oh and Janknecht, 2012, Ishimura et al.,
2012, Ishimura et al., 2016) which was supported by other evidence in the literature linking
JMID5 and the p53/p21 pathway (Zhu et al., 2014, Wu et al., 2016a). Consequently, we
hypothesised that this association between JMID5 and p53/p21 pathway might help explain
cellular phenotypes of the patient fibroblasts. For example, the p53/p21 pathway has been
well characterised with regards to senescence (Qian and Chen, 2013). Therefore, the JMJD5
genotype of the MR10 primary fibroblasts could have made them more susceptible to

senescence during the immortalisation process (Figure 3.3). However, this hypothesis is not
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supported by other JIMJD5 knockdown studies (Ishimura et al., 2012) and the other affected
patient fibroblasts (OR07) which did not demonstrate increased susceptibility to senescence.
This means that the molecular defect that drove MR10 into senescence is not clear. It could
be that MR10 primary fibroblasts entry into senescence was a consequence of the stress of
tissue culture, retroviral infection and the subsequent selection using Hygromycin.
Alternatively, subtle differences in the MR10 patient genetic background could have
exacerbated the cellular response to reduced JMJD5 expression. This will be addressed by
further phenotyping these patient fibroblasts to identify deficient cellular processes that could

explain this senescence.

3.8.5 Affected patients are JMJD5 hypomorphs?

From the evidence in this chapter we hypothesise that the affected patient fibroblasts are
hypomorphic for JMJD5 and thus have partial IMID5 expression and activity. Consistent with
this JMID5 protein expression was significantly reduced for the affected compared to
unaffected patient fibroblasts (Figure 3.9). Also, we propose that any JIMJD5 protein expressed
in these affected patient fibroblasts would be comprised of the C123Y mutant, due to it being
a similar molecular weight as wildtype JMJD5 and being more stable than the InMut protein
(Figure 3.9, 3.10 and 3.11). In addition, we proposed that this C123Y mutant potentially had
reduced catalytic activity compared to wildtype JMJD5 (Figure 3.17), which might further

support our hypothesis that the affected patients are hypomorphic for IMJD5.
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3.8.6 Chapter conclusions

Although mutation of other JmjC domain 20G-oxygenases has been associated with
developmental disorders (discussed in Chapter 1), the family investigated in this chapter
represent the first report of a developmental disorder associated with JMJD5 mutations.
Therefore, the patient fibroblasts provide a valuable platform to investigate JMJD5 function.
Therefore, we next aimed to phenotype fibroblasts isolated from these patients to help clarify
and broaden the current literature regarding JMJD5. We also hoped this analysis would
provide a more informed clinical diagnosis for the patients. This phenotyping is continued in
Chapter 4 by investigating the JMJD5 enzymatic activity and in Chapter 5 by investigating the

cellular role of JMJD5.
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4 Investigation into the Enzymatic activity of JMJD5

In the previous chapter we began to characterise a novel human developmental disorder
associated with two JMJD5 mutations. We propose that further understanding of how JMJD5
might contribute to this developmental disorder could be acquired by investigating the
catalytic activity of JMID5. Therefore, in this chapter we utilised the immortalised patient
fibroblast cell lines, as well as other cellular models and in vitro assays, to help clarify the

catalytic activity of JIMJD5.

As discussed in Chapter 1, the literature regarding the catalytic activity of JMJD5 has been
highly controversial. Initially JMJD5 was identified as a lysine demethylase targeting
H3K36me2 and was thus named KDMS8 (Hsia et al., 2010). Since then it was also implicated as
an endopeptidase that clipped histone tails (Shen et al., 2017, Liu et al., 2017, Liu et al., 2018a).
However, combined biochemical, structural and primary sequence conservation analyses did
not support the assignment of these activities (Del Rizzo et al., 2012, Wang et al., 2013, Wilkins
et al., 2018). In agreement with this, JMJD5 was characterised as a protein hydroxylase
targeting arginine residues (Wilkins et al., 2018). However, no physiologically relevant

substrate has yet been identified, therefore, in this chapter we aimed to address this.

We first investigated whether or not the proposed catalytic activities of JMJD5, as described
by the current literature, were reproduced in our models. These negative results led us to
initiate proteomic screening that aimed to discover a JMID5 hydroxylation substrate. This
approach identified two subunits of the mini-chromosome maintenance (MCM) DNA

replication helicase complex (MCM3 and MCMD5), that interacted with JMID5 in a substrate-
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like manner. Following this, a series of cellular and in vitro assays were used to try and narrow
down the position of the putative hydroxylation site within these candidate substrates. Finally,
we explored the potential consequences of this hydroxylation event by investigating two

cellular disease models that are associated with JMJD5 mutations.

4.1 Investigation into currently proposed JMJD5 substrates

The majority of literature surrounding JMID5 suggests it functions as a KDM targeting
H3K36me2 (discussed in Chapter 1). These studies, relying on overexpression and/or
knockdown approaches report global changes in H3K36me2 levels (Hsia et al., 2010, Ishimura
et al., 2012, Amendola et al., 2017). Therefore, to begin characterising the enzymatic activity
of JMJD5 we first investigated whether we could detect global changes in H3K36me2 levels in
our fibroblast models (Chapter 3). Our rationale was that if JMJD5 directly regulated the
demethylation of H3K36me2, we would observe an inverse correlation between expression
levels of JMJD5 and H3K36me2. To this end, fibroblasts from the JMJD5 wildtype control
(MR98), C123Y carrier (LR74), InMut carrier (AR0O) and affected patient (OR07) were
analysed. We performed sub-cellular fractionation to isolate chromatin and nuclear fractions
that were then analysed by Western blotting for H3K36me2 expression levels. This analysis
first confirmed our previous observations that the affected patient (OR07) fibroblasts had
reduced JMID5 protein expression compared to unaffected fibroblasts (Figure 4.1A).
However, we observed no correlation between JMJD5 and H3K36me2, as levels were not

significantly altered across the patient fibroblasts (Figure 4.1A).

To further investigate this, we performed sub-cellular fractionation on our doxycycline

inducible MR98 fibroblast cell lines that over-express wildtype or inactive H321A JMJD5
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(Section 5.4.1, Chapter 5). The histidine at position 321 is one of the essential residues forming
the HxD...H catalytic motif that coordinates the Fe(ll) ion (Del Rizzo et al., 2012, Wang et al.,
2013, Wilkins et al., 2018). Consequently, point mutation to alanine renders JMID5
catalytically inactive (Wilkins et al., 2018). Therefore, we used this H321A mutant construct to
determine whether any changes to H3K36me2 levels were dependent on JMJD5 catalytic
activity. We analysed the samples by Western blotting to explore how over-expression of
JMJD5 might affect H3K36me2 levels. We found that H3K36me2 expression levels were
comparable between doxycycline treated and untreated, and between JMJD5 wildtype and
H321A samples (Figure 4.1B). Therefore, we concluded that H3K36me2 levels were not

regulated by JMIJDS5 or its catalytic activity.

Using the fractionation samples described above, we next investigated whether JMJD5 was
able to mediate histone H3 tail clipping in our models. In papers proposing this JIMJD5 function
they observed a faster migrating band, detected by Western blot using a histone H3 antibody,
that they assigned as the clipped form of histone H3 (Shen et al., 2017, Liu et al., 2017, Liu et
al., 2018a). Therefore, we investigated whether we could observe this cleavage product in our
cell models. We identified a smaller migrating histone H3 band in only one experimental
repeat, whilst analysing the MR98 over-expression fibroblast cell lines (arrow Figure 4.1B).
However, this band did not correlate with JMJD5 expression or activity in either fibroblast
model (Figure 4.1). Therefore, we were unable to detect any evidence of JMJD5-dependent

histone H3 tail clipping in our cell models.
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Figure 4.1 Investigating the H3K36me2 demethylation and histone clipping activity of IMID5

(A) Western blotting analysis of sub-cellular fractionation samples generated from immortalised
dermal fibroblasts from patients expressing wildtype JMJD5 (MR98), the C123Y JMJD5 mutation
(LR74), the InMut mutation (AROO) or carrying both JMJD5 mutations (OR07). (B) Western blot analysis
of sub-cellular fractionation performed on MR98 cell lines treated with 1 pg/mL doxycycline for 48
hours to induce expression of FLAG-tagged wildtype JMJD5 or catalytic mutant H321A. Samples
analysed for H3K36me2 expression levels and histone H3 clipped product (identified by arrow). Empty
vector (EV) used to determine basal levels of H3K36me2 and histone H3 clipped products. Histone H3
(H3) used as a loading control for the chromatin fraction. ‘Short’ and ‘long’ refer to the length of
exposure time. JMJD5 (47 kDa), H3 (15 kDa), B-actin (42kDa). This figure is representative of n=3
biological repeats for both experiments.
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As neither H3K36me2 KDM or histone H3 endopeptidase activities were observed in our
models we next investigated whether JMJD5 could interact with the proposed protein
hydroxylation substrate ribosomal protein S6 (RPS6) (Wilkins et al., 2018). In this study,
Wilkins et al. (2018) demonstrated that JMJD5 could target a synthetic peptide of RPS6 for
hydroxylation in vitro (we confirmed this in Figure 3.17, Chapter 3). To identify whether RPS6
was a genuine JMID5 hydroxylation substrate we investigated whether an interaction
between RPS6 and JMJD5 occurred in cells. This analysis was performed using our doxycycline-
inducible FLAG-tagged JMJD5 MR98 fibroblast cell lines. The presence of endogenous RPS6
was monitored in FLAG immunoprecipitates by Western blotting (methods detailed in Section
7.11.1). Surprisingly, we did not detect endogenous RPS6 interacting with either wildtype or
catalytically inactive H321A JMIDS5 (Figure 4.2). This was also in spite of incubating cells with
DMOG, known to stabilise other 20G oxygenase complexes with their substrates (discussed
below). Therefore, we hypothesised that RPS6 was unlikely to be a true biological

hydroxylation substrate of JMJD5 in our cell models.
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Figure 4.2 Investigating RPS6 interaction with JMJD5 as a potential hydroxylation substrate

MR98 FLAG-tagged JMID5 wildtype or H321A cell lines were treated with 1 pg/mL doxycycline for 48
hours including 1 mM DMOG for 16 hours before performing FLAG-immunoprecipitation in the
presence of 1 mM NOG. Western blotting demonstrated no interaction between JMJD5 endogenous
RPS6. B-actin used as a loading control for input samples. Empty vector (EV) used to prove specificity.
RPS6 (29 kDa), IMID5 (47 kDa), B-actin (42kDa). This is representative of n=3 biological repeats.
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4.2 Identification of two candidate hydroxylation substrates

We were unable to replicate, in our cell models, any of the proposed JMJD5 substrates
currently published in the literature. Therefore, we aimed to explore novel hydroxylation
substrate candidates in order to investigate further the catalytic activity of JIMID5. To this end,
we carried out a proteomic screen to identify proteins that interacted with JMJD5 in an
activity-dependent manner. This approach has been successful for identification of novel
hydroxylation substrates of related 20G oxygenases, such as JMJD4 and JMJD7 (Feng et al.,
2014, Markolovic et al., 2018). Briefly, FLAG-tagged wildtype or H321A JMID5 were
constitutively over-expressed in cells before performing FLAG immunoprecipitation (methods
detailed in Section 7.11.1). Complexes were eluted with FLAG peptide and proteins identified
by Mass Spectrometry (MS). The MS and associated analysis were performed by the Advanced

Mass Spectrometry Facility, Oxford University.

A stable enzyme-substrate complex was generated for this MS analysis by incubating the cells
and performing subsequent immunoprecipitation reactions in the presence of the pan-
inhibitor of 2-oxoglutarate oxygenases, N-oxalylglycine (NOG, the cell soluble derivative is
dimethyloxalylglycine, DMOG). This small molecule inhibitor acts as a mimetic of the co-factor
2-0G. However, it is unhydrolysable meaning 2-OG oxygenases remain locked in a substrate-
bound intermediate complex (Rose et al., 2011). Consequently, NOG can be used to infer
whether an interaction with a 2-OG oxygenase occurs in its catalytic site and in a substrate-

like manner.
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The top hits identified in the MS screen are shown in Table 4.1. To generate this list, we
excluded any proteins present in the empty vector sample, to remove proteins non-specifically
interacting with the anti-FLAG beads. We then analysed the data set for proteins whose
abundance was significantly reduced in the H321A catalytic mutant sample compared to the
wildtype sample. This allowed us to screen for proteins interacting with JMJD5 in an activity-
dependent manner. This approach identified two members of the mini-chromosome
maintenance complex (MCM) 3 and 5 (Table 4.1). Although these proteins were clearly
enriched in the wildtype JMID5 pulldown, MCM proteins are common contaminants of MS
analysis due to their high abundance. Therefore, we aimed to clarify these results by Western
blotting samples from independent immunoprecipitates. From this we confirmed that MCM3
and MCMD5 co-immunoprecipitated with JMID5 in an activity-dependent manner (Figure 4.3).
This was specific as neither protein was present in the control (empty vector) sample and
other MCM subunits, such as MCM7, did not interact with JMID5 (Figure 4.3). Importantly,
RCCD1 bound to JMID5 independently of enzyme activity, consistent with it not being a
substrate (Figure 4.3). The interaction of RCCD1 with both enzymes also confirmed that the
lack of MCM3/5 binding to the H321A mutant was not due to an indirect effect, such as
improper JMJD5 folding. Other proteins identified by this screen (Table 4.1) were not
reproduced in subsequent screens, suggesting that these are false positives (Dr Mathew

Coleman).
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Table 4.1 Mass spectrometry results of co-immunoprecipitated proteins with wildtype JMJD5
MDA-231 cell lines constitutive to over-express FLAG-tagged JMJD5 wildtype or H321A were treated
with 1 mM DMOG for 16 hours prior to FLAG-immunoprecipitation in the presence of 1 mM NOG.
Immunoprecipitation samples were analysed by mass spectrometry (MS). Quantitation and analysis of
the MS data was undertaken using Progenesis software by the Oxford Advanced Mass Spectrometry
facility to identify proteins whose binding was reduced in the H321A sample relative to the wildtype
(WT) sample (with correction for the amount of FLAG-JMJD5 'bait' detected). Data was then ranked
according to the confidence and probability (Anova test) of the assignment. Filters were applied
including a minimal fold change in interaction of 2.5, and a maximum probability of 0.001. This was
determined using n=2 technical repeats. Based on the increased number of peptides, confidence,
probability and abundance (emPAl score) this predicted MCM3 and MCMS5 as substrates of JMJD5.

Unique Fold change
Protein | Accession | Peptides | Confidence | Anova (p) emPAIl (WT) (WT/H321A)
MCM3 Q8N371 35 2868 1.37E-05 4.84(1) 4.29(2) 5.2
MCM5 Q7Z6P5 31 2028 5.03E-05 3.65(1) 3.92(2) 21.8
USP16 Q96AG3 9 611 0.0006 0.49(1) 0.65 (2) 11.9
GNB1L Q9BYB4 7 573 0.0001 1.48(1) 1.48(2) 5.1
LEMD3 | Q9Y2U8 8 512 0.0006 0.53(1) 0.39(2) 4.5
Input IP
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Figure 4.3 MCM3 and MCMS5 interact with JMJDS5 in a substrate-like manner

MDA-231 cells constitutive to over-express FLAG-tagged JMID5 wildtype or H321A were treated with
1 mM DMOG for 16 hours prior to FLAG-immunoprecipitation in the presence of 1 mM NOG. Samples
were analysed Western blotting to determine interaction of endogenous MCM3, MCM5, MCM7 and
RCCD1 with JMID5. Empty vector (EV) included to prove specificity. MCM3 (91 kDa), MCMS5 (82 kDa),
MCM?7 (81 kDa), RCCD1 (40 kDa), JMID5 (47 kDa). This is representative of n=3 biological repeats.
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To further investigate whether the JMJD5 MCM3/5 interaction was dependent on the catalytic
activity of JMID5 we further interrogated the NOG (DMOG) pan-inhibitor of 2-OG oxygenases.
The following experiment was performed by Dr Sally Fletcher (Coleman lab). HA-tagged JMJD5
wildtype and H321A expression vectors were transiently transfected into HEK-293T cells for
24 hours before incubating the cells with or without DMOG for 16 hours. Cell extracts were
immunoprecipitated with anti-HA agarose beads and immunoprecipitates analysed by
Western blotting (methods as described in Section 7.11.1). We found that as before,
endogenous MCM3 and MCMS5 interacted with wildtype JMID5 but not the H321A mutant.
Importantly, treating cells with DMOG significantly increased the interaction of MCM3 and
MCMS5 with only wildtype JMJD5 (Figure 4.4). This result was consistent with our hypothesis

that MCM3 and MCMS5 bind to JMJD5 in a substrate-like manner.

Input IP
A A
[ | )
EV WT H321A EV WT H321A
DMOG - + - + - + - + - + - +
—— - MCM3
I ——— — - MCM5
— D - | A (MIDS5)
C—— B-actin

Figure 4.4 MCM3 and MCMS interaction with wildtype JMIDS increases in the presence of DMOG
HEK-293T cells transiently transfected with HA-tagged JMJD5 wildtype or H321A expression vectors
were treated with or without 1 mM DMOG for 16 hours prior to HA-immunoprecipitation (1 mM NOG
included if cells were treated with DMOG prior to immunoprecipitation). Western blotting performed
to determine MCM3 and MCMS5 interaction with JMJD5. Empty vector (EV) control included to prove
specificity. B-actin used as a loading control for input samples. MCM3 (91 kDa), MCMS5 (82 kDa), JMID5
(47 kDa), B-actin (42kDa). This is representative of n=3 biological repeats, performed by Dr Sally
Fletcher.
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Overall, the results presented above suggest that MCM3 and MCMS5 interact with JMJD5 in a
substrate-like manner. We were next interested to test whether this interaction could be
relevant in our patient fibroblast models (Chapter 3). Therefore, we repeated the co-
immunoprecipitation experiment (Section 7.11.1) using our doxycycline inducible JMJD5 over-
expression MR98 cell lines. As expected, MCM3 and MCMS5 interacted with wildtype JMID5,

but not the H321A catalytic mutant (Figure 4.5).
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Figure 4.5 MCM3 and MCMS5 interact with JMID5 in fibroblast cellular model

MR98 fibroblast cell lines were treated with 1 ug/mL doxycycline for 48 hours for over-expression of
FLAG-tagged JMJD5 wildtype or H321A, then with 1 mM DMOG for 16 hours prior to FLAG-
immunoprecipitation in the presence of 1 mM NOG. Western blotting then used to determine
endogenous MCM3 and MCMS5 interaction with JMJD5. Empty vector (EV) control included to prove
specificity. This is representative of n=3 biological repeats. B-actin used as a loading control for input
samples. MCM3 (91 kDa), MCMS5 (82 kDa), JMID5 (47 kDa), B-actin (42kDa).

4.3 Assay optimisation to investigate a JMID5 hydroxylation site

In order to test whether candidate substrates MCM3 and MCM5 were the targets of IMID5
catalytic activity we endeavoured to identify a hydroxylation site. We predicted that JMJD5
would target arginine residues for hydroxylation in highly basic regions of MCM3/5. Firstly,

because Wilkins et al. (2018) demonstrated arginine hydroxylation on a peptide of RPS6.
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Secondly, analysis of the JMID5 crystal structure revealed an acidic substrate binding domain

that was predicted to interact with a basic substrate (Del Rizzo et al., 2012, Wang et al., 2013).

Two approaches were adopted to try and identify the hydroxylation site on MCM3 and/or
MCMS5: 1) cellular models to purify endogenous or exogenous MCM proteins (Section 4.3.1),

and 2) in vitro assays aimed at identifying minimal interaction domains (Section 4.3.2).

4.3.1 Cellular Models

The aim of our cellular models was to purify sufficient endogenous MCM3 and MCMS5 in order
to identify a hydroxylation site by MS analysis. First, we attempted to purify the complete
endogenous MCM complex from HEK-293T cells using antibodies targeting MCM3, MCM5 and
MCM7 subunits, using an anti-FIH antibody as a negative control. The antibodies were bound
to protein A agarose beads and incubated with HEK-293T cell extract for immunoprecipitation.
These samples were then separated by polyacrylamide gel electrophoresis and successful co-

immunoprecipitation analysed by Coomassie staining (Figure 4.6A).

Unfortunately, we found that the MCM3 antibody was not effective at purifying any of the
MCM subunits, as no bands were detected by Coomassie staining (Figure 4.6A). However, co-
immunoprecipitation using the MCM5 and MCM7 antibodies was more successful (Figure
4.6A). The Coomassie stained bands from these samples were excised and MS used to
determine their identity. The three bands in the MCM7 immunoprecipitation were identified
as MCM4, MCM6 and MCM7, and band number two in the MCM5 immunoprecipitation was
identified as MCMD5 (Figure 4.6B and C). Unfortunately, band number one from the MCM5
immunoprecipitate could not be identified by the MS analysis, likely due to a technical

problem during MS sample preparation. However, because MCMS5 is predicted to exist in a
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sub-complex with MCM3 (DaFonseca et al., 2001), we proposed that this was likely the
identity of the second band. To test this hypothesis the MCM5 immunoprecipitation reaction
was repeated and analysed by Western blotting. We identified that MCM3 was able to co-

immunoprecipitate with MCM5 (Figure 4.6C).

Whilst repeating this MCM5 immunoprecipitation, we took this opportunity to also test the
ability of an anti-MCM2 antibody to co-immunoprecipitate MCM3 and MCM5 (demonstrated
in the datasheet to pulldown the complete MCM complex, Bethyl). Although this antibody was
able to pull-down large amounts of MCM2 protein it could not co-purify MCM3 or MCM5
(Figure 4.6C). Overall, we concluded that, the conditions used did not generate sufficient

MCM3/5 yield for MS hydroxylation site analysis (estimated at < 100ng).
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Figure 4.6 Co-immunoprecipitation of endogenous MCM subunit sub-complexes

HEK-293T cell lysates were incubated with protein A agarose beads and antibodies targeting
endogenous MCM3, MCM5, MCM7 or negative control FIH for immunoprecipitation. (A)
Immunoprecipitation samples were separated by poly-acrylamide gel electrophoresis and proteins
visualised using Coomassie staining. (B) Protein bands from (A) were cut from the poly-acrylamide gel
and identified by mass spectrometry (performed by the University of Birmingham Mass Spectrometry
Facility). (C) Mass spectrometry was unable to identify band 1 (A/B) so the MCM5 immunoprecipitation
was repeated, in parallel with testing an MCM2 antibody. Western blotting identified MCM3 co-
immunoprecipitation with the MCMS5 antibody. This is representative of an n=1 biological repeat.
MCM2 (102 kDa), MCM3 (91 kDa), MCMS5 (82 kDa).
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We noted from the data presented in Figure 4.6C that the MCM2 antibody was more efficient
at enriching MCM2 than the other tested antibodies were at purifying their respective targets.
Therefore, to optimise our immunoprecipitation conditions, we made several changes to our
protocol. Firstly, we quantified HEK-293T lysate concentration prior to immunoprecipitation
to ensure lysate to antibody ratios matched those recommended by the manufacturer (Bethyl,
A300-191A). In addition, we included nuclease and sonication during lysate preparation in an
attempt to improve extraction of the MCM complex from chromatin. Lysates were
immunoprecipitated using either anti-MCM2 or anti-FIH (negative control) antibodies.
Coomassie staining of eluted samples demonstrated that these conditions improved the yield

of MCM2 (estimated at ~2 pug) (Figure 4.7). Methods described in more detail in Section 7.11.3.

MCM2
FIH

130kDa — "

100kDa —

Figure 4.7 Optimisation of endogenous MCM purification

HEK-293T whole cell lysates were sonicated and nuclease treated before quantifying to incubate 3.5
mg of protein with 10 pg antibody targeted to endogenous MCM2 or negative control FIH plus protein
A agarose beads. Immunoprecipitated samples were separated by poly-acrylamide gel electrophoresis
and proteins visualised using Coomassie blue staining. This is representative of an n=1 biological
repeat.
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Having identified conditions in which abundant amounts of a single MCM protein could be
purified we next tested four MCM3 and two MCM5 antibodies. This was done in an attempt
to improve immunoprecipitation of these subunits to a similar efficiency as the MCM2
antibody. Lysates from HEK-293T cultures were prepared as above prior to
immunoprecipitation (as for Figure 4.7, described in Section 7.11.3). Abundant MCM2 in
immunoprecipitates confirmed that the assay conditions were optimal and again an FIH
antibody was used as a negative control (Figure 4.8). In this experiment, we identified an
MCM3 antibody successful at purifying endogenous MCM3 (Figure 4.8). Consistent with
previous analysis (Figure 4.6), we confirmed that the Bethyl MCM5 antibody could co-purify

MCMS5 and MCM3 (Figure 4.8).

MCMD5 (Bethyl)
MCMD5 (Santa Cruz)
MCM3 (Cell Signalling)
MCM3 (Bethyl)
MCM3 (Genetex #1)
MCM3 Genetex #2
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MCM?2
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Figure 4.8 Screening MCM3 and MCM?5 antibodies for endogenous MCM immunoprecipitation
HEK-293T cell lysates were incubated with protein A agarose beads and antibodies targeting
endogenous MCM2, negative control FIH, or a panel of endogenous MCM3 and MCMS5 antibodies.
Immunoprecipitation methods optimised for the MCM2 antibody were used for this experiment (as in
Figure 4.7). The Immunoprecipitates were separated by poly-acrylamide gel electrophoresis and
protein visualised using Coomassie staining. MCM2 (green box), MCM3 (red box), MCMS5 (blue box).
This is representative of an n=1 biological repeat.
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Having optimised sample preparation conditions and identified successful MCM3 and MCM5
antibodies, we next scaled up the experiment in order to purify higher yields of MCM3 and
MCMS5 for MS analysis. A sample of the immunoprecipitates were analysed on a Coomassie
stained gel, which confirmed that the approach had worked successfully (Figure 4.9). The
remainder of each sample (~¥90%) was submitted for MS analysis in an attempt to identify
potential hydroxylation sites on either of the MCM subunits. Unfortunately, this analysis did

not identify any reliable hydroxylation sites, potentially due to poor sequence coverage.
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Figure 4.9 Endogenous MCM3 and MCM5 immunoprecipitation for mass spectrometry analysis
HEK-293T cell lysates were incubated with protein A agarose beads and antibodies targeting
endogenous MCM3, MCM5 and negative control FIH for immunoprecipitation. Immunoprecipitation
methods optimised using the MCM2 antibody were used for this experiment (as in Figure 4.7 and 4.8).
Samples were proportionally scaled up to generate more immunoprecipitation sample so that 10%
could be loaded onto poly-acrylamide gel electrophoresis and protein visualised using Coomassie blue
staining. The remainder of the sample was analysed by mass spectrometry. MCM3 (red arrow), MCM5
(blue arrow). This is representative of an n=1 biological repeat.
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We predicted that one reason for sub-optimal coverage by MS might be due to low sample
yield when purifying endogenous MCM3 and MCMS5 by immunoprecipitation. In an attempt
to improve this yield, we developed a transient over-expression system to express MCM3 and
MCMS5 with epitope tags. For this we cloned MCM3 and MCMS5, with HA and V5 tags
respectively, into mammalian expression vector pcDNA3. The rationale being that high affinity
antibodies are available targeting these epitope tags which could therefore improve the

MCM3/5 yield after immunoprecipitation.

To perform this assay, the HA-MCM3 expression vector was transfected individually or
together with the V5-MCMS5 vector into HEK-293T cells followed by HA immunoprecipitation.
We co-transfected MCM3/5 because we had consistently co-purified the two subunits (Figure
4.6, 4.8, 4.9), potentially indicative of a known sub-complex of the MCM hexamer (DaFonseca
et al., 2001). 10% of the HA-immunoprecipitates were analysed on a Coomassie stained gel,
which demonstrated that much higher yields of MCM3 could be obtained using this method
(Figure 4.10A). When co-transfected we found that HA immunoprecipitation was sufficient for
V5-MCMS5 co-purification, indicating that the epitope-tagged over-expressed MCMs were able
to interact with each other. However, this was not in a 1:1 ratio as significantly less V5-MCM5
was co-purified (Figure 4.10A). The remainder of the sample (~90%) was analysed by MS.
Unfortunately, a reliable hydroxylation PTM was still not detected. Again, we hypothesised
this to be due to suboptimal sequence coverage of both MCM3 and MCMS5, though this was

higher than for endogenously purified MCM3/5.
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We considered that the sub-optimal sequence coverage of the co-purified MCM5 might be
due to its lower abundance (Figure 4.10A). Therefore, in order to maximise the yield, we
transfected HEK-293T cells with expression vectors for either HA-MCM3 or V5-MCM5
followed by immunoprecipitation towards either the HA- or V5-tags. In addition, we co-
transfected these cells with or without FLAG-JMJD5 wildtype. Our rationale being that an
increased abundance of a particular hydroxylation event, detected by MS in the samples co-

transfected with JMJD5, could aid with the detection of a JMJD5-dependent hydroxylation.

Coomassie staining of samples indicated that a MCM3/MCMS5 complex could be purified by
anti-V5 (MCM5) immunoprecipitation (Figure 4.10B). Anti-HA (MCM3) immunoprecipitation
was successful at purifying HA-MCM3 (Figure 4.10B). However, consistent with previous
analysis (Figure 4.10A), anti-HA (MCM3) immunoprecipitation was less efficient at co-purifying

V5-MCM5.

Samples from this experiment were also analysed by MS but unfortunately, we again failed to
observe reliable hydroxylation of MCM3 or MCM5. Overall, we concluded that further
technical optimisation to increase sequence coverage, or a greater understanding of the
biological context behind the interaction might be required in order to identify the potential

MCM3/5 hydroxylation site.

Page 152



(A)
MCM5V5 - -+

MCM3-HA - + +
EVY + -

130kDa—

t1

100kDa—

V5‘IP HAl IP

(B)

- - + - +

+

[
JMID5-FLAG

MCM5-V5

MCM3-HA

EV + + - + + -
130kDa—

- - - + +

1
-+
[}
=+

100kDa— - pm
70kDa—

Figure 4.10 Exogenous MCM3 and MCM5 immunoprecipitation for mass spectrometry analysis

(A) HEK-293T cells were transiently transfected with expression vectors for HA-MCM3 with or without
co-transfection of V5-MCM5. HA-immunoprecipitation was then used to purify MCM3 (red arrow) and
MCMS5 (blue arrow) determined by loading 10% of the immunoprecipitation sample onto a poly-
acrylamide gel visualised using Coomassie staining. The remainder of the samples were analysed by
mass spectrometry. (B) HEK-293T cells were transiently co-transfected with HA-MCM3 and V5-MCM5
expression vectors with or without co-transfection of a FLAG-JMJD5 wildtype expression vector. Cell
lysates were then HA- or V5-immunoprecipitated to purify MCM3 (red arrow) and MCM5 (blue arrow)
determined by loading 10% of the immunoprecipitation sample onto a poly-acrylamide gel, visualised
using Coomassie staining. The remainder of the samples were analysed by mass spectrometry. This is
representative of an n=1 biological repeat for both experiments.
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4.3.2 Models for mapping the JMJD5 interaction domain on MCM3/5

Due to issues faced with cellular models and the dependence of hydroxylation assignment on
MS analysis we decided to develop domain mapping as a parallel approach. In the following
series of experiments, we aimed to identify regions of MCM3 and/or MCM5 essential for
mediating the activity-dependent interaction with JMJD5 (Section 4.2). The rationale being
that the putative hydroxylation site would be within a region of MCM3 and/or MCM5 that
directly interacts with the catalytic site of JIMJD5. If such a region coincided with an area of
poor sequence coverage in the MS experiments above it would help rationalise the currently
negative data. Moreover, we could then focus future MS efforts on specific regions of
MCM3/5. Therefore, we established three assays to help interrogate the JMJD5-MCM3/5

interaction in more detail.

4.3.2.1 In vitro MCM3/5 JMID5 interaction assay
In the first assay we attempted to replicate, in vitro, the JIMID5-MCM3/5 interaction identified
in Section 4.2. To do this we generated FLAG-tagged JMJD5 from HEK-293Ts which was then
incubated with in vitro synthesised MCM3 and MCMS5 (a schematic of the assay is shown in
Figure 4.11A). Our rationale for synthesising MCM3/5 in vitro was that it would be
unhydroxylated. This could firstly make it a good substrate for JMJD5 and secondly could
potentially facilitate identification of a JMID5-dependent hydroxylation site. To synthesise
MCM3 and MCM5 we used a cell-free in vitro transcription/translation (IVTT) system. This
method enables synthesis of proteins from DNA expression vectors in vitro using a rabbit
reticulocyte lysate. We established IVTT reactions with the previously cloned HA-MCM3 or V5-
MCMD5 vectors, or with two newly cloned V5-MCM3 and HA-MCMS5 vectors. Successful IVTT

was determined by Western blotting for the corresponding epitope tags. Although we
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successfully synthesised both HA- and V5-tagged MCM3, only V5-MCMS5 could be generated
by IVTT (Figure 4.11B). The IVTT reaction was then scaled up to generate HA-MCM3, V5-MCM5
or HA-MCM3/V5-MCMS5 to a suitable concentration for subsequent interaction analysis, as

validated by Western blotting (Figure 4.11C).

We were next interested to determine whether the IVTT MCM3/5 sample could be used to
form an in vitro interaction with JMJD5 (as depicted in Figure 4.11A, methods described in
more detail in Section 7.11.2). Briefly, HEK-293T cells were transiently transfected with a
FLAG-tagged JMID5 wildtype expression vector. FLAG-immunoprecipitation was then used to
purify the FLAG-tagged JMID5 protein which was then incubated with IVTT MCM3/MCM5
(from Figure 4.11C). Continued FLAG-immunoprecipitation was performed for subsequent
analysis by Western blotting. The presence of MCM3/5 in the immunoprecipitates would be
indicative of an interaction formed with JMJD5 in vitro. Unfortunately, no interaction could be
detected (Figure 4.11C). This meant that, at least under the conditions tested, this IVTT
pulldown assay was not immediately useful for further analysis of the JMJD5-MCM3/5

interaction.

Page 155



IVTT
Mems>
@ \/
FLAG IP QL
FLAG IP
Gwos)Eve>
Gwos) e
i <<ww © vsmMems - - 4+ 4
I I > >
& & o HA-MCM3 - + - +
053338 HO + - - -
T>3222 130kDa-]
130kDa-pu o8 «  100kDa| "= = |«
70kDaa:" - - W HA 70kDa —|w= = &= & | HA
130kDa -]
130kDa-
100kDa ] - |~  100kDa] .':‘_
70kDa — —\/5 70kDa | VS

Input FLAG IP
B — P ;

o £
ez =
+ +
255282325 ¢
- V5 (MCM5)
” HA (MCM3)

- ‘i‘FLAG (JMJUDS)

Figure 4.11 Generation and testing of IVTT synthesised MCM3 and MCMS5 interaction with JMJD5

(A) Schematic of the in vitro interaction assay; FLAG-JMJD5 wildtype (WT) transfected into HEK-293T
cells was purified by FLAG immunoprecipitation. HA-MCM3 and/or V5-MCMS5, generated by IVTT, were
added to the immunoprecipitation and successful interaction detected by Western blotting. (B) MCM3
and MCM5 with HA or V5 tags were synthesised by IVTT, samples analysed by Western blotting. MCM3
(red arrow), MCMS5 (blue arrow). This is representative of an n=2 biological repeat. (C) HA-MCM3 and
V5-MCMS5 synthesised by IVTT in a relatively scaled-up experiment. 10% of the IVTT sample was
analysed by Western blotting. MCM3 (red arrow), MCMS5 (blue arrow). (D) In vitro interaction assay
performed as described in (A) using co-synthesised HA-MCM3 and V5-MCMS5 IVTT sample from (C)
were analysed by Western blotting. Empty vector (EV) included to prove specificity. This is
representative of an n=1 biological repeat. MCM5 (82 kDa), MCM3 (91 kDa), JMID5 (47 kDa).
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4.3.2.2 Screening for a minimal domain in MCM3/5 to support JMID5 interaction
The second assay we established also aimed to identify a minimal domain within MCM3 and
MCMD5 essential for interaction with JMJD5. This was attempted by screening a series of
MCM3 and MCMS5 mutants for their ability to interact with JIMJD5. The MCM3/5 mutants were
chosen based on: 1) regions consistently not covered in the MS analysis, 2) highly basic regions
(i.e. with similar properties predicted for a JMJD5 substrate based on JMJD5 structural
analyses), 3) functionally important regions, such as the MCM domain, and 4) cancer patient
mutations identified from COSMIC and cBioPortal online databases, with a specific focus on
arginine residues because of the assignment of JMJD5 as an arginine hydroxylase (Wilkins et
al., 2018). These truncations and mutations are described in more detail below and are

depicted in Figure 4.12.

Within HA-MCM3 we generated truncation mutants to determine the importance of the MCM
domain for mediating JMJD5 interaction. This included the N-terminal region of MCM3 up to
amino acid residue 491, to remove an arginine of interest localised within the MCM domain
and the C-terminal domain (491*). We also generated a C-terminal deletion up to the end of
the MCM domain (N-terminus). We generated cancer patient mutations converting arginine
residues at position 664 to a cysteine (R664C) and at position 667 to a glutamine (R667Q)
because they were found to be localised within the nuclear localisation signal (NLS) of MCM3
(Takei and Tsujimoto, 1998). The MCM3 NLS was of interest because is a highly basic region
poorly covered by previous MS analysis. To further test the importance of this region

containing the NLS we generated another C-terminal deletion up to residue 701 (701%*).
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Within V5-MCM5 we generated truncations to investigate the major regions of MCM5 for
interaction with JMJD5. These included the N-terminus up to the end of the MCM domain (N-
terminus), a construct containing only the MCM domain (MCM), and a truncation from the
start of the MCM domain through to the C-terminus (C-terminus). We also generated a
truncation construct up to residue 723 (723*) and a point mutation converting arginine at
position 723 to an alanine (R723A). We were interested in investigating this extreme C-
terminal domain of MCM5 because it was not covered by previous MS analysis, is recurrently

mutated at R723 in cancer and is highly basic.
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Next, we assessed whether these MCM constructs could be expressed in cells. Each MCM
construct was transiently transfected into HEK-293T cells and protein expression determined
by Western blotting. In some cases, multiple clones of the same vector were tested, some of
which did not express or were incorrect. For example, 491*(1) and 732*(1) did not express.
Clone (2) of the MCMS5 ‘C-terminus’ construct was not found to migrate at the predicted size
by SDS-PAGE and was confirmed by Sanger sequencing to be incorrect. We found that all other

MCM3 and MCMD5 constructs were able to be expressed as proteins (Figure 4.13A and B).

We were then interested to determine which of these constructs were competent at
interacting with JMJD5. We first tested only two MCMS5 constructs (R723A and 723%*) in a pilot
experiment. Briefly, expression vectors for wildtype, R723A, or 723* MCMS5 were co-
transfected with wildtype or H321A FLAG-tagged JMJD5 into HEK-293T cells. FLAG-JMJD5 was
immunoprecipitated prior to Western blotting to determine the presence of MCM proteins in
the immunoprecipitates (methods as Section 7.11.1). As expected, wildtype JMJD5 interacted
with wildtype V5-MCMS5. Wildtype JMJD5 was also able to interact with both R723A and 723*
(Figure 4.13C). However, this interaction appeared to no longer be activity-dependent, as an
interaction was also observed between V5-MCM5 and FLAG-JMJD5 H321A (Figure 4.13C).
Unfortunately, overexpression of MCM3 also led to an activity-independent interaction with
JMJD5 (data not shown), suggesting that this approach was unlikely to be suitable for

dissecting a minimal activity-dependent interaction domain of MCM3/5.
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Figure 4.13 Testing expression of MCM3 and MCMS5 mutants and their interaction with JMJD5
HEK-293T cells were transiently transfected with expression vectors for (A) HA-tagged MCM3 or (B)
V5-tagged MCM5 truncation and point mutations (Figure 4.12). Expression of the constructs was
determined using Western blotting. (C) V5-tagged MCMS5 expression vectors for wildtype, R723A and
723* truncation were transiently transfected into HEK-293T cells alongside FLAG-tagged JMID5
wildtype or catalytic mutant H321A expression vectors, then incubated with 1 mM DMOG for 16 hours
prior to FLAG-immunoprecipitation in the presence of 1 mM NOG. Immunoprecipitates were then
analysed by Western blotting. Empty vector (EV) was used to prove specificity. This is representative
of an n=1 biological repeat. MCM3 (91 kDa), MCMS5 (82 kDa), IMJD5 (47 kDa).

Page 161



4.3.2.3 Peptide Competition Assays
A major problem with the previous approach was the loss of activity-dependent binding upon
overexpression of epitope-tagged MCM3/5. Therefore, we considered taking advantage of an
existing assay in which we observed an activity-dependent interaction, that being the
interaction between overexpressed JMJD5 and endogenous MCM3/5 (Section 4.2). In this in
vitro assay we aimed to compete off endogenously bound MCM3 and/or MCM5 from JMJD5
by using small peptides covering regions of interest within these MCM proteins (depicted in
Figure 4.14). Such competition assays could help to narrow down regions within MCM3 and
MCMS5 that bind JMJD5 catalytic residues, which could then be the focus of future MS

hydroxylation site analyses.

To do this wildtype JMJD5-HA was over-expressed in HEK-293T cells after transient
transfection. HA-immunoprecipitation was carried out for six hours to purify HA-JMJD5
complexed with endogenous MCM3/5, in the presence of DMOG. Samples were then
incubated with a peptide of interest for a further 16 hours to compete off any endogenous
MCM3 or MCM5 bound to the JMJD5 enzyme (methods described in more detail in Section
7.11.2). To test the validity of this approach we first used the RPS6 peptide substrate as a
positive control. This peptide has previously been shown to interact with the IMJD5 catalytic
site, as demonstrated through successful hydroxylation by JMJD5 in vitro (Wilkins et al., 2018)
(Figure 3.18 in Chapter 3). As an additional positive control, we also included the essential
cofactor 20G in some samples, reasoning that this could compete with the NOG analogue

used to trap the MCM3/5 complex on JMJD5 (Figure 4.4).
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Figure 4.14 Peptide competition assay schematic

HEK-293T cells transfected with HA-JMJD5 and endogenous JMJD5-MCM3/5 complexes purified using
HA immunoprecipitation in the presence of 1 mM DMOG/NOG. Incubated in this immunoprecipitation
reaction were peptides covering protein sequences of interest. The rationale being that regions of
protein that mediate direct interaction with JMJD5 catalytic residues might be able compete off
endogenously bound MCM3/5. If successful, this would be detected by Western blotting as reduced
MCM3/5 interaction with JMID5 in the immunoprecipitates.

As expected, we found that endogenous MCM3 and MCMS5 co-immunoprecipitated with
wildtype JMJD5 (lane 3), but not with the JMJD5 catalytic mutant H321A (lane 2) or in the
empty vector control (lane 1) (Figure 4.15). Consistent with our hypothesis, it appeared that
addition of 20G was sufficient to compete with NOG and release MCM3 and MCM5
(comparison between lanes 3 and 5). In addition, the presence of 0.1 or 1 mg/mL RPS6 peptide
was also able to compete off MCM3 and MCMS5 (comparison of lanes 7 and 8 with lane 3).
Both of these observations validated the assay and also provided further evidence supporting

that MCM3/5 bind directly in the catalytic pocket of JMJDS5.
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As initial results obtained from the pilot competition assay suggested it would be suitable for
screening candidate MCM3 and MCMS5 peptides, we used the methods described above to
investigate the ability for a peptide covering the MCM3 NLS (°*8LEKEKKRKKRSEDE®’?) to
compete with endogenously bound MCM3/5 for JMJD5. As mentioned above the NLS of
MCM3 was of interest because it is highly basic and poorly covered by previous MS analysis.
Unfortunately, we found that the addition of this peptide was not sufficient at competition
with the endogenously bound MCM3 or MCM5. However, we will aim to use this assay for

screening other MCM3/5 peptides in the future.
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Figure 4.15 Optimisation and testing of the peptide competition assay

Two individual assays were set up in HEK-293T cells as described in Figure 4.14. (A) Added into a HA-
immunoprecipitation reaction was 0.1 or 1 mg/mL of the RPS6 peptide, an in vitro JMJD5 hydroxylation
substrate (Wilkins et al., 2018) (Figure 3.17 in Chapter 3), plus or minus cofactor 2-oxoglutatrate (20G).
(B) Added into a HA-immunoprecipitation reaction was 1 mg/mL peptide covering the MCM3 nuclear
localisation signal. Western blotting was used to determine competition of MCM3/5 from JMIJD5.
Empty vector (EV) used to prove specificity. This is representative of an n=1 biological repeat. MCM3
(91 kDa), MCMS5 (82 kDa), JIMID5 (47 kDa).
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4.4 The IMID5-MCM3/5 Interaction is Disease Relevant

Although further optimisation and investigation of the approaches presented above will be
required in order to confidently identify the putative hydroxylation site in MCM3 and/or
MCMD5, we have presented several lines of evidence that support our hypothesis that MCM3/5
are candidate JMJD5 substrates. Therefore, we were next interested to determine the

potential disease relevance of this interaction.

We first aimed to determine whether patients affected by a developmental disorder (Chapter
3) might have an altered MCM3/5 phenotype that correlates with their JMJD5 genotype. As
we predicted the affected patients to be hypomorphic for JMJD5 (Chapter 3) we proposed
that this investigation could provide information regarding potential functional consequence

of the JMJD5-MCM3/5 interaction.

We first tested whether the protein expression of the MCM3/5 subunits were altered in these
fibroblasts. To do this whole cell lysate, generated using RIPA and sonication to purify the
chromatin fraction, were analysed by Western blotting. We also investigated the expression
of the other MCM complex subunits as literature has suggested that changes to expression of
one subunit can alter protein expression in the other subunits (Chuang et al., 2010, Drissi et
al.,, 2018). As expected the affected patient fibroblasts had the lowest JMID5 protein
expression compared with the other patient fibroblasts (Figure 4.20A). It also appeared that
MCM subunit protein levels were reduced in this patient compared to the other family
members tested (Figure 4.16A). This observation was confirmed by performing densitometry
analysis and determining affected patient protein expression relative to the wildtype patient

fibroblast protein expression (Figure 4.16B). This demonstrated that MCM protein expression
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correlated with reduced JMJD5 protein expression for the affected patient and thus suggested
that loss of interaction with JMJD5 could alter the stability of the MCM proteins. This
hypothesis will be interesting to investigate in the future once a hydroxylation site in MCM3/5

has been identified.
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Figure 4.16 Affected patient fibroblasts have reduced MCM protein levels

(A) Whole cell lysate from patient fibroblast cell lines expressing JMJD5 wildtype (MR98), C123Y
mutation carrier (LR74), InMut carrier (AR0O) and both JMJD5 mutations (OR07) was harvested and
analysed by Western blotting for endogenous MCM subunit expression. B-actin used as a loading
control. (B) The Western blot protein bands from (A) were analysed using densitometry. Protein
expression was normalised to loading control B-actin and relative to the wildtype (MR98) fibroblasts.
This is representative of an n=1 biological repeat. MCM2 (102 kDa), MCM3 (91 kDa), MCM4 (97 kDa),
MCMS5 (82 kDa), MCM6 (93 kDa), MCM7 (81 kDa), JMID5 (47 kDa), B-actin (42kDa).
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We were next interested to determine whether the N-terminal JMJD5 missense mutation
(C123Y), that we predicted would contribute to the low JMID5 protein expression in the
affected patient fibroblasts (Chapter 3), might affect its interaction with MCM3/5. To test this,
we transiently transfected HEK-293T cells with HA-tagged wildtype, H321A or C123Y JMJD5
expression vectors. HA immunoprecipitation was performed and endogenous MCM3 and
MCMS5 interaction with the JMJD5 constructs was determined by Western blotting. As
expected, wildtype JMID5, but not the H321A catalytic mutant, was able to interact with
endogenous MCM3 and MCMS5 (Figure 4.17A). We also found that the C123Y mutation was
able to interact with endogenous MCM3 and MCM5 (Figure 4.17A). However, our
interpretation of the results from this experiment was limited, due to the reduced expression

of C123Y compared to wildtype or H321A JMID5, as expected from prior analysis (Chapter 3).

To overcome this, we used the in vitro assay as outlined in Chapter 3 (Section 3.7.3). Briefly,
recombinant GST-tagged JMJD5 wildtype and C123Y were incubated with HEK-293T whole cell
lysates followed by GST pulldown. Equal loading of the JMJD5 constructs was confirmed by
Coomassie staining (Figure 4.17B). Western blotting was used to detect endogenous MCM3
and MCMS5 in the immunoprecipitates, indicative of interaction with JMJD5. Using this
approach, we observed that the C123Y JMJD5 mutant was able to interact with MCM3 and
MCMS5 in a similar manner to the wildtype enzyme (Figure 4.17B). However, based on previous
analysis potentially implicating that C123Y is less active than wildtype (Section 3.7.5, Chapter

3) this should be addressed once a hydroxylation site in MCM3/5 has been identified.
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Figure 4.17 C123Y JMID5 mutant is able to interact with endogenous MCM3 and MCM5

(A) HEK-293T cells were transiently transfected with HA-tagged JMJD5 wildtype or H321A expression
vectors, then treated with 1 mM DMOG for 16 hours prior to HA-immunoprecipitation in the presence
of 1 mM NOG. Western blotting used to determine endogenous MCM3 and MCMS5 interaction with
JMJD5. B-actin used as a loading control for input samples. Empty vector (EV) used to prove specificity.
This is representative of n=3 biological repeats. (B) An in vitro interaction was formed between GST-
tagged recombinant wildtype (WT) or C123Y JMJD5 with endogenously expressed MCM3 and MCM5
from HEK-293T whole cell lysate. This JIMJID5-MCM3/5 complex was then purified by GST pulldown.
Samples analysed by Coomassie staining to demonstrate equal loading of JMID5 (red arrow) or GST
epitope tag alone (green arrow). Western blotting confirmed the interaction between GST-tagged
JMJD5 with cell purified endogenous MCM3 and MCMS5. This is representative of an n=1 biological
repeat. MCM3 (91 kDa), MCM5 (82 kDa), JMJD5 (47 kDa), B-actin (42kDa).
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To continue this analysis, we next aimed to investigate whether other JMJD5 mutations,
associated with human diseases, might alter the interaction with MCM3/5. Specifically, we
focussed on cancer, because of the growing evidence that both MCMs (reviewed by Seo and
Kang (2018)) and JMID5 (Chapter 1) play important roles during tumourigenesis. As outlined
in Chapter 1, JMID5 has been implicated as a tumour suppressor gene in some contexts. Since
tumour suppressor genes are often inactivated by mutations, we first analysed online cancer
mutation databases COSMIC and cBioportal to identify JMJD5 mutations. Interestingly, we
found that the majority of mutations, and especially recurrent and hot spot cancer mutations
(which imply functional significance), were clustered in the catalytic domain at the C-terminus
of JMIDS5 (Figure 4.18A). This suggests that JMJD5 catalytic activity is important for its tumour

suppressor function and thus these mutations could affect MCM3/5 interaction.

To test this hypothesis, we initially generated three JMJD5 cancer mutations by SDM which
were tested for their ability to interact with MCM3 and MCM5. A melanoma mutation, P190L,
was chosen as it was a recurrent mutation localised at the extreme N-terminus of the JmjC
extension (Figure 4.18A). This N-terminal extension is predicted to stabilise the JmjC catalytic
domain and thus could be important for JMID5 function (Del Rizzo et al., 2012). Another
melanoma patient mutation, D323N, was chosen as the residue forms the essential HxD...H
motif for coordinating Fe(ll) ions in the catalytic domain of JIMJD5 (Del Rizzo et al., 2012, Wang
et al., 2013, Wilkins et al., 2018). P395Q_is a recurrent lung cancer mutation and was chosen

because it localises in the C-terminus of the JmjC catalytic domain.

Page 169



Expression vectors for wildtype, H321A or these JMJD5 mutants were transiently transfected
into HEK-293T cells. HA immunoprecipitation was then performed and the presence of
endogenous MCM3 and MCMS5 in the immunoprecipitates analysed by Western blotting.
Interestingly, we found that all three JMJD5 cancer mutations had reduced interaction with
MCM3 and MCMS5, compared to the wildtype enzyme, and were at a level comparable to the
inactive H321A mutant (Figure 4.18B). This suggested that these cancer mutations might
affect the catalytic activity of JMJD5, which will be tested in the future using an in vitro
hydroxylation assay. It would also be interesting to determine how these mutations affect
JMIDS5 stability, as the P395Q mutation resulted in reduced JMID5 expression compared to
wildtype (Figure 4.18B). Overall, together this analysis suggests that the JMJD5-MCM3/5

interaction might be relevant to disease associated with JMJD5 inactivating mutations.
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Figure 4.18 Investigation of IMIJD5 cancer mutants for their ability to bind MCM3 and MCM5

(A) COSMIC and cBioPortal were used to identify JMJD5 cancer mutations that were annotated onto
the protein sequence of JMJD5. Missense (red arrow), nonsense (blue arrow), frameshift (green
arrow), cofactor binding residues (red and blue triangles). (B) Three JMJD5 cancer mutations of interest
were generated by site directed mutagenesis to contain a HA-tag and expression vectors transiently
transfected into HEK-293T cells. Cells were then treated with 1 mM DMOG for 16 hours prior to HA-
immunoprecipitation in the presence of 1 mM NOG. Western blot analysis used to determine
endogenous MCM3, MCM5 and RCCD1 interaction with JMJD5. Empty vector (EV) control used to
prove specificity. B-actin used as a loading control. Representative of n=3 biological repeats. MCM5
(82 kDa), MCM3 (91 kDa), RCCD1 (40 kDa), JMID5 (47 kDa).

Page 171



4.5 Discussion

In this chapter we aimed to investigate the highly controversial literature surrounding the
enzymatic role of JMJD5. To do this we first investigated three hydroxylation substrates of
JMJD5 previously proposed in the literature: H3K36me2 for demethylation (Hsia et al., 2010),
histone H3 for endopeptidase cleavage (Shen et al., 2017, Liu et al., 2017, Liu et al., 2018b)
and ribosomal subunit RPS6 for hydroxylation (Wilkins et al., 2018). However, we were unable
to detect JMIDS activity dependent changes in global H3K36me2 expression or histone H3
cleavage (Figure 4.1). Overall, we concluded that in our models JMJD5 does not act as an
endopeptidase or KDM. In support of this, there is a growing body of structural and
biochemical evidence in the literature which concludes that JMJD5 cannot support these
activities (discussed in detail in Chapter 1). We were also unable to detect an interaction
between JMJD5 and RPS6 (Figure 4.2). In addition, we observed that RCCD1 interacted with
JMJD5 in a manner that was independent of enzyme activity (Figure 4.3). This supports the
literature indicating that RCCD1 binds to the N-terminus of JMJD5 (Marcon et al., 2014).
Overall, the current literature and our own data indicated that JMJD5 was an orphan
hydroxylase. Therefore, we investigated novel hydroxylation substrates of JMID5 by

performing proteomic screening.

In doing so we successfully identified two candidate substrates, MCM3 and MCMS5, that
consistently interacted with JMID5 in an activity-dependent manner (Section 4.2). This was
further confirmed by the observations that the NOG-mediated ‘trapping’ of MCM3/5 on
JMIJD5 (Figure 4.4) was out-competed by 20G and an RPS6 peptide in vitro substrate (Figure

4.15A). Furthermore, JMID5 interaction with MCM3/5 was ablated after mutation of JMJD5
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residues critical for binding the RPS6 arginine (Wilkins et al., 2018), demonstrated by Dr Sally
Fletcher (Coleman lab). Although the evidence supporting MCM3/5 as a novel JMID5
substrates is strong, identification of the hydroxylated residue by MS was technically

challenging, as discussed below.

4.5.1 Investigating MCM3/5 hydroxylation

In order to confirm MCM3 and/or MCM5 as true substrates of IMID5 we endeavoured to
identify a hydroxylation site. To do this we screened endogenous and over-expressed
MCM3/5 purified from cells for hydroxylation (Section 4.3.1). Currently the only reliable
method available for discovering and quantifying hydroxylation is by MS which we adopted in
this thesis. Unfortunately, we were unable to observe a reliable assignment of arginine
hydroxylation, dependent on JMIDS5, in any of our samples. However, our attempts were
largely hindered by poor sequence coverage. This could be for multiple reasons discussed

below.

One factor limiting good sequence coverage is the choice of protease used for MS sample
preparation. For example, trypsin, which is one of the most commonly used proteases for MS
analysis and was predominantly used for our own analysis, cuts after arginine and lysine
residues. This means that arginine and/or lysine rich sequences are digested into peptide
fragments too small for analysis. Consequently, such regions are absent from sequence
coverage. Due to their functional role in binding and unwinding DNA, MCM proteins contain
a number of highly charged and basic motifs (Riera et al., 2017). These regions, perhaps
unsurprisingly, were largely missing from our trypsin-based MS analyses. However, these

highly charged and basic regions are also most likely to be targeted by JMID5 for
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hydroxylation, as predicted from JMJD5 structural analyses (Del Rizzo et al., 2012, Wang et al.,
2013, Wilkins et al., 2018). In an attempt to address this, we tested an alternative protease,
elastase, for sample preparation prior to MS analysis. Elastase has a more degenerate
specificity compared to trypsin, which results in more and often overlapping peptide products.
Thus, elastase digestion can result in better sequence coverage (previous observation in the
Coleman lab). Although, this approach did improve sequence coverage, we again did not

identify a hydroxylation site and areas of the MCM3/5 sequence were still absent.

There are also inherent limitations to using MS for identification of a hydroxylation site that
could have hindered our analysis. For example, artificial oxidation of a variety of amino acids
can occur during sample preparation (Morand et al. (1993) and personal observations).
Therefore, biasing analysis to search for specific oxidations can result in false positives. This
problem can be exemplified by a recent study where comprehensive MS analysis of alternative
PHD candidate substrates were reported to likely be artefacts of prior incorrect MS analyses
(Cockman et al., 2019). Overall, our future analysis will require optimisation of sample

preparation and MS analysis.

There are additional factors that could have contributed to our lack of hydroxylation site
assignment. For example, due to evidence presented in the following chapter there is
ambiguity regarding the activity of epitope tagged JMID5 (Chapter 5). Therefore, reduced
activity of epitope tagged JMID5 could be a potentially contributing factor to the lack of
hydroxylation observed in our experiments. To address this, repetition of some experiments

performed in this chapter could be done in the presence of un-tagged JMJD5.
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In addition, there might be a biological rationale for why MCM3/5 hydroxylation might not
have occurred under the conditions tested. This is because although we could consistently
identify a JIMJD5-MCM3/5 complex from cells, we know very little regarding where, when or
how this interaction took place. For example, we do not know whether JMJD5 targets the
entire pool of MCM3/5 or a sub-population. Therefore, when analysing a mixed population of
MCM3/5 by MS this could result in an undetectable level of hydroxylation. This should be

addressed in future experiments, as discussed below.

Firstly, we will aim to characterise the sub-cellular location that the interaction takes place.
For example, we observed that only a small portion of IMID5 localised on chromatin with the
majority present in the nucleoplasm (Figure 4.1A), as supported by the literature (Hsia et al.,
2010, Youn et al., 2012, Huang et al., 2013, Zhu et al., 2014, Kouwaki et al., 2016, Shen et al.,
2017). However, the MCM hexamer has been predominantly characterised as a chromatin
bound complex, though some studies have also identified MCMs in the nucleoplasm (Hesketh
et al., 2015). Therefore, understanding where JMJD5 and MCM3/5 interact could help to
identify optimal conditions for future MS analyses. This could be investigated using imaging
approaches such as proximity ligation assays, or genomic approaches such as chromatin

immunoprecipitation.

Secondly, we will aim to understand when the JMJD5-MCM3/5 interaction take places. For
example, it would be interesting to establish whether this occurs in a specific cell cycle phase.
Moreover, it is possible that this interaction could be in response to a biological signal. For
example, it is known that MCM localisation, chromatin loading, and activation are highly

regulated (Deegan and Diffley, 2016). Furthermore, JMJD5 expression and/or localisation has
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been shown to be regulated after cellular stress or induction of DNA damage (Huang et al.,
2015, Shen et al., 2017). Therefore, it would be exciting to explore how DNA damage, DNA
replication stress or stage of the cell cycle might impact JMJD5 sub-cellular localisation,
activity, and its interaction with MCM3/5. This would also be an opportunity to investigate the
role of the interaction between RCCD1 and JMJD5. Specifically, to explore the hypothesis that

RCCD1 could be responsible for recruiting JIMJD5 to chromatin (Chapter 1).

Thirdly, it would be interesting to explore whether JMIDS5 is itself regulated by a PTM and
whether this needs to be considered when monitoring a hydroxylation event in vitro. In
addition, MCM proteins are known to be highly modified (Chapter 1). Therefore, it is possible
that JMJD5 interacts with an MCM complex with specific PTMs. This could help to explain why
no interaction was detected in vitro between JMJID5 and IVTT synthesised MCM3 and MCM5
(Figure 4.11). However, this could also be explained by a lack of cofactors present for this
interaction which should also be addressed in future in vitro assays. In addition, the lack of
JMJD5-MCM3/5 interaction associated with this in vitro assay (Figure 4.11) could also be
explained by inactive MCM3/5 generated by IVTT. For example, if not properly folded or active
the MCM3/5 could be prevented from interacting with JMID5 in vitro. Therefore, the IVTT
generated MCM3/5 samples used for future in vitro experiments should be first analysed for

their functionality; including ATP binding, native folding and complex assembly.

In addition to investigating the IMJD5-MCM3/5 interaction in cells, further effort should be
put towards mapping the minimal domain in MCM3/5 sufficient for a JMJD5 interaction. Based
on current assays this is likely to be most successful using peptide competition assays (Figure

4.15). This approach could also be expanded to test competition of bacterially expressed sub-
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domains of MCM3 and MCMS5, recently purified by the Coleman lab. Such reagents could also
provide an opportunity for direct hydroxylation reactions in vitro, using the GST-tagged JMJD5

protein that we demonstrated were active in Chapter 3 (Section 3.7.5).

Future analysis should also address any relevance of our consistent identification of a potential
MCM3/5 subcomplex (Section 4.3.1). It is highly likely that our inability to purify the complete
MCM hexamer was due to high salt concentrations in our lysis buffers. This would be
consistent with the literature which has identified that MCM subunits have different affinities
for each other in vitro and demonstrate that increasing salt concentrations result in the
disruption of the heterohexamer (Prokhorova and Blow, 2000, Crevel et al., 2001). However,
our ability to identify MCM3/5 sub-complexes could also infer potential functional importance
of the JMID5 targeted population. Although MCM sub-complexes (MCM3/5 and MCM4/6/7)
have consistently been identified and purified in the literature (Prokhorova and Blow, 2000,
Lee and Hurwitz, 2001, Davey et al., 2003, Yu et al., 2004), there is debate regarding their
potential functional importance. Some evidence suggests that these MCM sub-complexes are
identified at different stages of the cell cycle and may be required for loading the complete
MCM complex onto chromatin (Coue et al., 1998). Some in vitro studies also suggest that the
MCM4/6/7 sub-complex is responsible for ATPase and DNA helicase activity (Lee and Hurwitz,
2001, Schwacha and Bell, 2001, Davey et al., 2003). However, others propose the complex
must be whole in order for successful nuclear localisation, loading and activation of the MCM
complex for DNA replication (Prokhorova and Blow, 2000). Therefore, further investigation
into this MCM3/5 sub-population, to establish whether it is functionally important or an

artefact of experimental conditions, could be beneficial in optimising future experiments for
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MS analysis. This could also help us in the future to infer functional importance of the

hydroxylation reaction.

4.5.2 The Potential IMJD5-MCM3/5 Hydroxylation Pathway in Disease

Considering the evidence supporting a role for both MCM proteins and JMJD5 in human
disease, we initiated preliminary investigation into potential regulation of the IMJD5-MCM3/5

interaction in this context.

Firstly, we found that the JMJD5-MCM3/5 interaction replicated in the fibroblast background
(Figure 4.5). This was important as it constituted a more physiologically relevant model
compared to the transformed cancer cell lines used previously (Figure 4.3 and 4.4).
Interestingly, the JMJD5 C123Y developmental disorder mutation was found to interact with
MCM3 and MCMS5 in a similar manner to wildtype (Figure 4.17). This is perhaps unsurprising
considering the location of the mutation outside of the catalytic domain. However, in Chapter
3 we demonstrated evidence suggesting that the C123Y mutation might inhibit the activity of
JMID5 (Section 3.7.5). Therefore, after identification of an MCM3/5 hydroxylation site, it
would be interesting to test the activity of the C123Y mutant against the relevant synthetic

peptide.

Interestingly, our analyses of online cancer databases identified a variety of tumour associated
JMJD5 mutations, including hotspot and recurrent mutations, which were enriched in the
catalytic domain (Figure 4.18). We hypothesised therefore that these mutations might
interfere with JMJD5 function. Consistent with this, we observed that three recurrent cancer
mutations reduced the interaction with MCM3 and MCMS5 (Figure 4.18). This interaction level

was comparable to the catalytic point mutation H321A further suggesting an effect of these
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cancer mutations on JMIJD5 activity. These preliminary findings have led to the development
of a library of >20 JMID5 cancer mutants, by the Coleman group. The majority of these show
reduced MCM3/5 binding in the immunoprecipitation assay developed here (Tristan Kennedy,
Coleman lab). In addition, we have acquired three cancer cell lines containing JMJD5
mutations, identified from COSMIC and cBioPortal analysis. These cell lines are KNS-62,
derived from a metastatic bronchial squamous cancer patient (Takaki, 1980), which contains
the JMJD5 mutation R339Q. Another is LU99A, a cell line derived from a lung cancer patient
(Yamada et al., 1985) also containing the R339Q JMJD5 mutation. The final cell line is SKCO1,
derived from a metastatic colorectal adenocarcinoma containing the JMJD5 mutation T165I.
We have successfully confirmed the JMJD5 genotype of these cell lines (data not shown) and
now aim to characterise the JMJD5 mutations for how they might affect MCM3/5 interaction.
Moreover, we propose that phenotypic analysis of these JMJD5 mutant cancer cell lines will
help to compliment analysis performed for the affected patient fibroblasts (Chapter 5) and
will help to address the disease relevance of JMJD5 in cancer.

Overall, IMJD5 mutations imply that interaction with MCM3/5 could be functionally important
in the aetiology of disease. Consistent with this, our preliminary investigation suggested that
JMIDS5 loss of function in patient fibroblasts, affected by a developmental disorder, correlated
with reduced MCM subunit protein expression (Figure 4.16). Interestingly, relatively low
changes of MCM expression or cellular distribution were previously found to increase the
susceptibility to developmental defects including growth retardation (Chuang et al., 2010).
Therefore, further investigation into the potential functional consequence of the JMJD5-
MCM3/5 interaction is warranted, as even mild perturbations in MCM regulation can have

profound consequences.
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4.5.3 Chapter conclusions

Overall, in this chapter we have presented evidence to suggest that MCM3 and MCMS5 are
novel candidate substrates of IMID5. However, better understanding regarding the context of
this interaction will help to not only understand more about the function of this interaction,
but also to optimise in vitro and cellular assays to identify a hydroxylation site on MCM3
and/or MCMB5. This will be essential for understanding the potential functional consequence
of MCM hydroxylation and will help elucidate how JMJD5 dysregulation might be involved in

the aetiology of disease.
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5 Phenotyping JMJD5 mutations to investigate

pathogenicity and cellular function

In Chapter 3 we described two JMJD5 mutations identified in patients with a novel human
developmental disorder. We identified that both mutations negatively affected JMID5 protein
stability and enzymatic activity and proposed that the affected patient was hypomorphic for
JMID5 (Chapter 3). Consequently, we hypothesised that the clinical symptoms observed in the
affected patients were likely to be as a result of their JMJD5 genotype. In this chapter we
investigated this by performing phenotypic analysis on dermal fibroblast cell lines that were
generated from family members affected by this developmental disorder. We hoped that this
investigation would give more information regarding origins of the disorder, which could help
with future clinical intervention for the affected patients. Moreover, the immortalised dermal
fibroblasts obtained from this family provided a novel cellular model to investigate JMJD5.
Consequently, we aimed to utilise this model to clarify and broaden the current literature
regarding the cellular functions of JMIJD5. The direction and rationale for our phenotypic

analysis is discussed below.

As mentioned above we hypothesised that the clinical phenotypes of our affected patients
were likely to be as a direct result of their JMJD5 genotypes. This was firstly because the JMJD5
genotype segregated with clinical symptoms of the patients (Chapter 3). Secondly, because
the retarded growth of the affected patients aligned with severe growth defects observed in
a JMJD5 knockout mouse model (Ishimura et al., 2012). Interestingly, other developmental
disorders, broadly classified into a group termed Primordial Dwarfism (PD), had some

overlapping clinical phenotypes with our affected patients. For example, intrauterine growth
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restriction that continues to worsen postnatally (Shaheen et al., 2014). PD disorders have
heterogeneous genetic causes but are commonly associated with pathways essential for cell
survival or proliferation (Klingseisen and Jackson, 2011) . Therefore, when considering how
JMJD5 mutations might translate to patient clinical phenotypes, we initially focussed on

cellular processes implicated in cell growth, proliferation and survival.

Due to the assignment of the minichromosome maintenance complex (MCM) subunits 3 and
5 as candidate substrates of JMID5 (Chapter 4), we were particularly interested in exploring
whether our affected patients had a phenotype associated with deficient DNA replication. In
fact, the association between developmental growth and DNA replication has already been
made. For example, Meier-Gorlin Syndrome (MGS) patients are classified with a PD disorder
while presenting with pathogenic mutations in components essential for DNA replication
licencing and firing. These include pre-RC components ORC1, ORC4, ORC6, Cdt1, Cdc6 (Bicknell
et al., 201143, Bicknell et al., 2011b, Guernsey et al., 2011, Kuo et al., 2012, Shalev et al., 2015),
as well as Cdt1 inhibitor Geminin which is important for regulating pre-RC formation (Burrage
et al., 2015). Furthermore, MGS patients have also been found to carry mutations in the
helicase essential for DNA replication, including MCM5 (Vetro et al., 2017), and Cdc45 of the
GINS complex (Fenwick et al., 2016, Ting et al., 2019). Other components of the DNA replisome
that have also been found to contribute towards PD disorders are DONSON, which acts as a
DNA replication fork protection factor (Reynolds et al., 2017, Karaca et al., 2019), and POLE
which encodes the catalytic subunit of DNA polymerase € (Logan et al.,, 2018). Perhaps
unsurprisingly, many of these PD disorder patients have increased DNA replication stress
(defined in Section 5.1.1) as a result of their genotypes (Balasov et al., 2015, Harley et al.,

2016, Vetro et al., 2017, Reynolds et al., 2017). This evidence that PD classification of patients
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is strongly associated with mutations in replication factors is highly supportive of our
hypothesis that JMJD5 mutations in our developmental disorder patients could be associated

with deficient DNA replication.

Interestingly, both the MCM complex and JMJD5 have also been linked to increased
replication stress and genomic instability. Specifically, the activity of the MCM complex at
‘dormant origins’, which is an essential mechanism for cells to overcome or deal with periods
of DNA replication stress, discussed in more detail in Section 5.1.1.2 (Woodward et al., 2006,
Ge et al., 2007, lbarra et al., 2008). In addition, JMID5 loss of function has been linked to
increased genomic instability, with some speculating that this could be due to a role in DNA

damage repair (Suzuki et al., 2006, Amendola et al., 2017, Shen et al., 2017).

Considering the observations outlined above, we hypothesised that the affected patient
fibroblasts might show signs of replication stress, as a result of impaired DNA replication.
Therefore, in this chapter we aimed to investigate this and hoped that this characterisation
would help to shed light on the pathogenicity of the JMJD5 genotype as well as helping to
better define the biological activity of JMID5. Before presenting the results of this
investigation we first provide a more detailed overview of the replication stress field, and the

methods used for studying it.
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5.1 An introduction to DNA replication stress

DNA replication stress (RS) does not define a single event or refer to a specific DNA damage
structure, but rather RS is broadly defined as anything that slows or impedes the progression
of the DNA replication fork (Zeman and Cimprich, 2014). It is essential for a cell to restore
progression of DNA replication as unresolved RS can result in under-replicated DNA or DNA
damage. Therefore, pathways downstream of RS are essential for maintaining genomic

stability.

5.1.1 Causes of DNA replication stress

RS can be caused by many endogenous and exogenous sources (summarised in Figure 5.1A).
In relation to endogenous sources, there are regions of the genome termed common fragile
sites (CFS) that are more susceptible to causing RS than others because of their inherent
properties (Glover et al., 1984). For example, difficult to replicate regions such as telomeres
and repetitive sequences (Krasilnikova and Mirkin, 2004). In addition, highly transcribed
regions have inherent properties increasing their susceptibility to RS, including positive
supercoiling of DNA between the transcription and replisome machinery, RNA hybridisation
to DNA (R-loops) which can form as the gene is transcribed, and collisions between the
transcription machinery and the replisome (Bermejo et al., 2012, Barlow et al., 2013, Garcia-
Muse and Aguilera, 2016). Alongside CFS, other endogenous sources of RS include physical
obstacles such as sites of DNA damage, repair intermediates or DNA secondary structures
(Zeman and Cimprich, 2014, Thys and Wang, 2015). RS can also be caused by improper origin
firing and depletion of essential factors, such as nucleotides (Anglana et al., 2003, Toledo et
al.,, 2013, Mejlvang et al., 2014). Exogenous sources of RS imitate or exacerbate these

endogenous properties. For example, hydroxyurea inhibits ribonucleotide reductase to
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diminish nucleotide production, aphidicolin inhibits DNA polymerases and topoisomerase
inhibitors exacerbate topological DNA stress. Other sources include ultraviolet light, ionising
radiation and chemotherapeutic compounds, such as cisplatin, which cause DNA damage

lesions, reviewed by (Vesela et al., 2017).

RS leads to functional uncoupling of the DNA helicase and replisome (Byun et al., 2005). The
product of this is stalled DNA replication forks with long stretches of single stranded DNA
(ssDNA) as the helicase continues to unwind DNA ahead of the stalled fork (Figure 5.1B). In
fact, the presence of ssDNA at replication forks is considered a hallmark of RS (Magdalou et
al., 2014). Overall, there are a multitude of sources of RS that pose a barrier to the completion
of DNA replication, consequently the cell is prepared with mechanisms to prevent and

respond to RS, discussed in the following section.
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Figure 5.1 Causes, cellular response and consequences of DNA replication stress

(A) Endogenous and exogenous sources of replication stress. Abbreviations: DNA-RNA annealing (R-
loop), DNA polymerase (DNA pol), ultraviolet light (UV) and ionising radiation (IR). (B) The cellular
response to replication stress. Functional uncoupling between the mini-chromosome maintenance
complex (MCM) helicase and DNA polymerase due to a lesion (blue star) commonly results in a stalled
fork and long stretches of single-stranded DNA. This is bound by RPA, ATRIP-ATR, the 9-1-1 complex
and TopBP1 which results in the phosphorylation and activation of ATR followed by activation of CHK1.
(C) ATR and CHK1 activate the replication stress response pathway that aims to repair the damage
before continued DNA replication. (D) If unsuccessful, DNA forks collapse resulting in a double strand
break (DSB) or under-replicated DNA (UR-DNA). During mitosis mitotic DNA synthesis (MiDAS) aims to
prevent anaphase bridges (DNA links between two separating sister chromatids) which are also
processed by nucleases. If unsuccessful this can result in chromosome breakage to form micronuclei
and/or 53BP1 bodies (blue stars) detectable in G1 phase.
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5.1.2 The Cellular response to DNA replication stress

The cellular response to RS is aimed towards restoring the progression of the replication fork
to ensure completion of DNA replication (summarised in Figure 5.1B). As discussed above, the
major products of RS are stalled DNA replication forks associated with long stretches of ssDNA
(Magdalou et al., 2014). This ssDNA is rapidly bound by RPA, which helps to stabilise the ssDNA
by preventing nuclease degradation, and signals to activate the RS response pathway (Zou and
Elledge, 2003, Fanning et al.,, 2006). This signal is amplified by a highly conserved
phosphoinositide 3-kinase related protein kinase (PIKK) ATM-Rad3-related (ATR) (Cimprich
and Cortez, 2008). Another key PIKK in the cell is Ataxia Telangiectasia Mutated (ATM), which
is generally activated in response to double strand breaks (DSBs). The recruitment of ATR to
sites of RS, is facilitated by ATR-interacting protein (ATRIP) which binds to RPA at sites of
ssDNA (Zou and Elledge, 2003, Ball et al., 2007). This is joined by another protein complex,
RAD9-RAD1-HUS1 (a.k.a. the 9-1-1 complex), that is loaded onto the 5’ ssDNA primer-
template junction (Majka et al., 2006). The 9-1-1 complex then recruits TopBP1, via its

interaction with RAD9, which mediates activation of ATR (Lee et al., 2007, Mordes et al., 2008).

Once activated, ATR amplifies the signal by phosphorylating the histone variant H2AX resulting
in yH2AX (Ward and Chen, 2001). ATR also helps to activate the cellular response to RS by
phosphorylating and activating the checkpoint kinase 1 (CHK1) (Lopez-Girona et al., 2001,
Capasso et al., 2002). Once activated, phosphorylated CHK1 is released from chromatin in
order to phosphorylate substrates that regulate downstream cellular pathways (Smits et al.,
2006). Consequently, the ATR and CHK1 kinases act as the central regulators of the RS
response (summarised in Figure 5.1C). The combined effort of the activated kinases is to

mediate signalling that prevents late origin firing and inhibition of the cell cycle to enable time
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for DNA repair and replication fork restart. This activity ensures that the source of the stress
is resolved before continued replication occurs. It also preserves essential resources, such as
nucleotides, for when DNA replication is re-started. This activity is also essential for preventing
fork collapse which can result in single-ended DSBs (Cortez, 2015). The activity of ATR-CHK1 is

reviewed by Cimprich and Cortez (2008).

DNA replication can also be continued by the activation of dormant origins, which is especially
important when two converging forks stall. The discovery of dormant origins helped to resolve
the ‘MCM paradox’ relating to why there is loading in excess of MCM complexes onto DNA
(Das et al., 2014). During unperturbed S phase the majority of MCM complexes are not
activated, however, during RS dormant origins can be activated to ensure complete DNA
replication of regions surrounding a stalled fork (Woodward et al., 2006, Ge et al., 2007, Ibarra
et al., 2008). Although the regulation of these dormant origins was largely thought to be a
stochastic event (Ge et al., 2007), recent evidence demonstrates that they are activated
proximal to stalled forks by ATR-CHK1 mediated phosphorylation of MCM2 (Cortez et al.,

2004, Trenz et al., 2008, Ge and Blow, 2010).

It is essential for cells to repair damage and complete DNA replication in order to maintain
genomic stability. If this is not completed successfully in S phase, then cells can attempt to
amend this during G2 phase and early mitosis. An essential pathway for this is by mitotic DNA
synthesis (MiDAS). The major aim of this pathway is to avoid under-replicated DNA by
completing DNA replication before completion of mitosis to prevent chromosome separation
defects (summarised in Figure 5.1D). Any remaining lesions can result in the formation of

ultrafine DNA anaphase bridges (UFBs) between sister chromatids. These are commonly
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associated with CFS and can be removed by nuclease and helicase processing during mitosis
for repair by MIDAS (Garribba et al., 2018, Minocherhomji et al., 2015). However, if
unsuccessful this can contribute towards loss of genetic material and thus genomic instability
(Chan et al., 2009). The importance of these combined pathways to prevent genomic

instability is discussed below.

5.1.3 Consequences of DNA replication stress

The consequences of unresolved or persistent RS can be increased genomic instability (Gl) and
reduced cellular survival. During RS high rates of mutagenesis can occur due to errors
generated while repairing RS-induced damage. For example, lesions repaired by the DNA
damage tolerance pathway called ‘translesion synthesis’, where the replication is completed
by lesion bypass, commonly result in nucleotide substitution due to the lower fidelity of the
DNA polymerases involved (Prakash et al.,, 2005, McCulloch and Kunkel, 2008). Under-
replicated regions of DNA are repaired by break-induced replication (BIR) pathways which
utilises invasion into a homologues sequence to generate a replication fork that has low
processivity and is highly error-prone (Hastings et al., 2009, Costantino et al., 2014). Also,
single-ended DSBs, created after fork collapse, are susceptible to error-prone repair pathways
as they do not present the usual template for normal DSB repair mechanisms (Gelot et al.,
2015). Furthermore, as introduced above, unresolved RS lesions not repaired before the end
of mitosis pose a barrier to proper chromatid separation. This can result in the formation of
micronuclei or 53BP1 bodies which are discussed in greater depth in the next section (Figure

5.1D).
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Importantly, one result of Gl is the accumulation of mutations that can further promote RS,
by dysregulating downstream response pathways and cell cycle checkpoints. This positive
feedback between increased RS and Gl is now recognised as an important driver of
tumourigenesis. As a result, RS has been proposed as a hallmark of cancer and consequently

a potential therapeutic target (Gaillard et al., 2015, Macheret and Halazonetis, 2015).

RS can also contribute to the aetiology of other human diseases. For example, as discussed
above, PD patients that carry mutations in proteins essential for DNA replication commonly
present with RS phenotypes (Bicknell et al., 2011b, Balasov et al., 2015, Harley et al., 2016,
Reynolds et al., 2017, Vetro et al., 2017). ATR mutations themselves are rare, due to the
fundamental nature of the protein (de Klein et al., 2000). However, a PD disorder called ‘Seckel
syndrome’ is caused by mutations in ATR, which results in impaired RS response and clinical
growth retardation phenotypes (O'Driscoll et al., 2003). These brief examples help to illustrate
how essential the RS response pathway is for normal cellular function and how when mutated

the resulting dysregulation can contribute to human disease.

5.1.4 Monitoring DNA replication stress in vitro

RS can be detected and studied in many ways in vitro. Examples include the detection of ATR-
specific phosphorylation events such as phosphorylated serine 33 on RPA or serine 345 on
CHK1 (Zeman and Cimprich, 2014). Other markers include phosphorylated H2AX (yH2AX), RPA
foci and ssDNA. However, these markers often rely on a strong ATR response and so are not
always sensitive enough to detect low level RS (Zeman and Cimprich, 2014). Furthermore,
these markers may not detect other sources of RS, such as DNA-protein complexes, which can

activate alternative pathways (Zeman and Cimprich, 2014). Moreover, these markers may not
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necessarily be specific for RS as many of the downstream targets of the ATM pathway (DSB
response) also converge on the ATR pathway (RS response) (Cimprich and Cortez, 2008). For
example, yH2AX and formation of RAD51 foci have been found in ATR-deficient cells due to
the activity of ATM, which demonstrates that the ATR and ATM pathways can coordinate in
their downstream cellular responses in order to prevent Gl and maintain cell viability (Jazayeri
et al., 2006). Therefore, RS is often studied using multiple methods in parallel and in

conjunction with known RS inducing agents.

In this chapter we used three assays in parallel to test our hypothesis that our affected patient
fibroblasts could have increased RS. The assays included: 1) counting micronuclei, 2) counting
53BP1 bodies, and 3) monitoring progression of DNA replication by the DNA fibre analysis.

These assays are described in detail below.

5.14.1 Indirect analysis of replication stress: micronuclei and 53BP1 bodies

If RS is persistent or un-resolved during S phase and before the anaphase stage of mitosis,
then RS can be detected in the subsequent daughter cells (Figure 5.1). As discussed above,
this is because unresolved RS poses a barrier to proper chromosome separation during mitosis
in the form of UFB (Figure 5.1D). If repair is unsuccessful, DNA can be lost from cells after
chromosome breakage in the form of micronuclei. Alternatively, the damage may persist and
become associated with 53BP1 nuclear bodies that endeavour to resolve the damage to
prevent Gl. Both micronuclei and 53BP1 bodies can therefore be used in vitro to monitor RS

in the subsequent daughter cells (Figure 5.2).
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Counting micronuclei provides a quicker and cheaper alternative to analysing chromosome
abnormalities after metaphase spread. As the counting of micronuclei can be performed
simply by using DAPI staining of cells, it also means that the assay can be scaled up to screen
larger populations of cells. Micronuclei are composed of whole or fragmented chromosomes
not incorporated into daughter nuclei (Fenech et al., 2011). Although they can be caused by
errors in the regulation of mitosis, DNA damage or chromosomal rearrangements, they are
most common after periods of RS (Fenech et al., 2011). In this thesis we counted micronuclei

in the patient fibroblasts as a marker of RS (Figure 5.2).

Nuclear bodies are defined as dynamic protein complexes that are microscopically detectable
and localised within sub-nuclear domains (Fernandez-Vidal et al.,, 2017). The major
component of 53BP1 bodies is the protein 53BP1. This has been demonstrated to be
important for V(D)J recombination (Manis et al., 2004) and DSB repair, where it can be
visualised in small nuclear foci throughout the cell cycle by immunofluorescence (Anderson et
al., 2001, Ward et al., 2003). In response to RS 53BP1 forms larger multi-protein complexes
called 53BP1 bodies which are distinct structures playing a separate role to 53BP1 foci. These
bodies form in the G1 phase of daughter cells following RS that occurred in the mother cell.
Their major role is to mediate recruitment repair proteins that facilitate the resolution of the
damage (Harrigan et al., 2011, Lukas et al., 2011, Moreno et al., 2016, Fernandez-Vidal et al.,
2017, Feng and Jasin, 2018, Her et al., 2018, Spies et al., 2019).. Therefore, the presence of
53BP1 bodies in G1 cells has been adopted as a method to monitor RS, which we used in this

chapter to analyse the patient fibroblasts (Figure 5.2).
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In these assays we treated the cells with aphidicolin, which causes RS due to its inhibition of
B-family DNA polymerases. Its potency is most strongly directed towards DNA polymerase a
where it competes with nucleotides binding to the active site (Baranovskiy et al., 2014).

Therefore, aphidicolin was used as a positive control for the induction of RS markers.
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Figure 5.2 Method of monitoring micronuclei and 53BP1 bodies

In this thesis two assays were used to monitor DNA replication stress indirectly by the detection of
micronuclei and 53BP1 bodies (present in G1 cells). Fibroblasts were plated onto coverslips and 0.5
UM aphidicolin (APH) treatments performed 48 hours prior to harvesting the cells for
immunofluorescence. (A) Micronuclei were detected using DAPI staining of DNA. (B) 53BP1 bodies
were detected by using co-staining for CENPF as a marker of the cell cycle (CENPF negative cells were
indicative of G1 phase), and 53BP1 staining to detect bodies. These 53BP1 bodies were distinguished
from 53BP1 foci due to their larger size, presence specifically in G1 cells and frequency per cell.

5.14.2 Direct analysis of replication stress: DNA fibre analysis

Progression of DNA replication can be monitored in vitro using the DNA fibre assay. The basis
of the assay is the incorporation of halogenated thymidine nucleotide analogues into actively
replicating DNA by replication machinery in the cell. The subsequent detection of these
nucleotides by immunofluorescence, gives resolution at the single DNA molecule level, as
opposed to the cellular level achieved using BrdU flow cytometry approaches (Nieminuszczy

etal., 2016). However, one limitation of the assay is that fibres only encompass a few kilobases
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of DNA compared for example to complete chromosomal analysis after metaphase spread
(Quinet et al., 2017). However, in this thesis we utilised the DNA fibre assay as a direct and
sensitive method of detecting RS to complement micronuclei and 53BP1 bodies analysis in the

patient fibroblasts. The DNA fibre method is outlined in more detail below.

Firstly, cells are incubated with a chlorine-labelled thymidine analogue (CldU) for 20 minutes,
which is then removed and replaced with an iodine-labelled thymidine analogue (ldU), also
incubated for 20 minutes. Each incubation allows incorporation of the analogue into newly
synthesised DNA. Cell lysates are then run down the length of a microscope slide to spread
DNA fibres. These DNA fibres are then analysed using immunofluorescence to detect each
thymidine analogue (methods adapted from Parra and Windle (1993)). In this thesis the first
analogue (CldU) was detected using Alexa Fluor® 555 nm (red) secondary antibody and the
second analogue (IdU) was detected using Alexa Fluor® 488 nm (green) secondary antibody

(Figure 5.3A).

The different staining pattern of DNA fibres allows the identification of different DNA
structures (Figure 5.3B) including origin firing, ongoing replication and termination (described
in more detail in Section 5.3.3). In this thesis we used these fibre structures to determine the
relative abundance of stalled replication forks (Section 5.3.3), asymmetric fork progression

(Section 5.3.4), and calculation of replication fork speed (Section 5.3.5).

In these assays we also included treatment of hydroxyurea, incubated for two hours between
each thymidine analogue. As hydroxyurea is an inhibitor of ribonucleotide reductase it

prevents the synthesis of nucleotides. This causes RS due to the subsequent depletion of the
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nucleotide pool available for DNA replication (Singh and Xu, 2016). Therefore, hydroxyurea

treatment was used as a positive control for replication fork abnormalities in response to RS.

Wash with cold PBS Spot cells onto Tilt slide to
f slid dl :
(A) 000 Q00 _— aCn; g\gt ity spraad ffpnas Immunofluorescence
e - = N
000 000 olele [ o
CldU 20mins ——s—> IdU 20mins
1 mM HU
2h
(B)
CldU 20mi CldU 20mins
mins
—// NN HU treat 2h 1mM
— » -

IdU 20mins e _— IdU 20mins
v Spread Fibres v Spread Fibres

Figure 5.3 The DNA fibre assay method

The progression of DNA replication forks was monitored using the DNA fibre assay. (A) Fibroblasts
were incubated with a chlorine-labelled thymidine analogue (CldU) for 20 minutes before washing out
and incubating the cells with an iodine-labelled thymidine analogue (IdU) for 20 minutes. In between
these labels cells could be incubated with 1 mM hydroxyurea (HU) for 2 hours. Cells were then lysed,
‘spread’ down the length of the microscope slide and fixed. Immunofluorescence staining was then
used to distinguish between the chlorine- and iodine-labelled thymidine analogues. (B) The first
thymidine analogue (CldU) was detected using an Alexa Fluor® 555 nm secondary antibody (red), the
second thymidine analogue (ldU) was detected using an Alexa Fluor® 488 nm secondary antibody
(green). This enabled identification of different DNA replication structures based on labelling patterns.

5.2 ldentification of a JMIDS5 associated cellular phenotype

In this chapter we aimed to test our hypothesis that the JMJD5 genotypes caused the clinical

phenotypes of the affected patients by investigating IMJD5-dependent cellular functions.

The most striking clinical phenotype of the affected patients was reduced pre- and postnatal
growth (Table 3.1, Chapter 3). Therefore, we were first interested to establish whether this
growth phenotype was reproduced in vitro. In order to do this, we compared cellular

phenotypes of fibroblasts acquired from the affected patient (OR07) with fibroblasts from the
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JMIDS5 wildtype patient (MR98), the carrier of the C123Y mutation (LR74) and a carrier of the

InMut (AR0O).

Firstly, we monitored cell cycle progression in an asynchronous population of fibroblasts from
each patient using propidium iodide staining and flow cytometry analysis. Propidium iodide
binds non-specifically to nucleic acid and can therefore be used to monitor the DNA content
of cells, which can in turn be used to determine cell cycle phase. The percentage of cells in
each phase of the cell cycle was determined based on the total number of cells analysed. From
this we determined that there was no significant difference in the distribution of cells between
phases of the cell cycle between our patient fibroblasts (Figure 5.4A). Therefore, the JMJD5

genotype did not appear to alter cell cycle progression.

Next, we aimed to monitor cell proliferation by performing an MTS assay, which as discussed
in Chapter 2 utilises the detection of a coloured formazan product as a readout for the
presence of viable cells. When we performed this assay on the patient fibroblasts, we found
no correlation between cell proliferation and JMJD5 genotype (Figure 5.4B). However,
because this is an indirect method which assumes that metabolism is comparable between
cell lines, we decided to use a more direct cellular proliferation assay. In this assay fibroblasts
were plated at a low density and cell numbers were manually counted over six days. However,
again we found no difference in cellular proliferation that correlated with JMJD5 genotype
(Figure 5.4C). Overall, these assays indicated that the JMJD5 genotype in this fibroblast model

was not associated with significant changes in cell proliferation.
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Figure 5.4 Patient fibroblasts have similar cell cycle progression and proliferation rates

Analysis performed on patient fibroblasts from MR98 (JMJD5 wildtype patient), LR74 (C123Y carrier
patient), AROO (InMut carrier patient) and OR07 (affected patient). (A) Fibroblasts grown until at 70%
confluent then harvested into ethanol. RNAse A was added to remove contaminating RNA, and
nucleotides stained using propidium iodide before running samples on a CyanB flow cytometry
machine (Beckman Coulter). Live and viable cells were gated, based on their forward and side scatter,
then analysed for propidium iodide staining to determine cell cycle phase, presented as a percentage
of total cells analysed. This is representative of an n=1 biological repeat. Fibroblasts were plated at low
density and cell proliferation monitored by: (B) MTS assay performed every day for five days. This is
representative of an n=1 biological repeat, with quadruplicate technical repeats. OR (C) Manual
counting cell numbers daily for six days using a haemocytometer. This is representative of an n=1
biological repeat averaged over quadruplicate technical repeats.
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We next aimed to investigate whether exposing the cells to an exogenous stress could
precipitate a cellular phenotype in the affected patient fibroblasts. In order to undertake this
investigation, we plated the patient fibroblast cell lines at limited density and colonies formed
after two weeks were visualised using the non-specific protein stain crystal violet. Colony
formation was calculated by counting the number of colonies compared to the number of cells

originally plated. This was then plotted relative to the wildtype patient fibroblasts (MR98).

Interestingly, we found that the affected patient fibroblasts had significantly reduced colony
formation compared to all other patient fibroblast cells (Figure 5.5). This suggested that the
JMID5 genotype could be pathogenic. Consequently, we aimed to investigate the phenotype
of these cells in more detail.
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Figure 5.5 The affected patient fibroblasts have reduced colony formation

Patient fibroblasts from MR98 (JMJD5 wildtype patient), LR74 (C123Y carrier patient), AR0O (InMut
carrier patient) and OR07 (affected patient) were plated at a limited plating density and grown for two
weeks. Colonies were then stained using crystal violet. (A) Images representative of n=3 biological
repeats. (B) Colony formation determined relative to the number of cells plated and expressed as a
percentage relative to the wildtype patient (MR98) fibroblasts. Statistical analysis performed using the
two-tailed Student’s t-test (p-value < 0.05 represented by ‘*, <0.01 represented by ‘**’, <0.001
represented by ‘“***’). This is representative of n=3 biological repeats.
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5.3 Affected patient fibroblasts have increased DNA replication stress

In order to investigate the molecular mechanism behind the colony formation phenotype of
the affected patient fibroblasts we endeavoured to identify a cellular pathway defective in
these fibroblasts. As outlined in the introduction to this chapter, we hypothesised that the
JMJD5 genotypes of the affected patients could cause dysregulated DNA replication.
Therefore, we aimed to monitor the fibroblasts for endogenous RS, response to RS inducing

agents, and whether any phenotype correlated with JMJD5 genotype.

5.3.1 Affected patient fibroblasts have increased micronuclei

RS was first monitored by counting the percentage of cells with micronuclei. As discussed in
Section 5.1.4.1, micronuclei can be detected using DAPI staining as a marker of RS in the

previous S phase (Figure 5.6A).

At the basal level, we found that unaffected patient fibroblasts had a low frequency of cells
with micronuclei, whereas the affected patient fibroblasts had a significantly higher frequency
of cells with micronuclei (Figure 5.6B). We found that all fibroblast lines responded to 48 hours
of aphidicolin treatment with increased frequency of micronuclei (Figure 5.6C). Interestingly,
the affected patient fibroblasts responded significantly more to aphidicolin treatment than
the unaffected cell lines. Overall, we hypothesised that the affected patient fibroblasts had

increased levels of basal RS compared to unaffected patient fibroblasts.
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Figure 5.6 The affected patient fibroblasts have increased frequency of micronuclei

Patient fibroblasts from MR98 (JMJD5 wildtype patient), LR74 (C123Y carrier patient), AROO (InMut
carrier patient) and OR07 (affected patient) were analysed by immunofluorescence. (A) DAPI staining
was performed to detect micronuclei (white arrows). Total number of cells containing micronuclei was
determined. Cells containing (B) endogenous micronuclei or (C) micronuclei after 48 hours of 0.5 uM
aphidicolin treatment were counted and expressed as a percentage of total cells counted. Statistical
analysis performed using the two-tailed Student’s t-test (p-value < 0.05 represented by ‘*’, <0.01
represented by “**’, <0.001 represented by “***’), This is representative of n=6 biological repeats.

5.3.2 Affected patient fibroblasts have increased 53BP1 bodies in G1 cells

In order to confirm whether our micronuclei phenotype correlated with the JMJD5 genotype,
we used an independent readout of RS by counting 53BP1 bodies. As mentioned in Section
5.1.4.1, 53BP1 bodies are a reliable method of detecting unresolved damage from RS from the
previous S phase. They are distinct from 53BP1 foci, which are markers of DNA double strand
breaks, because of their larger size and their presence specifically in G1 phase of the cell cycle.
Immunofluorescence analysis was used to detect 53BP1 bodies, which were counted in G1
cells, as determined by co-staining with centromere protein F (CENPF) (Figure 5.7A). CENPF is
a centromere-kinetochore binding protein that is expressed highly in G2 and mitosis,

moderately expressed in S phase and not expressed in G1. Therefore, it is used widely as a
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marker of cell cycle phase (Liao et al., 1995). In this thesis we counted 53BP1 bodies in CENPF
negatively stained cells indicative of cells in G1 phase. We found that cells had a range from
zero up to ten 53BP1 bodies per G1 phase cell (Figure 5.7B). However, as the majority of cells
contained one to three 53BP1 bodies we totalled cells containing any number of 53BP1 bodies

and measured this as a percentage of total cells counted.

We observed that the affected patient fibroblasts had a significantly increased basal frequency
of G1 cells with 53BP1 bodies, compared to the unaffected patient fibroblasts (Figure 5.7C).
This basal level of RS was exacerbated in response to aphidicolin treatment in all patient
fibroblasts, with the greatest response observed in the affected patient fibroblasts (Figure
5.7D). These results are consistent with the micronuclei data, and therefore together indicate

that affected patient fibroblasts exhibit elevated RS, consistent with our hypothesis.
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Figure 5.7 The affected patient fibroblasts have increased 53BP1 bodies in G1 cells

Patient fibroblasts from MR98 (JMJD5 wildtype patient), LR74 (C123Y carrier patient), AROO (InMut
carrier patient) and OR07 (affected patient) were plated onto coverslips. Cells were then harvested for
immunofluorescence staining. (A) DAPI staining of DNA was used as a counterstain for nuclei. CENPF
was used to determine the phase of the cell cycle (CENPF negatively stained cells marking G1 cells). In
G1 cells 53BP1 bodies were counted using 53BP1 staining (white arrow). (B) The total number of G1
cells containing 53BP1 bodies was counted, as (C) endogenous 53BP1 bodies or (D) 53BP1 bodies after
48 hours of 0.5 uM aphidicolin treatment. This was expressed as a percentage of total G1 cells counted.
Statistical analysis performed using the two-tailed Student’s t-test (p-value < 0.05 represented by */,
<0.01 represented by “**’, <0.001 represented by “***’). This is representative of n=6 biological
repeats.

5.3.3 Affected patient fibroblasts have increased stalled replication forks

Since RS is defined by stalled DNA replication forks (Zeman and Cimprich, 2014), we would
expect the affected patient fibroblasts to have an increased frequency of stalled DNA
replication forks compared to the unaffected fibroblasts. Therefore, we aimed to monitor this
using the DNA fibre assay (described in Section 5.1.4.2). In this assay identification of different
DNA structures is made possible as the two thymidine analogues can be distinguished using

immunofluorescence.

Page 202



Lengths of replicating DNA that continue replicating during incubation with each analogue
form red-green structures (ongoing fork, Figure 5.8A). Lengths of replicating DNA, where DNA
replication origins fired during incubation of the first chlorine-labelled analogue, and then
continued DNA replication during the second iodine-labelled analogue, form green-red-green
structures (First label origin, Figure 5.8A). DNA replication origins that fired during incubation
with the second thymidine-labelled analogue form green only structures (Second label origin,
Figure 5.8A). DNA replication forks that replicated during incubation with the first chlorine-
labelled analogue but then converged and terminated during the second thymidine-labelled
analogue form red-green-red structures (Second label termination, Figure 5.8A). All these DNA
replication structures were defined as ongoing DNA replication forks. The presence of red only
structures (Figure 5.8A) represented DNA replication forks that either terminated during
incubation with the first chlorine-labelled analogue or had stalled. Terminated DNA replication
forks have a relatively low frequency that are comparable between unperturbed DNA
replication and in times of RS. Therefore, we could conclude that increased frequency of red
only DNA fibre structures was representative of stalled forks. We plotted these stalled forks

as a percentage of total number of forks counted.

Using this approach, we identified that the affected patient fibroblasts had significantly
increased frequency of stalled forks compared to the unaffected patient fibroblasts (Figure
5.8B). To confirm that these were stalled forks we treated the cells with hydroxyurea. As
expected, we found that all patient fibroblasts responded to hydroxyurea treatment with
increased frequency of stalled forks. However, this was potentiated in the affected patient
fibroblasts compared to the unaffected patient fibroblasts (Figure 5.8C). Overall, these results

are consistent with our hypothesis that a RS phenotype correlated with JMJD5 genotype.
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Figure 5.8 The affected patient fibroblasts have increased prevalence of stalled replication forks

The DNA fibre assay was performed on patient fibroblasts from MR98 (JMJD5 wildtype patient), LR74
(C123Y carrier patient), AROO (InMut carrier patient) and OR07 (affected patient) (A) based on the CldU
and IdU staining pattern different DNA fibre structures could be identified which corresponded to
different DNA replication fork structures. The number of red-only DNA fibre structures (stalled forks)
were determined as a percentage of all fork types counted after (B) endogenous replication stress, or
(C) after treatment with 1 mM hydroxyurea for 2 hours between the thymidine analogue incubations.
Statistical analysis performed using the two-tailed Student’s t-test (p-value < 0.05 represented by ‘*/,
<0.01 represented by ‘**’, <0.001 represented by “***’). This is representative of n=6 biological
repeats.

5.3.4 Affected patient fibroblasts have increased replication fork asymmetry

In order to continue to validate our RS phenotype, we performed further analysis on our DNA
fibre experiments. As DNA replication occurs bidirectionally, the speed of DNA replication
should be comparable between replication forks travelling away from the same origin during
unperturbed DNA replication (Conti et al., 2007). Therefore, asymmetry between the

progression of replication forks is representative of RS.
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In order to monitor this, the length of green tracts were measured on DNA fibre structures
from first labelled origins (Figure 5.9A). These structures provided a reliable method of
measuring the difference in speed of two replication forks as these green tracts initiated from
the same origin. Asymmetry in the progression of these DNA replication forks could then be
established by calculating the ratio between the green tract lengths. A ratio near to one is
representative of equal green tract lengths, whilst ratios greater than one occur when there

is a difference in length between the two green tracts, indicative of fork asymmetry.

We found that, at the basal level, the affected patient fibroblasts had significantly increased
DNA replication fork progression asymmetry compared to the unaffected patient fibroblasts
(Figure 5.9B). Interestingly, only the affected patient fibroblasts responded to the presence of
hydroxyurea with significantly increased replication fork asymmetry (Figure 5.9B). This

observation was consistent with a RS phenotype correlating with JMJD5 genotype.

Page 205



(A)

ol
ot
300K

XXX

SREL S D
JEE

YO0K
WK XK OXAXNK WA

09 1
0.8 1

0.7 A1
06 A

05
HU - + - + - + - +

Left fork length/right fork length ratio (Log)

MRS8 LR74 AROO ORO7

Figure 5.9 The affected patient fibroblasts have increased DNA fork asymmetry

The DNA fibre assay was performed on patient fibroblasts from MR98 (JMJD5 wildtype patient), LR74
(C123Y carrier patient), AR0OO (InMut carrier patient) and OR07 (affected patient). The green tracts
from first labelled origins (structure 2 in Figure 5.8A) were measured and a ratio determined between
them displayed as a logarithmic value. (A) Green tracts with a ratio near the value of one were deemed
symmetric (-HU example), the higher the value of the ratio the more asymmetric the green tracts (+HU
example). (B) The affected patient fibroblasts were found to have increased asymmetry between green
tracts at the endogenous level and after 1 mM hydroxyurea (HU) treatment for 2 hours between
thymidine analogue incubations. Statistical analysis performed using the Mann-Whitney U test (p-
value < 0.05 represented by ‘*’, <0.01 represented by “**’, <0.001 represented by ‘“***’). This is
representative of n=6 biological repeats.
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5.3.5 Patient fibroblasts have comparable replication fork speeds

As a consequence of increased RS and stalling of DNA replication forks, the speed of DNA
replication can be compromised. In order to analyse this in our patient fibroblasts we
measured the total DNA fibre lengths of ongoing forks (Figure 5.10A). We were then able to

determine the total speed of the DNA replication forks (Equation 7.1).

When we performed this analysis, we found that patient fibroblasts had on average a fork
speed of 1.56 kb/minute, which is comparable to other values found for immortalised cells
(Técher et al., 2013). As expected, all fibroblasts responded to hydroxyurea induced RS with
reduced total fork speed (Figure 5.10B). However, this phenotype was not significantly worse
in the affected patients (Figure 5.10B), suggesting that replication fork speed is not hindered

by the JMJD5 genotype.
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Figure 5.10 The patient fibroblasts have similar DNA replication fork speeds

The DNA fibre assay was performed for patient fibroblasts from MR98 (JMJD5 wildtype patient), LR74
(C123Y carrier patient), AROO (InMut carrier patient) and OR07 (affected patient). The total length of
DNA fibres from ongoing fork structures (structure 1 in Figure 5.8A) was measured using ImageJ and
fork speed calculated using equation 5.1 which was displayed as a logarithmic value. (A) Shorter fibres
were found after HU treatment, relative to endogenous fibre lengths, indicative of replication stress.
(B) All patient fibroblasts were found to have reduced fork speed after 1 mM hydroxyurea (HU)
treatment for 2 hours between thymidine analogue incubations, however, there was no significant
difference for the affected patient.
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5.4 Re-expression of JIMJD5 in affected patient fibroblasts

Our current data demonstrated that the affected patient cells had increased RS and were
sensitive to exogenous stress. We were next interested to establish whether the basis of these
phenotypes was the JMJD5 mutant genotype. In order to do this, we aimed to develop a
system to re-introduce wildtype JMJD5 protein expression into the affected patient cell lines.
If the re-expression of JMJD5 was able to rescue the RS phenotypes, then we could conclude
that the affected patient RS phenotypes were caused by the loss of JMID5 expression or

activity. The next sections describe the development and optimisation of this rescue system.

5.4.1 Generation of IMJD5 FLAG-tagged rescue cell lines

In order to mediate the re-expression of JMJD5 we generated stable expression cell lines in
fibroblasts from the affected patient (OR07) and wildtype patient (MR98). This was achieved
by using lentiviral transduction of expression vectors containing FLAG-tagged JMID5 wildtype
or the H321A point mutation, which renders JMJD5 catalytically inactive (Chapter 4). Both
JMJD5 constructs were expressed under a doxycycline inducible promoter. However, prior
experience using this vector in related projects have identified that physiological protein re-
expression can be achieved without doxycycline treatment, by relying on ‘leaky’ expression
from the promotor. Therefore, we monitored leaky JMJD5 re-expression in these cell lines by
Western blot analysis and found there was detectable FLAG-JMJD5 expression without the

addition of doxycycline (Figure 5.11).
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Figure 5.11 FLAG-tagged JMIDS5 rescue cell line protein expression

MR98 and ORO7 patient fibroblasts were infected with lentivirus to contain a doxycycline inducible
expression vector for express FLAG-tagged wildtype or catalytic H321A mutant JMJD5. Minus
doxycycline cell samples were analysed by Western blotting to determine ‘leaky’ vector expression.
Empty vector (EV) cell lines used to determine basal endogenous JMJD5 expression in MR98 cells. B-
actin used as a loading control. This is representative of n=3 biological repeats. JMJD5 (47 kDa), B-actin
(42kDa).

We undertook a pilot experiment to establish whether rescue of the RS phenotype, in the
affected patient fibroblasts, could be achieved with these levels of FLAG-JMJD5 re-expression.
This was monitored by counting the frequency of endogenous micronuclei and 53BP1 bodies
plus and minus aphidicolin in the OR07 rescue cell lines. We found that there was no
difference between the empty vector or wildtype JMJD5 ORO7 patient rescue cell lines for

either assay suggesting that rescue was not achieved (Figure 5.12).
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Figure 5.12 Replication stress not rescued by ‘leaky’ FLAG-JMJD5 re-expression

ORO07 affected patient fibroblasts doxycycline inducible to express FLAG-tagged JMJD5 wildtype (WT)
were tested for their DNA replication stress phenotype minus doxycycline (‘leaky’ vector expression).
No rescue of endogenous or induced replication stress phenotype (after 48 hours 0.5 pM aphidicolin
(APH) treatment), was detected for (A) micronuclei, or (B) 53BP1 bodies. Empty vector (EV) cell lines
used to determine basal levels of replication stress. This is representative of n=3 biological repeats.

We predicted that the lack of rescue in these experiments could be because the leaky re-
expression levels of FLAG-JMID5 in the ORO7 patient cell lines were lower than the
endogenous JMJD5 levels present in the wildtype patient (MR98) fibroblasts (Figure 5.11).
Consequently, we established a doxycycline dose titration to induce higher levels of FLAG-
JMJDS protein re-expression for 48 hours prior to assaying for RS (Figure 5.13A). However, we
again found that there was no rescue of the RS phenotype in the affected patient fibroblasts,

as monitored by micronuclei, 53BP1 bodies, or DNA replication stalled forks (Figure 5.13B-D).
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In response to this we hypothesised six reasons why our system may not be supporting a
rescue of the affected patient RS phenotype. Firstly, if the re-expression of FLAG-JMJD5 was
heterogeneous across the population of cells then it could mask a successful rescue. Secondly,
doxycycline could itself induce or exacerbate a RS phenotype. Thirdly, doxycycline treatment
could induce supra-physiological expression levels of JMID5 that could cause a RS phenotype
and therefore mask a rescue. Fourth, the period of time fibroblasts had re-expressed JMJD5
for, in our previous attempts, may not have been long enough in order to rescue the RS
phenotype. Fifth, the FLAG-tag could be detrimental to the activity of the exogenous JMJD5.
Finally, it remained possible that the RS phenotype of these affected patient fibroblasts might

not be caused by their JIMJD5 genotype.

5.4.2 Monitoring the heterogeneity of JMID5 re-expression

Here we attempted to address our first hypothesis regarding the lack of rescue, due to
potential heterogeneous re-expression of FLAG-JMJD5. This could occur if a high proportion

of the cell population did not express FLAG-JMJD5 and continued to present a RS phenotype.

As Western blotting monitors protein expression from a pooled population of cells, any such
heterogeneity in expression would not be apparent from our existing analysis. Therefore,
immunofluorescence was performed in order to determine relative FLAG expression in the
ORO7 fibroblast rescue cell lines after a doxycycline dose titration. In this analysis we used the
JMIJD5 wildtype rescue cell lines, treated with the highest concentration of doxycycline (1000
ng/mL), in order to decipher the highest level of FLAG expression. In parallel, we used the
empty vector rescue cell line to establish any background level of staining. From these two

samples we assigned the relative FLAG staining levels as ‘none’, ‘low’, or ‘high’ (Figure 5.14B)
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and used this system to assess the relative FLAG-JMIJD5 re-expression in each sample, which

we expressed as a percentage of the total number of cells counted (Figure 5.14C).

As expected, we observed no FLAG expression for the empty vector rescue cell lines (Figure
5.14C/D). We observed that although some of the wildtype OR07 rescue cell lines expressed
low levels of FLAG-JMJD5 at zero and 10 ng/mL doxycycline, the majority of cells did not
express detectable FLAG-JMJD5, at least within the limits of this assay (Figure 5.14C/D). At
higher concentrations of doxycycline (25, 50, 200, 1000 ng/mL) the proportion of cells
expressing FLAG-JMJD5 increased, though there were some differences in re-expression levels
i.e. some cells expressed lower or higher protein levels compared to other cells within the
same population. However, as the dose of doxycycline increased the degree of heterogeneity
in FLAG-JMJD5 expression decreased (Figure 5.14C/D). Consequently, in order to test whether
a more homogeneous level of FLAG-JMJD5 re-expression could rescue the RS phenotype, we
treated the wildtype JMJD5 ORO7 rescue cell lines with 200 ng/mL and 1000 ng/mL of
doxycycline. This was performed for 48 hours, in the presence or absence of RS inducing
agents, prior to monitoring RS. Unfortunately, we observed no rescue of micronuclei (Figure
5.15B), 53BP1 bodies (Figure 5.15C), or stalled DNA replication forks (Figure 5.15D), at either

doxycycline concentration dose tested.

Overall, we concluded that although these higher concentrations of doxycycline ensured a
more homogeneous population of cells expressing FLAG-JIMID5 protein, these conditions

were still not optimal for a rescue of the RS phenotype.
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Figure 5.14 Determining the heterogeneity of FLAG-JMJD5 re-expression in OR07 rescue cell lines
ORO07 affected patient fibroblasts doxycycline inducible to express FLAG-tagged JMJD5 wildtype (WT)
were treated with a doxycycline dose titration. Cells were treated with doxycycline for 48 hours prior
analysis. (A) Western blot analysis determined that the vectors expression correlated to doxycycline
concentration and this was compared to endogenous JMJD5 expression from MR98 stable expression
empty vector (EV) cell lines. ‘Short’ and ‘long’ refer to the length of exposure time used to visualise the
Western blot signal. B-actin used as a loading control. (B) The expression of FLAG-JMID5 was
determined as ‘high’, ‘low’ or ‘none’ based on analysis of 1000 ng/mL treated empty vector and
wildtype JMJD5 immunofluorescence samples. (C) Samples were analysed for their FLAG-tagged JMJD5
re-expression levels using the system developed in (B), this was shown as a percentage of total cells
counted. (D) Representative immunofluorescence images. Scale bars= 20 um. DAPI was used as a
counterstain for the nucleus. This is representative of an n=1 biological repeat. JMJD5 (47 kDa), B-actin
(42kDa).
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5.4.3 Monitoring the effect of doxycycline treatment and JMJD5 over-expression

Our next hypotheses to explain an apparent lack of RS rescue in our re-expression model was
firstly that doxycycline treatment might exacerbate or induce a RS phenotype. In support of
this hypothesis, previous reports have indicated that doxycycline can inhibit DNA repair
pathways (Lamb et al., 2015). Secondly, we hypothesised that supra-physiological levels of

JMIJDS5 re-expression (such as those observed in Figure 5.13A) might itself induce RS.

Here we aimed to test both of these hypotheses simultaneously by using MR98 doxycycline
inducible cell lines expressing either empty vector or FLAG-JMJD5 wildtype, treated with 1000
ng/mL doxycycline for 48 hours prior to measuring RS. The MR98 cell lines were most suited
to this analysis because it enabled us to monitor the effect of doxycycline and JMJD5 over-
expression without the added variable of JIMJD5 mutations, present in the other fibroblast
lines. We monitored RS in these cell lines in the form of micronuclei, 53BP1 bodies and stalled
replication forks. This was done in the presence of RS inducing drugs in order to determine
whether the presence of doxycycline or high expression of FLAG-JMJD5 exacerbated this
phenotype. We found that high concentrations of doxycycline did not significantly exacerbate
the RS phenotype of the empty vector MR98 cell line (Figure 5.16). Similarly, over-expression

of FLAG-JMID5 also did not appear to exacerbate the RS of the MR98 cells (Figure 5.16).

Overall, we concluded that the lack of RS phenotype rescue in our model was not likely to be
affected by either the doxycycline concentrations used or high levels of FLAG-JMJD5 over-

expression.
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5.4.4 Monitoring the length of time for JIMJDS re-expression

The next hypothesis regarding the lack of RS rescue was that the cells may require a longer
period of FLAG-JMJD5 re-expression. One reason for considering this was the fact that the
fibroblast lines grow relatively slowly in culture (personal observation). Moreover, we
predicted successful RS might require multiple complete cell cycles. This is because candidate
substrates, MCM3 and MCMS5, could require turnover or progression through the cell cycle in

order to restore hydroxylation and the consequence of this to be visible.

To address this, OR07 patient rescue cell lines were treated with doxycycline for five days to
induce FLAG-JMID5 re-expression (Figure 5.17A) prior to analysing their RS phenotype. We
monitored RS by counting the frequency of micronuclei and 53BP1 bodies. We observed that
there was a partial rescue of micronuclei after re-expression of wildtype JMID5 (Figure 5.17B).
However, we also noted some variability in the empty vector control samples (Figure 5.17B).
Furthermore, although we detected a partial rescue of 53BP1 bodies after re-expression of
wildtype JMJD5, this was only detected with a single doxycycline treatment (10 ng/mL) (Figure
5.17C). Therefore, we concluded that re-expression of FLAG-tagged JMJD5 for five days was

not sufficient to rescue the RS phenotype of these cells.
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5.4.5 Generation of IMJD5 no-tag rescue cell lines

Following the above optimisation, we were concerned that the FLAG-tag could be affecting
the activity of the re-expressed JMID5, and/or the duration of JMJD5 re-expression may still

not be long enough. Therefore, we aimed to address these potential limitations in parallel.

We addressed the first hypothesis by cloning wildtype or H321A catalytically inactive mutant
JMIJD5 into the same doxycycline inducible lentiviral expression vector, but without an epitope
tag. Lentiviral infection of these expression vectors was performed to make stable expression
cell lines in the affected patient (OR07) fibroblasts. To test no-tag JMID5 expression the cells
were treated with a doxycycline titration and analysed by Western blot analysis. This showed
that the lowest doses of doxycycline induced no-tag JMID5S levels similar to endogenous

JMJD5 expression in MR98 cells (Figure 5.18).

MRS ORO7
EV 2% wr H321A
Dox (ng/mL) 0 0 10 50200 0 10 50200 0 10 50200
— - ~ == | Short

JIMID5

-‘ ~ s»a» Long

———————————— | [B-2CtiN

Figure 5.18 No-tag JMJD5 ORO7 patient rescue cell line protein expression

ORO07 patient fibroblasts were infected with lentivirus to contain an expression vector doxycycline
inducible to express a no epitope tag wildtype (WT) or catalytic H321A mutant JMID5. Cells were
treated with a doxycycline dose titration and protein expression determined by Western blotting.
‘Short’ and ‘long’ refer to the length of exposure time used to visualise the Western blot signal. Empty
vector (EV) cell lines were used to determine basal endogenous JMJD5 expression in MR98 cells. B-
actin used as a loading control. This is representative of n=3 biological repeats. JMID5 (47 kDa), B-actin
(42kDa).
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In order to address any potential heterogeneity of no-tag JMJD5 re-expression in this cell
population we performed immunofluorescence analysis. Prior to this, we first had to identify
antibodies that were able to detect un-tagged JMID5. To do this, MR98 cell lines were treated
with 1 pg/mL doxycycline to induce over-expression of FLAG-JMID5, then fixed using
methanol or acetone before co-staining with anti-FLAG antibody and a panel of JMJD5
antibodies. Overlapping FLAG and JMJD5 immunofluorescence staining was used to infer
JMID5 antibody specificity. From this optimisation experiment we identified two JMJID5
antibodies, AB36104 (Abcam) and Abclonal®, that appeared able to detect over-expressed
JMIJD5 (shown in Figure 5.19). We also concluded that optimal immunofluorescence staining

with these antibodies was found after fixing cells with methanol (Figure 5.19).
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Figure 5.19 Screening of JMJD5 antibodies for use in over-expression immunofluorescence analysis
MR98 cell lines doxycycline inducible to express FLAG-tagged wildtype (WT) JMID5 were plated onto
coverslips and 1 pg/mL doxycycline treated for 48 hours prior to harvesting for immunofluorescence.
Cells were fixed using either methanol or acetone incubation for 10 minutes at -20 °C. A panel of IMJD5
antibodies were tested using co-staining with FLAG and an empty vector (EV) cell line to determine the
specificity of the antibodies. Secondary only antibody control was used to validate all antibodies used
in the assay. DAPI was used as a counterstain for nuclei. Scale bars= 20 um. This is representative of
an n=1 biological repeat.
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As the lowest doses of doxycycline induced JMJD5 re-expression in our rescue system to a
similar level as endogenous JMID5 (Figure 5.18), we next tested whether our antibodies were
capable of detecting endogenous JMJD5. To do this we fixed U20S cells in methanol and
performed immunofluorescence analysis using the AB36104 (Abcam) and Abclonal antibodies
at two different concentrations. Staining with the AB36104 (Abcam) antibody resulted in a
specific nuclear stain, consistent with the literature (Shen et al., 2017, Huang et al., 2013, Zhu
et al.,, 2014, Kouwaki et al., 2016, Shalaby et al., 2018, Wang et al., 2018) and our over-
expression studies (Figure 5.14 and 5.19). In contrast, the Abclonal antibody resulted in non-
specific cytoplasmic staining (Figure 5.20). Overall, we decided that the optimal condition for
detecting endogenous JMID5 or physiological re-expression levels of no-tag JMJD5 was to use

the AB36104 (Abcam) JMID5 antibody after methanol fixation.

We then used these optimised immunofluorescence conditions to monitor the heterogeneity
of no-tag JMID5 re-expression in the OR07 rescue cell lines. To do this the OR07 rescue cells
were treated for 48 hours with a doxycycline titration before performing immunofluorescence
staining, as above. We analysed all samples to determine the percentage of cells expressing
relative levels of no-tag JMJD5, similarly to analysis in Section 5.4.2. As expected, we found no
detectable JMJD5 expression in the empty vector OR07 cell lines (Figure 5.21). We also found
that both wildtype and H321A JMJD5 were expressed relatively homogeneously at all
doxycycline concentrations, i.e. the majority of cells in the population had similar expression
levels of JIMID5 (Figure 5.21). Consistent with Western blot analysis (Figure 5.18) we found
that wildtype no-tag JMID5 had higher protein expression levels compared to H321A JMJD5

at the same concentration of doxycycline (Figure 5.21).
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Figure 5.20 Screening of JMID5 antibodies for endogenous expression immunofluorescence analysis
U20S cells were plated onto coverslips before harvesting for immunofluroescence analysis by fixing in
methanol. Two antibodies previously validated using over-expression of FLAG-JMJD5 (Figure 5.20)
were tested against their ability to bind endogenously expressed JMJD5 at 1:500 or 1:1000 antibody
diltuons. Secondary only antibody control was used to validate all antibodies used in the assay. DAPI
was used as a counterstain for nuclei. Scale bars= 20 um. This is representative of an n=1 biological
repeat.
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Figure 5.21 Determining the heterogeneity of no-tag JMJD5 re-expression in ORO7 rescue cell lines
ORO07 affected patient fibroblasts doxycycline inducible to express no-tag JMJD5 wildtype (WT) and
H321A catalytic point mutation were treated with a doxycycline dose titration for 48 hours.
Immunofluorescence was used to determine JMID5 expression, using antibodies and
immunofluorescence conditions established in Figure 5.19 and 5.20. This was indicative of no-tag
JMID5 re-expression. DAPI was used as a counterstain for the nucleus. (A) Samples were analysed for
their FLAG-tagged JMJDS5 re-expression levels using the system developed in Figure 5.15C. (B) This was
shown as a percentage of total cells counted. (C) Representative images of samples analysed. Scale
bars= 10 um. This is representative of an n=1 biological repeat.
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Overall, from the combined Western blot (Figure 5.18) and immunofluorescence analysis
(Figure 5.21) we decided to monitor the RS phenotype of these cells after zero and 10 ng/mL
doxycycline treatment. This was because both conditions resulted in no-tag JMID5 re-
expression protein levels comparable to endogenous JMID5 (Figure 5.18) and were relatively
homogeneous across the population of cells (Figure 5.21). In order to address whether longer
re-expression of JIMID5 might be required to restore a replication defect, we grew the no-tag
ORO7 patient rescue cell lines for 2 weeks in doxycycline prior to RS analysis. We included in
this analysis the H321A catalytically inactive JMJD5 mutant in order to determine whether any

potential rescue was activity dependent.

Consistent with previous analyses we found that the OR07 empty vector control rescue cell
lines had high endogenous RS, as indicated by monitoring micronuclei, 53BP1 bodies and
performing the DNA fibre assay to monitor stalled forks and fork asymmetry (Figure 5.22).
Excitingly, we found that, under these experimental conditions, re-expression of wildtype
JMID5 (Figure 5.18) rescued these replication stress phenotypes (Figure 5.22). Interestingly,
we found that re-expression of the inactive H321A mutant completely failed to rescue the RS
phenotype observed in the affected patient cells (Figure 5.22). This demonstrated that the

hydroxylase activity of JMJD5 was essential for the rescue effects observed.
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Having identified experimental conditions suitable for rescuing the RS phenotype of the
affected patient fibroblasts, we were next interested to explore whether the colony formation
phenotype of these cells could also be rescued. To do this the no-tag OR07 patient rescue cell
lines were grown in zero or 10 ng/mL doxycycline for 2 weeks prior to plating at limited density
and colony formation monitored after two weeks (with continued doxycycline incubation). As
before, we determined the percentage survival based on the number of cells originally plated

and plotted this relative to the empty vector control samples.

We observed that ‘leaky’ re-expression of wildtype JMIJD5 was able to increase colony
formation of the affected patient fibroblasts (Figure 5.23). With increased re-expression of
wildtype JMJD5 (10 ng/mL doxycycline), colony formation was further improved (Figure 5.23).
Importantly, this rescue was again activity-dependent, as re-expression of the H321A catalytic
mutant JMJD5 completely failed to rescue colony formation (Figure 5.23). In fact, expression
of the H321A mutant significantly reduced colony formation compared to both the wildtype
and empty vector cell lines (Figure 5.23). Therefore, we hypothesise that under these

conditions the H321A mutant could be acting in a dominant negative manner.
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Figure 5.23 Rescue of colony formation phenotype by re-expression of no-tag wildtype JMJD5

No-tag JMID5 ORO7 rescue cell lines were grown for two weeks plus or minus 10 ng/mL doxycycline
then plated at a limited plating density. Colonies stained using crystal violet grown after two weeks.
(A) Images representative of n=3 biological repeats. (B) Colony formation was determined relative to
the original number of cells plated and expressed as a percentage relative to the empty vector controls.
Empty vector cell lines were used to determine the basal number of colonies, H321A expression cell
lines used to determine the activity dependence of the rescue. Statistical analysis performed using the
two-tailed Student’s t-test (p-value < 0.05 represented by ‘*’, <0.01 represented by “**’, <0.001
represented by ‘“***, p-value >0.05 not significant represented by ‘ns’). Representative protein
expression as shown in Figure 5.18. This is representative of n=3 biological repeats.

ul
o

Percentage colony survival
(Relative to EV control)

o

Overall, the ability of wildtype JMJD5 re-expression to rescue the phenotypes in the affected
patient fibroblasts confirmed that the JMJD5 genotype caused the colony formation and RS

phenotypes of these cells.
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5.5 AJMIDS loss of function model has increased replication stress

Overall, in this chapter we identified that a RS phenotype was associated with loss of JMJD5
expression and activity in immortalised patient-derived fibroblasts. As JMJD5 activity has been
implicated in other diseases, such as cancer (discussed in Chapter 1), we were next interested

to determine whether this IMJD5-associated RS phenotype was reproduced in other contexts.

In order to do this, we aimed to establish a JMJD5 knockdown model in a cancer cell line. First,
we tested two constitutively expressed shRNA sequences targeting JMJD5 (Sigma), which
were delivered into Hela cells (human cervical cancer line) using lentivirus infection.
Knockdown efficiency was determined using qPCR to measure JMJD5 mRNA expression levels,
which were normalised to a 8-actin loading control and calculated relative to a control shRNA
sequence. We found that only one out of the two shRNA sequences successfully reduced the
levels of IMJD5 mRNA expression (Figure 5.24A). However, when growing the cells, we noticed
that both sequences resulted in high levels of cell death (Figure 5.24B) which was also
apparent in an MTS assay (Figure 5.24C). As this phenotype did not correlate with the JMJD5
knockdown efficiency, we were concerned about potential off-target effects of this system.

Therefore, we explored other approaches for IMID5 knockdown.
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Figure 5.24 Optimisation of constitutively expressed shRNA targeted JMJD5 sequences

Hela cells were infected with lentivirus to contain constitutively expressed control or JMJD5 targeted
JMIDS5 shRNA sequences (sh906 and sh971). (A) JMJD5 knockdown was determined at the mRNA level
by analysing cDNA by quantitative PCR to measure JMJD5 expression normalised to the 8-actin loading
control and relative to the control shRNA sequence. This is representative of an n=1 biological repeat
with quadruplicate technical repeats. (B) EVOS microscope was used to determine the cell health of
the cells which found that JMJD5 shRNA expressing cells had increased cell death compared to

controls. Scale bars= 400 um. (C) MTS assay confirmed the increased cell death observed for the shRNA
expressing cells. This is representative of an n=1 biological repeat.

Considering the severe phenotypes associated with constitutive JMJD5 knockdown, as
demonstrated by our patient fibroblasts and JMJD5 mouse models (Oh and Janknecht, 2012,
Ishimura et al., 2012, Ishimura et al., 2016), we next decided to explore an inducible JMJD5
knockdown system. Therefore, we tested a doxycycline inducible shRNA system (Dharmacon).
These expression vectors encode an RFP gene upstream of the shRNA sequence meaning that
successful doxycycline induction and shRNA expression can be monitored by detecting RFP-

expressing cells using an EVOS microscope. Following lentiviral delivery of these vectors into
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Hela cells, we found that all sShRNA expression vectors were responsive to doxycycline, but
there was also ‘leaky’ expression, as indicated by RFP in the absence of doxycycline (Figure
5.25A). Surprisingly, qPCR analysis of cDNA derived from these cells indicated that none of the

shRNA sequences resulted in JMJD5 knockdown (Figure 5.25B).

555 nm
(A) r A \
Brightfield - Dox + Dox
Control
(B)
c
S 1.40
sh110 A 120
® ol L
o 100 71 - - ]'
) 1 I
k- 0.80 1
g 0.60 T
sh111
< 040 |
Q
> 0.20 4
B |
L0 000 +55 e B e
@O Dox + + +
o<
sh793 Control sh110 sh111 sh793 sh794
sh794

Figure 5.25 Optimisation of doxycycline inducible shRNA targeted JMJD5 sequences

HEK-293T cells were infected with lentivirus to contain doxycycline inducible shRNA expression vectors
expressing a control shRNA or four different JMID5 targeted shRNA sequences (sh110, sh111, sh793
and sh794). Upstream of the shRNA sequences was an RFP gene. Cells were treated with 1 pg/mL
doxycycline (Dox) for 48 hours before, (A) Successful expression from the vector determined by
visualising cells at 555nm on an EVOS microscope. Scale bars= 400 um. (B) Lack of JMJD5 knockdown
determined using gPCR analysis on cDNA, normalised to the B-actin loading control and relative to the
control shRNA sequence. This is representative of an n=1 biological repeat with quadruplicate technical
repeats.

Considering the lack of success using shRNA systems for JMJD5 knockdown we next explored
the efficacy of transient knockdown using siRNA transfection (these experiments were
undertaken in collaboration with Dr Martin Higgs). We found that a JMJD5 siRNA SMARTpool,

transfected into Hela cells, successfully knocked down JMJD5 mRNA expression levels (Figure
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2.26A). We next monitored the RS phenotype in these cells and found that upon JMJD5
knockdown, cells had increased numbers of endogenous 53BP1 bodies (Figure 5.26B) which
was exacerbated when treated with aphidicolin (Figure 2.26C). This RS phenotype was also
reproduced in U20S cells (human osteosarcoma cell line), following siRNA knockdown of

JMJD5, measured by endogenous 53BP1 bodies and stalled DNA replication forks (Figure

M Control siRNA
I B JMIDS siRNA

1to5

M Control siRNA
I W JMJDS siRNA

1to5

Figure 5.26 JMJD5 siRNA knockdown in Hela cells results in a DNA replication stress phenotype
SMARTpool siRNA or a control was transiently transfected into Hela cells using Oligofectamine™ for
48 hours prior to further analysis. (A) JMJD5 knockdown was determined at the mRNA level using
guantitative PCR on cDNA purified from the cell lines normalised to the 8-actin loading control relative
to the control shRNA sequence. This is representative of n=2 biological repeats with quadruplicate
technical repeats. DNA replication stress was determined by counting 53BP1 bodies in G1 cells (B) at
the endogenous level, or (C) after treatment with 0.5 uM aphidicolin for 48 hours. This is
representative of n=2 biological repeats. The DNA replication stress analysis was performed by Dr
Martin Higgs.
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Figure 5.27 JMJD5 siRNA knockdown in U20S cells results in a DNA replication stress phenotype
SMARTpool siRNA or a control was transiently transfected into U20S cells using Oligofectamine™ for
48 hours. (A) JMJD5 knockdown was determined at the mRNA level using quantitative PCR on cDNA
purified from the cell lines normalised to the 8-actin loading control relative to the control shRNA
sequence. This is representative of an n=1 biological repeat, with quadruplicate technical repeats. DNA
replication stress was determined (B) by counting endogenous 53BP1 bodies in G1 cells, or (C) by the
presence of stalled DNA replication forks analysed using the DNA fibre assay. This is representative of
an n=1 biological repeat. The DNA replication stress analysis was performed by Dr Martin Higgs.

Overall, this analysis confirmed our previous observation that loss of JMJD5 activity results in
a RS phenotype. The ability to reproduce this in two independent cell models suggested that
this was not restricted to our patient fibroblasts. Instead, this might be consistent with a
ubiquitous role for JMJD5 activity, possibly through promoting an aspect of DNA replication

via hydroxylation of the MCM complex (discussed below).
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5.6 Discussion

In this chapter we performed phenotypic analysis on fibroblasts taken from a patient affected
by a novel developmental disorder, that we hypothesised was hypomorphic for JMJD5
(Chapter 3). By doing this analysis we aimed to identify whether the JMJD5 genotype of these
patients correlated with a cellular phenotype. We then aimed to determine whether the
JMID5 genotype caused these phenotypes by using re-expression of wildtype JMJD5 into the
affected patient fibroblasts. In this chapter we observed a colony formation defect and RS
phenotype that were both rescued by re-expression of JMID5 in an activity-dependent
manner. The RS phenotype was reproduced in two independent cell models and therefore we
concluded that we had identified a novel cellular function of JMJD5 with regards to RS. This
also confirmed that the JMJD5 genotype of the affected patients was pathogenic. Below we
discuss the potential significance of this finding and our hypotheses regarding the molecular

mechanisms behind JMJD5-associated RS.

5.6.1 JMJD5 patient genotypes results in a cell survival phenotype

Interestingly, the retarded growth clinical phenotype of our affected patients was consistent
with a JMJD5 knockdown mouse that also displayed severe developmental growth defects (Oh
and Janknecht, 2012, Ishimura et al., 2012, Ishimura et al., 2016). In support of this there is a
large body of evidence indicating a fundamental role for JMJD5 in cell cycle progression and
cellular proliferation in cell models and during development (Ishimura et al., 2012, Zhu et al.,
2014, Ishimura et al., 2016, Shalaby et al., 2017, Fuhrmann et al., 2018). However, we did not
observe a cell cycle progression or a cellular proliferation defect that correlated with the
JMJD5 genotype of our patient fibroblasts (Figure 5.4). Instead, after plating at limited cell

density we identified that the affected patient fibroblasts presented with a colony formation
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defect (Figure 5.5). This cell survival phenotype is supported by evidence in the literature
whereby the proliferative potential of Caco-2 cells was unchanged, but their colony formation
was significantly decreased upon JMJD5 knockdown (Zhang et al., 2015). Overall, it is likely
that JMJD5 has a fundamental role in cell proliferation and survival, which may be dependent

on the context and growth conditions used.

Rescue of the colony formation phenotype in our affected patient fibroblasts was only
possible after re-expression of wildtype JMID5, and not inactive H321A JMJD5, indicating that
JMIJD5 activity is required for colony formation (Figure 5.23). Interestingly, we found that re-
expression of the H321A catalytic mutant JMJD5 actually worsened the colony formation
phenotype (Figure 5.23) suggesting that it might be acting as a dominant negative. This result
is consistent with observations in the literature whereby expression of H321A JMID5 hinders
the proliferation of MCF7 cells (Hsia et al., 2010). As JMID5 has been demonstrated to
oligomerise (Shen et al., 2017) (Section 3.7.2 in Chapter 3), we hypothesise that one possible
mechanism for H321A acting as a dominant negative is by forming oligomers with wildtype
JMID5 which could inhibit its function. To test this hypothesis, we would first aim to determine

any functional importance of JMJD5 oligomerisation.

Overall, we demonstrated that the JMJD5 genotype of the affected patients caused a cellular
survival defect in vitro. Evidence from PD patients, presenting with similar clinical growth
phenotypes to our patients, indicate that genes involved in processes essential for cellular
survival and proliferation can be pathogenic. These include those that directly regulate growth
such as insulin-like growth factor 1 production (Savage et al., 2010, Netchine et al., 2011), or

cellular pathways that indirectly affect prenatal growth such as mitosis (Rauch et al., 2008, Al-
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Dosari et al., 2010, Dauber et al., 2012), DNA damage repair (O'Driscoll et al., 2003, Griffith et
al., 2008, Kalay et al., 2011, Ogi et al.,, 2012, Murray et al., 2015, Harley et al., 2016,
Tarnauskaité et al., 2019), mRNA splicing of a subset of fundamental genes (Edery et al., 2011,
He et al., 2011), and DNA replication (as discussed in in the introduction to this chapter).
Overall, the genotype and subsequent deficient cellular phenotypes of PD patients causes
impaired cellular proliferation and/or survival resulting in reduced cell numbers. This
contributes to the growth retardation clinical phenotypes presented by the patients, reviewed
by Klingseisen and Jackson (2011). Therefore, we hypothesised that the JMJD5 genotype of
our affected patent fibroblasts could result in a molecular deficiency that translates into

reduced cell survival and clinical growth retardation.

5.6.2 JMJD5 patient genotypes result in a replication stress phenotype

To explore potential consequences of the JMJD5 mutations identified in our affected patients,
we first investigated whether DNA replication was altered by assaying for RS. Our rationale for
this was that essential components of the MCM replicative helicase were proposed as
candidate substrates of JMJD5 in Chapter 4. Also as discussed in the introduction to this
chapter, similar disorders associated with growth retardation symptoms can result from

pathogenic mutations in essential DNA replication proteins.

We observed that the affected patient fibroblasts had increased RS compared to the
unaffected patient fibroblasts (Figure 5.6 to 5.9). By re-expressing wildtype JMJD5 we
confirmed that this was caused by their loss of function JMJD5 mutations (Figure 5.22).
Interestingly, this RS phenotype could be reproduced in two independent cancer cell lines

after JIMID5 knockdown (Figure 5.26 and 5.27).
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The RS phenotype that we identified in the affected patient fibroblasts was demonstrated by
increased frequency of micronuclei and 53BP1 bodies, which was further exacerbated after
incubation with aphidicolin (Figure 5.6, 5.7 and 5.22). These are both relatively indirect RS
markers as they identify previous S phase stress in subsequent daughter cells (Section 5.1.4.1).
However, the ability to detect micronuclei and 53BP1 bodies suggests that the RS source was
persistent and/or strong enough to bypass repair pathways in S phase and mitosis. Therefore,
it raises the possibility that JIMJD5 could be responsible for causing RS that is strong, persistent
or difficult to repair. Alternatively, it could indicate that JMIDS5 is required for signalling or
facilitating repair of DNA damage caused by RS in either S phase or mitosis. In order to
distinguish between these possibilities more detailed analysis could be performed in the
future. For example, it would be interesting to identify the sub-class of micronuclei induced
by JMJD5 knockdown. For example, those that contain yH2AX are directly caused by RS (Xu et
al.,, 2011a). Mechanistic insights into their origins can also be determined by exploring
whether the micronuclei contain centromeres (Fenech et al., 2011). A more detailed insight
into chromosome aberrations and genomic instability in our affected patient fibroblasts could

also be achieved by analysing chromosomes after metaphase spreading.

Future analysis will also aim to determine whether the RS pathway is properly activated in the
affected patient fibroblasts. For example, we will aim to monitor markers of ATR-CHK1 activity,
including phosphorylation of ATR, CHK1, RAD51 and H2AX. Interestingly, pan-nuclear staining
of yH2AX was recently found to be indicative of cell death after lethal RS, and therefore this
can be used as a more specific marker of RS (Moeglin et al.,, 2019). We will also aim to
investigate the lesions generated by JMJD5-associated RS, for example, by investigating

formation of ssDNA and RPA foci. More detailed analysis could also involve screening RS
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inducing drugs that have different mechanisms of action, to identify those that sensitise cells

with reduced JMJD5 expression to RS.

In this chapter, we also demonstrated the JMJD5-associated RS phenotype using DNA fibre
analysis. We found JMJD5 activity was essential for progression of the replication fork, by
monitoring the prevalence of DNA replication stalled forks (Figure 5.8 and 5.22) and
asymmetric progression of replication forks (Figure 5.9 and 5.22). However, we found that no
significant difference in replication fork speed was found for the affected patient fibroblasts
(Figure 5.10). The reason for this is unclear but could be due to limitations of the assay as it is
only able to monitor global fork speed. For example, reduced fork speed at CFS, which would
be most likely to demonstrate a difference in speed during RS (as discussed in Section 5.1.1),
would not be apparent with the resolution of this assay. However, it could also be that the
fork speeds appear unchanged in the OR07 patient fibroblasts due to the activation of
dormant origins. As demonstrated by Rodriguez-Acebes et al. (2018), fork speed and origin

activity are influenced by each other and so are difficult to distinguish using DNA fibre assays.

However, consistent with our observations, others have also demonstrated that global fork
speed can remain unchanged during RS, despite fork stalling and asymmetry (Reynolds et al.,
2017). Therefore, the manifestation of our affected patient fibroblast RS phenotype could be
investigated further to help infer a mechanistic role regarding JMJD5-associated RS. For
example, JMID5 probably does not alter nucleotide availability because it has been well
documented that fork progression is reduced when nucleotide pools are depleted (Anglana et
al., 2003, Beck et al., 2012, Poli et al., 2012). Instead, it could be that JMJD5-associated RS

activates the intra-S phase checkpoint to inhibit new DNA origin firing rather than slowing
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replication forks (lyer and Rhind, 2017, Mutreja et al., 2018). Consistent with this, our data
suggest that JIMJD5-associated RS causes fork stalling (Figure 5.8 and 5.9). Moreover, if the RS
in our cell lines was caused by or resulted in fork slowing, then we would expect DNA forks to
have remained symmetrical in progression but fork speed to have reduced (Nieminuszczy et

al., 2016).

Although, further experimental investigation will be essential in order to decipher how JMJD5
activity might impact DNA replication and thus cause RS, we next propose our hypothesis for

this.

5.6.3 Hypotheses for the JMJD5-associated replication stress molecular
mechanism

As discussed in Chapter 1, there are various cellular functions attributed to JMID5
(summarised in Figure 1.6) that could theoretically contribute to RS if deficient. For example,
aberrant cell cycle progression due to reduced cyclin A1l expression or dysregulation of the
p53/p21 pathway could contribute to RS (Hsia et al., 2010, Huang et al., 2015, Wu et al., 201643,
Shalaby et al., 2017). Consistent with this, improper regulation of cell proliferation is common
in cancer cells and can be a source of RS due to the inevitable depletion of essential resources
(Dominguez-Sola et al., 2007, Halazonetis et al., 2008, Burrell et al., 2013, Hills and Diffley,
2014, Kotsantis et al., 2018). Also, the proper response of pathways involved in regulating cell
cycle progression and cellular proliferation is essential as they are commonly targeted by
ATR/CHK1 in response to RS (Zeman and Cimprich, 2014). Moreover, JMJD5 could also
exacerbate RS due to deficient chromosome segregation via its proposed role in mitotic

spindle assembly and stabilisation (Marcon et al., 2014, He et al., 2016b).
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JMIJD5 could also be implicated in RS via its proposed roles in DNA repair. For example, IMJD5
was predicted to be involved in mismatch repair (Suzuki et al., 2006), a pathway important for
correcting DNA polymerase errors and crucial for maintaining genomic stability (Kunkel and
Erie, 2015). JMJD5 was also implicated in facilitating efficient homologous recombination
(Amendola et al., 2017). The importance of homologous recombination-based repair and
restart of stalled forks is demonstrated by the fact that targets of ATR phosphorylation include
the Bloom’s helicase (Li et al., 2004), BRCA1 (Tibbetts et al., 2000) and the Werner’s syndrome
protein (Pichierri et al., 2003). Also, during MiDAS, homologous recombination-based BIR
pathways ensure complete DNA replication occurs (as discussed in the introduction to this

chapter).

Our current analysis is not detailed enough to disregard any of these possible ways that JMID5
could contribute to or respond to RS. However, it is also possible that these JMJD5 functions

are in fact an indirect consequence of JMJD5-associated RS.

We demonstrated in this chapter that prevention of RS by JMJD5 is dependent on its catalytic
activity (Figure 5.22). Consequently, we propose that inhibition of a cellular process, which is
directly regulated by a JMID5 hydroxylation substrate, would be responsible for the RS
observed upon depletion of JMJD5 activity. The currently proposed hydroxylation substrates
of JMJD5 are H3K36me2 (Hsia et al., 2010), p53 (Huang et al., 2015), NFATC1 (Youn et al.,
2012), PKM2 (Wang et al., 2014b), RCCD1 (Marcon et al., 2014) and RPS6 (Wilkins et al., 2018).
Interestingly, Wilkins et al. (2018) found no evidence that JMJID5 hydroxylates H3K36me2,
p53, NFATC1, or PKM2. However, they did identify some activity towards RCCD1 and RPS6

peptides, though this was only found in vitro. In this thesis we provided further evidence
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suggesting that H3K36me2, RPS6 and RCCD1 are unlikely to be physiologically relevant JIMJD5
substrates (Chapter 4). Instead, we identified two novel candidate substrates as MCM3 and/or
MCMS5 subunits of the DNA replicative helicase (Chapter 4). Consequently, we propose that
the molecular mechanism underlying JMJD5-associated RS is likely to be mediated by

hydroxylation of MCM3 and/or MCMS5.

In support of this hypothesis, the MCM complex is essential for DNA replication (Chapter 1).
Importantly, the MCM complex is also known to play an important role in preventing RS in the
form of dormant origins. These dormant origins are activated proximal to stalled replication
forks to promote complete replication of DNA (as discussed in the introduction to this
chapter). Furthermore, there is evidence to suggest that proper regulation of origin firing is
important for preventing RS. For example, over-firing of origins in cancer cells results in
exhaustion of resources essential for DNA replication and can also result in re-replication.
Conversely, under-firing of origins can also result in RS, as replication forks must travel longer
distances thus increasing the chance of fork stalling. The resulting under-replicated regions of
DNA then pose a barrier to proper chromosome segregation at mitosis and can be a source
for loss of genetic material (Taylor and Lindsay, 2016). Interestingly, the MCM complex has
also been directly implicated in the RS response. For example, MCM7 has been associated
with facilitating the recruitment of ATR onto sites of DNA damage to stimulate the S phase
checkpoint (Tsao et al., 2004). Additionally, studies have demonstrated that the MCM subunits

are direct targets of ATR and ATM in response to DNA damage or RS (Cortez et al., 2004).

The importance of MCM function has also been established in vivo. For example, a mouse

model of an MCM4 mutation (D573H), that assembles into and inactivates the MCM complex,
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is associated with chromosomal instability and the development of T cell lymphoblastic
leukaemia/lymphoma (Bagley et al., 2012). Likewise, an independent MCM4 mutation (F3911)
causes reduced licencing of dormant origins, increased DNA replication fork stalling, fork
asymmetry and mammary adenocarcinomas as well as increased sensitivity to RS-inducing
agents (Shima et al., 2007). Furthermore, knockdown of MCM proteins in cell models results
in increased genomic instability and susceptibility to replication stress inducing agents (Ge et

al., 2007, Shima et al., 2007, Kunnev et al., 2010).

Other evidence demonstrating the importance of MCM complex function comes from
evidence in human disease. For example, an MGS patient carrying mutations in MCM5
presented with a growth defect and cells derived from this patient had increased RS (Vetro et
al., 2017). Consistent with this, MCM5 knockdown results in retarded growth in zebrafish (Ryu
et al., 2005). Furthermore, patients with pathogenic MCM4 mutations present with retarded
growth phenotypes (Hughes et al., 2012). Moreover, susceptibility to retarded growth during
development was found to be increased after relatively low changes to MCM expression levels
or localisation, which was attributed to reduced firing of dormant origins (Chuang et al., 2010).
Potentially consistent with this, our preliminary data found an association between reduced

protein expression levels of JIMID5 and MCM subunits (Chapter 4).

Overall, we hypothesise that JIMJD5 promotes the normal function of MCM3/5, and that loss
of this regulation results in defective DNA replication resulting in RS. However, identification
of the putative MCM3/5 hydroxylation site will be hugely beneficial for future testing of this

hypothesis.
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5.6.4 Chapter Conclusions

Overall, in this chapter we performed phenotypic analysis on affected patient fibroblasts to
confirm that their JMJD5 genotypes were pathogenic. In doing so we also identified a novel
cellular role for IMID5 with regards to RS. We hypothesised that this increased RS in affected
patient fibroblasts could be responsible for the reduced colony formation in vitro and could
contribute to the clinical growth phenotypes of the affected patients in vivo. This is consistent
with PD classified disorders that have mutations in proteins essential for DNA replication,
demonstrate RS and present with clinical growth defects. This information provides
potentially useful information for clinicians that we hope will aid with the clinical diagnosis
and future care of the affected patients. Furthermore, our findings potentially strengthen the
assignment of MCM3 and/or MCMS5 as candidate JMJD5 substrates. It could also imply why
JMJD5 has been implicated in diverse cellular processes and as such warrants further

investigation.
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6 Final discussion

The overall aim of this thesis was to investigate the potential role of two JmjC-only 20G
oxygenase sub-family members, JMJD7 and JMID5, in human developmental disorders to

further characterise their cellular and enzymatic functions.

6.1 JIMID7

JMJD7 has been assigned two hydroxylation substrates, DRG1 and DRG2 (Markolovic et al.,
2018). However, the functional consequences of this are currently unclear due to poor
characterisation regarding both the enzyme and its substrates (Chapter 1). Interestingly,
components of the JMIJD7 hydroxylation pathway have been implicated in
neurodevelopmental disorders associated with ASD and ID (Vlangos et al., 2000, Lucas et al.,
2001, Bi et al.,, 2002, Nakamine et al., 2008, de Krom et al., 2009, de Ligt et al., 2012,
Matsunami et al., 2014). Therefore, we developed cellular models in ESCs, iPSCs and SHSY5Y
cell lines to characterise this pathway during cortical neuron differentiation, in order to help

clarify the role of this pathway in neurodevelopmental disorders.

Our findings suggest that expression of the JMJD7 pathway is upregulated during highly
proliferative stages of neural differentiation. Consistent with this we found that JMID7
knockdown resulted in reduced proliferation in SHSY5Y neuronal-like cells. In addition, our
data suggest that the IMJD7 pathway could be important for neuron function. Together with
our expression analyses of pathway components in ASD patient-derived iPSCs, and
bioinformatic analysis of the ASD-associated JMJD7 R260C mutation, our findings are

consistent with a previously unexplored role of this novel pathway in neuronal differentiation,
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function, and ASD. However, the exact molecular mechanisms involved remain unclear. As
such, future work will aim to extend the preliminary observations presented here in order to

address this.

Firstly, mass spectrometry of DRG1 and DRG2 hydroxylation could be performed at key stages
of neural differentiation. This could help to determine whether changes in JIMJID7 mRNA levels
that we observed result in altered JMJD7 protein activity during neural differentiation and
neuron function. Such analysis could also be applied to ASD patient-derived iPSCs. However,
the cohort size should be significantly increased if further analysis of this pathway is

undertaken in using this model (only 3 lines were available at the time of this study).

Targeted genetic analyses could also be undertaken to determine how frequently this
pathway is dysregulated in ASD (and other neurodevelopmental disorders), including
screening for additional patient mutations in JMJD7, DRG1, DRG2, DFRP1, DFRP2 and
candidate downstream targets (discussed further below). Functional analyses of newly
identified mutants could be undertaken in SHSY5Y cells or ESCs to identify how they might

impact neural differentiation and/or function.

The potential importance of JMID7 in neurodevelopmental disorders could also extend
beyond that suggested by its mutation frequency alone. For example, wildtype JMJD7 function
could be altered in neurons by the microenvironment and the availability of critical cofactors
such as oxygen. As discussed in Chapter 1, there is emerging evidence for direct (inhibition of
catalytic activity due to decreased oxygen levels) and indirect regulation (expression regulated
by the HIF pathway) of 20G oxygenases in response to hypoxia. Interestingly, hypoxia, caused

by a multitude of pre- and postnatal complications, has also been implicated in the aetiology
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of ASD (Burstyn et al., 2011, Karimi et al., 2017). Moreover, hypoxia caused by perinatal
complications could be used as an early method of identifying children for future ASD
screening or intervention (Getahun et al., 2017). Although no investigation to date has been
performed regarding how JMID7 might be affected by hypoxia, it could be interesting to

explore this in relation to its potential role in ASD.

Any future investigation into the role of the JMJD7 pathway should address activity in
transcription and translation, in light of recent work by the Coleman lab that assigns these
processes as potential targets of DRG1/DFRP1 and DRG2/DFRP2 activity. Moreover, as
discussed in Chapter 2, it has been well established that transcription and translation are
important for neuron differentiation and function and can contribute to ASD (Kelleher and

Bear, 2008, Yap and Greenberg, 2018).

The hypothesis that DRG1/DFRP1 might regulate transcription followed the proteomic
assignment of its interaction with the FACT complex (Coleman lab). The current working model
is that dysregulated JMJD7-DRG1/DFRP1 could impair the activity of transcriptional
regulators, which could result in ‘transcription stress’ (impaired progression of RNA
polymerase and transcription elongation, Ljungman (2007)) and subsequent DNA damage and
Gl. Due to the fundamental nature of this assignment, we hypothesise that impaired function
of DRG1 and DFRP1 might also play a role in other neurodevelopmental disorders and cancer.
Interestingly, several families affected by a novel developmental disorder that is associated
with loss-of-function DRG1 mutations have recently been identified (Coleman lab).
Furthermore, bioinformatics analyses of cancer mutation and patient survival databases

implicated DRG1 and DFRP1 as tumour suppressors (Charlotte Eaton, Coleman lab).
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Similarly, the hypothesis that DRG2/DFRP2 might regulate translation followed the
identification of its interaction with critical enzymes involved in regulating the eukaryotic
translation initiation factor 5A (EIF5A) (Coleman lab). These enzymes promote the activity of
EIF5A by catalysing the addition of a PTM, unique to EIF5A, called hypusine (hydroxyputrescine
and lysine) (Turpaev, 2018). Therefore, it is possible that altered JMJD7-DRG2/DFRP2 activity
could dysregulate EIF5A activity which in turn could interfere with translation and affect
normal neuronal differentiation and/or function. Consistent with the importance of the EIF5A
pathway in development, mutations in a critical regulator of this pathway were recently
identified in a novel developmental disorder associated with developmental delay and
seizures (Ganapathi et al., 2019). Furthermore, the EIF5A pathway has been widely implicated

in tumourigenesis (Mathews and Hershey, 2015).

Consistent with our hypothesis that JMJD7 regulation of DRG1/2 could be relevant in cancer,
the association of common transcription and translation pathways in cancer and
neurodevelopmental disorders have already been described. One example is MeCP2, which is
a methyl-CpG binding protein that can be activating or inhibitory towards gene expression
(Chahrour et al., 2008). Therefore, dependent on context MeCP2 is a tumour suppressor or
oncogene associated with multiple cancer types (Miiller et al., 2003, Zhao et al., 2013, Zhang
et al.,, 2017, Qin et al., 2017). In addition, MeCP2 is dysregulated in Rett’s syndrome, a
neurodevelopmental disorder where all patients present with ASD (Wen et al., 2017, Kelleher

and Bear, 2008).

Interestingly, defects in protein translation are also common in both cancer and

neurodevelopmental disorders such as ASD. One example is the fragile X mental retardation
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protein (FMRP), which regulates the transport and translation of mRNA in the brain and loss
of FMRP results in the neurodevelopmental disorder, fragile X syndrome (FXS), where 15-30%
of patients present with ASD (Wang, 2015). FMRP directly regulates the translation of multiple
genes important for plasma membrane plasticity (Zalfa et al., 2017), which is essential for
synaptic plasticity and development in the brain (Pfeiffer and Huber, 2007). Interestingly FXS
patients with low FMRP levels, have decreased risk of cancer (Schultz-Pedersen et al., 2001),
whilst high levels of FMRP expression are identified in multiple cancer types (Luca et al., 2013).
It is hypothesised that this elevated FMRP activity at the leading edge of cancer cells can

facilitate metastasis (Luca et al., 2013, Zalfa et al., 2017).

Furthermore, the Tuberous Sclerosis Complex (TSC) proteins TSC1 and TSC2 regulate protein
translation by inhibiting mammalian target of rapamycin complex (mTORC1) (Tee et al., 2003).
Inactivating mutations in either TSC1 or 2 cause up-regulation of mTORC and protein
synthesis, which results in the TSC disorder where patients have a 25-60% prevalence of ASD
(Wiznitzer, 2004). Interestingly, TSC1 and TSC2 are also tumour suppressor genes (Mieulet and
Lamb, 2010). Similarly, inactivating mutations in proteins upstream of mTOR regulation, such
as phosphatase and tensin homolog (PTEN), are also common in cancer (Lee et al., 2019).
Interestingly, PTEN mutations also cause the neurodevelopmental disorder ‘PTEN hamartoma
syndrome’ which is associated with ASD and macrocephaly (Butler et al., 2005, Kwon et al.,
2006).0verall, these brief examples highlight the importance of common pathways regulating
transcription and translation that are implicated in the aetiology of both neurodevelopmental
disorders (associated with ASD) and cancer. By analogy with these examples, we propose the
JMJD7-DRG1/2 pathway and its regulation of transcription and translation are worthy of

further investigation.
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6.2 JMID5

The second aim of this thesis was to investigate the role of the JmjC-only sub-family member
JMIJD5. Although this enzyme has many potential cellular functions attributed to it, its precise
role in the cell was controversial due to a variety of misassigned substrates (Chapter 1). In
order to address this, we aimed to characterise the pathogenicity of two JMJD5 mutations
identified in patients with a novel developmental disorder. We first identified that both JMJD5
mutations affected the stability and potentially reduced the catalytic activity of JMJD5.
Consequently, we hypothesised that the affected patients were hypomorphic for
JMJD5(Chapter 3). Therefore, fibroblasts isolated from this family represented a novel
platform for characterising the enzymatic and cellular activity of JMJD5. We first identified
that none of the currently proposed hydroxylation substrates of IMID5 were related to either
JMID5 activity or the genotype of our fibroblast models. Instead we identified two novel
candidate JMJD5 substrates as the minichromosome maintenance complex subunits MCM3
and/or MCM5 (Chapter 4). Furthermore, investigation into the pathogenicity of the JMJD5

genotype led us to identify a novel role for JIMID5 activity in RS (Chapter 5).

Considering all of the evidence presented in this thesis, we propose that loss of function JMJD5
mutations interfere with normal DNA replication, resulting in RS. We believe that JMJD5
facilitates DNA replication via its candidate substrates MCM3 and/or MCM5. However, future
work will be required to identify whether MCM3/5 are bone fide hydroxylation substrates of
JMIDS5. Such work will require further understanding regarding the nature, regulation and
context of the JMJD5-MCM3/5 interaction. One way to address this would be to perform the

MS screen and JMJD5-MCM3/5 interaction assays, established in Chapter 4, in the presence
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of ATM, ATR or checkpoint kinase inhibitors in order to interrogate the nature of this
interaction and potential hydroxylation event. Once the hydroxylation site has been identified,
we will then aim to characterise the functional consequences of this hydroxylation event on
the biology of the target MCM, as well as how it affects the MCM complex, DNA replication,

and how this causes RS when dysregulated.

The pathogenicity of JIMJD5 with regards to RS was demonstrated by rescue experiments
performed in the developmental disorder affected patient fibroblasts. However, considering
the fundamental nature of DNA replication, we hypothesise that the impact of defects
associated with this pathway are likely to extend beyond development. As discussed in
Chapter 1, JIMID5 has been implicated in cancer where, dependent on context, it acts as either
a tumour suppressor gene or oncogene. However, the mechanisms behind this paradox are
unknown. In Chapter 4 we provided evidence that some JMJD5 cancer patient mutations
impaired MCM3/5 interaction. We hypothesise that these mutations are likely to be tumour
suppressor mutations, considering the phenotype observed after JMJD5 loss of function in
affected patient fibroblasts and by siRNA knockdown in cancer cell lines (Chapter 5). This
means that loss of function JMJD5 cancer mutations could promote tumourigenesis by
increasing RS and Gl, which are well-established hallmarks of cancer (Gaillard et al., 2015,
Macheret and Halazonetis, 2015). Therefore, the interaction between JMJD5 and MCM3/5
could be functionally important in preventing tumourigenesis. To test this hypothesis in the
future, we will perform phenotypic analysis on cancer cell lines carrying JMJD5 mutations
(Chapter 4) to determine their RS phenotypes and whether this is caused by their JMJD5

genotypes.
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As discussed for JIMID7 above, potential effects of dysregulated JMJD5 activity could also be
independent of genetic mutation and be regulated by hypoxia. Similar to JIMJD7, there have
been no studies to date investigating JIMJD5 regulation in hypoxia. In spite of this, we propose
that hypoxia could be an interesting future avenue to investigate with regards to the tumour
suppressor function of JMID5. This is because under severe hypoxic conditions (< 0.1% oxygen
levels) the progression of DNA replication is impaired (Hammond et al., 2002, Bencokova et
al., 2009, Pires et al., 2010, Foskolou et al., 2016). The molecular mechanism behind this
hypoxia-induced RS is reviewed by Ng et al. (2018) and the cellular consequences are largely
dependent on the period of hypoxia (Pires et al., 2010). For example, after chronic periods of
hypoxia (>12 hours) cells arrest and are unable to undergo fork restart. This may be due to
inhibition and disassembly of MCM subunits, which once removed cannot be reloaded during
S phase (Pires et al., 2010, Hammond et al., 2006). Interestingly, we provided evidence in the
affected patient fibroblasts model suggesting that impaired JMJD5 function correlated with
reduced expression of MCM subunits (Figure 4.16, Chapter 4). However, further repeats will
be required to determine the reliability of this observation as this is currently a single
biological repeat. To explore this observation further it could be investigated in the rescue cell
lines established in Chapter 5. These experiments will aim to determine whether re-
introduction of JMJD5 is sufficient to rescue any reduced MCM expression in the affected
patient fibroblasts. In summary, it would be interesting to determine whether JMJD5 activity
is abrogated by hypoxia and what role this might play in MCM dysregulation and RS during
chronic hypoxia. Moreover, it would be interesting to investigate whether JMID5 inhibitors
could sensitise hypoxic tumours to chemo- or radiotherapy, as has been demonstrated

previously for ATR inhibitors (Pires et al., 2012, Leszczynska et al., 2016).
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Another potentially interesting avenue of investigation is the effect oncometabolites might
have on JMID5 function. As discussed in Chapter 1, generation and accumulation of
oncometabolites can result in the inhibition of 20G oxygenases, which has been linked to
tumourigenesis. Interestingly, there is evidence suggesting that inhibition of 20G oxygenases
by oncometabolites can disrupt DNA damage repair pathways, which can promote Gl. For
example, two enantiomers of the oncometabolite 2HG were shown to result in deficient
homologous recombination via inhibition of JMJD2A (KDM4A) and JMJD2B (KDM4B)
(Sulkowski et al., 2017). Therefore, it could be worthwhile investigating the role of JMJD5

inhibition in relation to oncometabolite-mediated RS, DNA damage and Gl.

Finally, JMJD5 loss of function has recently been found to render cells sensitive to Poly ADP-
ribose Polymerase (PARP) inhibition (Zimmermann et al., 2018) (Sally Fletcher, Coleman lab).
PARPs mediate ‘poly ADP-ribosylation’, a PTM commonly involved in DNA synthesis and
repair. Thus, cells that are dependent on PARP associated pathways for survival are
particularly sensitive to PARP inhibition (Morales et al., 2014). A reason for PARP inhibitor
sensitivity in JMIDS5 loss of function cells could be due to the associated increase in RS. This is
because PARP can be activated at stalled replication forks to promote fork restart and repair
(Sugimura et al., 2008, Bryant et al., 2009). If the effect of IMID5 on PARP inhibitor sensitivity
is activity-dependent, it would support JMJD5 as a potential therapeutic target. For example,
JMJDS5 inhibitors could be used to promote catastrophic RS and DNA damage in hypoxic

tumours, and to increase the efficacy of PARP inhibitors.
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6.3 Final conclusion

In summary, we successfully performed preliminary characterisation of two JmjC-only protein
hydroxylases by studying their role in human developmental disorders. By doing so we have
provided evidence that further strengthens the importance of 20G oxygenases in regulating
fundamental cellular pathways, that when dysregulated contribute to disease. This supports
growing interest in 20G oxygenases as valid therapeutic targets or biomarkers in disease.
Moreover, we propose that this greater understanding of 20G oxygenase family members
could potentially provide essential information to expand clinical diagnoses and support

future patient care.
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7 Methods

7.1 Cell culture

7.1.1 Cancer and patient cell lines

All cells were cultured at 37°C, in a humidified atmosphere, with 5% CO, and media
supplemented with 1% Penicillin and Streptomycin (Gibco). Mycoplasma tests were carried
out regularly. Upon 70-80% confluency, cells were removed from culture flasks 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 1I™) or manually by
haemocytometer. Cells were generally plated for 60% confluency the following day, any
differences to this are indicated.

HEK-293T cells, HeLa and MDA-231 purchased from the ATCC. Cells grown in DMEM (Gibco)
plus 10% foetal bovine serum (FBS, Sigma-Aldrich®). U20S, kindly supplied by Dr Martin Higgs,
cultured in McCoy’s 5A Medium (Gibco) plus 10% FBS. SHSY5Y (European Collection of Cell
Cultures) cultured in 50% HAM F12 (ThermoFisher Scientific), 50% Minimum Essential
Medium Eagle (Sigma-Aldrich®), 15% FBS, 2 mM Glutamine (Gibco). KNS-62 and LU99A
purchased from JCRB, SKCO1 purchased from the ATCC. KNS-62 cells and SKCO1 grown in
MEME (Sigma-Aldrich®) plus 20% FBS. LU99A cells grown in RPMI-1640 (Thermo) and 10%
FBS. Primary patient fibroblasts and hTERT immortalised cells were grown in DMEM plus 20%
FBS (Sigma-Aldrich®). Formal patient consent was obtained by Dr Sander Pajusalu and Dr
Katrin Ounap (University of Tartu, Estonia) prior to skin biopsies and isolation of dermal

fibroblasts.
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7.1.2 Stem cell culture

The human Embryonic Stem Cell line (ESC) H9 was derived by The WiCell Institute, University
of Melbourne, from donated in vitro fertilisation embryos. Human induced pluripotent stem
cell lines (iPSC) were 007 as a healthy control (provided by A/Prof Alice Pebay), and three lines
were derived from ASD patients, 119, 125, 147. Fibroblasts for 119, 125 and 147 were donated
by Dr Philip Schwartz at the Children’s Hospital of Orange County Research Institute,
California. These fibroblasts were reprogrammed by Ms Tejal Kalkarni and Dr Giovanna
D’Abaco supervised by Prof Mirella Dottori using non-viral episomal vectors (Life
Technologies, Epi5™ Episomal iPSC Reprogramming Kit) using Nucleofector™ kit (Lonza).
Approval to utilise these cells was obtained by Prof Mirella Dottori from The University of
Melbourne (Approval number: 0605017).

All cell lines were maintained as stem cells on 10 pg/mL Vitronectin substrate (Stem Cell
Technologies) diluted in CellAdhere™ Dilution Buffer (Stem Cell Technologies). Cells were
maintained as ‘bulk culture’ in T25 flasks using Essential 8 media (ThemoFisher Scientific). Each
day the media was changed and cells monitored for differentiation (stem cells observed as
uniform cells growing in colonies with defined borders, Figure 7.1A. Spontaneous
differentiation identified by colonies with broken borders, Figure 7.1B). When at 60-70%
confluent colonies were passaged by washing twice with 1X PBS, incubated with 0.5 mM EDTA
at 37°C for 4 minutes. Once cells began to detach the EDTA was removed and cells washed off
gently using E8 media. Cells were gently mixed to prevent complete disruption of colonies and

re-seeded onto fresh Vitronectin or plated for induction as required.
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7.2 Neural induction of stem cells

The following process is summarised in Figure 7.1. For neural induction stem cells were
passaged, as above, then plated onto 10 pg/mL Laminin substrate (Invitrogen™). Stem cells
were grown in N2B27 media (50% Neurobasal Medium, 50% DMEM/F12, 1X N-2 supplement,
1X B-27 supplement, 1X ITS-A, 2mM total concentration L-Glutaine/ Glutamax, 50 units/mL
Penicillin/ Streptomycin, 0.3% w/v Glucose). For differentiation into dorsal forebrain neurons
(Glutamatergic excitatory neurons) N2B27 media was supplemented with 10 uM Activin
inhibitor SB431524 (Tocris) and 500 ng/mL BMP inhibitor LDN/ Noggin (PeproTech) for 1 week.
Ventral forebrain neuron differentiation (GABAergic inhibitory neurons) required
supplementing N2B27 media as above but also including 400 nM sonic hedgehog agonist
(smoothened agonist (SAG), Merck). After 1 week treated with small molecule inhibitors cells
were expanded using N2B27 media plus 20 ng/mL FGF (Miltenyi Biotec) for 1 week. Neural
fated colonies were identified by the presence of rosette structures (Figure 7.1C and D). These
rosettes were cut away from other non-differentiated or inappropriately differentiated cells
and into pieces using a 21-gauge needle (Figure 7.1E). These pieces were pated into one well
of 96-well U-bottomed plate in Neurobasal Media (NBM, Neurobasal Medium, 1X N-2
supplement, 1X B-27 supplement, 1X ITS-A, 2 mM L-Glutamine/ Glutamax, 50 units/mL
Penicillin/ Streptomycin). The NBM media included 20 ng/mL FGF and EGF (PeproTech) for
culture of neurospheres (Figure 7.1F). After 2 weeks Neurospheres were dissociated manually
by pipetting then plated onto 10 pg/mL Poly-D-Lysine (Sigma-Aldrich®) plus Laminin

substrates and neurons matured for 2 weeks in NBM (Figure 7.1G and H).
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7.3 DNA transfection

Transfection of plasmid DNA was carried out using FUGENE® (Promega) according to the
manufacturer’s protocol. Briefly, a ratio of 1 pug plasmid DNA was mixed with 3 pl FUGENE® in
Optimem, vortexed to mix then added to cells at 60% confluency. Cells were left to incubate
for 48 hours before further use. Where required expression of plasmids was induced 24 hours
after initial transfection using doxycycline (Sigma). The concentration and duration of

doxycycline incubation is indicated for each experiment.

7.4 Viral transduction

Stable expression cell lines were generated by transduction with either retrovirus or lentivirus.
Retrovirus infection was used to generate the immortalised fibroblast cell lines using human
telomerase (hTERT, generously supplied by Professor Grant Stewart). Lentivirus was used to
generate all other stable expression cell lines.

All HEK-293T transfections were performed with FUGENE® as described above. HEK-293Ts
were plated at 5x10°cells/well into 6-well plates and 24 hours later transfected with the
plasmid of interest making up 50% of the total DNA concentration (i.e. 500 ng for one well of
a 6-well plate, vectors described in Section 7.22.1). Control cells, not infected with virus, were
also plated with the relevant selection antibiotic to monitor cell death and successful

infection. Once virus infected recipient fibroblasts had selected, they were expanded for use.
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7.4.1 Retroviral transduction

For generation of retroviral particles, HEK-293T cells were transfected with the retroviral
vector plus packaging vectors (pCMV-Gag-Pol provided by Professor Grant Stewart, and
pMD2.G), each at 25% of the total DNA concentration (i.e. 250 ng for 1 well of a 6-well plate).
The following day recipient fibroblasts were plated into 6-well plates. 48 hours after HEK-293T
transfection, virus containing media was removed and filtered (0.45 um pore size). Before
adding retrovirus medium to recipient fibroblasts, 4 ug/mL Polybrene (generously supplied by
Professor Grant Stewart) was added, to improve transduction efficiency. 24 hours later a
second transduction of recipient fibroblasts was carried out. 24 hours after this second
transduction, the medium on recipient fibroblasts was changed to include 70 pg/mL

Hygromycin selection antibiotic (ThermoFisher Scientific).

7.4.2 Lentiviral transduction

For generation of lentiviral particles, HEK-293T cells were transfected with 35% final
concentration of packaging vector psPAX2 (i.e. 350 ng for one well of a 6-well plate) and 15%
final concentration envelope vector pMD2.G (150 ng for one well of a for a 6-well plate). The
following day recipient cells were plated, into 6-well plates, at a suitable density for the cell
type to be at 70% confluency. 48 hours post HEK-293T transfection, virus containing medium
was removed, filtered (0.45 um pore size) and lentiviral medium diluted 1:1 in recipient cell
culture medium. Lentiviral containing medium was added to recipient cells. 48 hours post

transduction recipient cells were selected using 1 pg/mL Puromycin (Invitrogen™).
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7.5 Knockdown

7.5.1 shRNA knockdown

Stable expression short hairprin RNA (shRNA) cell lines were generated using lentiviral
transduction as detailed in Section 7.4.2 (sequences provided in Table 7.1, vector maps in
Figure 7.2). Where appropriate, doxycycline or IPTG was used to induce expression of shRNA
plasmids. Knockdown efficiency for all cell lines was determined by harvesting cells for
quantitative PCR and/or Western blotting.

Table 7.1 shRNA sequences

shRNA Sequence (5’ to 3’)
IMJD7 sh136 (IPTG CCGGGATCTTGGAATGTGGTCATAACTCGAGTTATGACCACATTC
inducible, Sigma) CAAGATCTTTTTG
JMID7 sh501 (IPTG CCGGGGGCTGCATCGCAGTGAATTTCTCGAGAAATTCACTGCGAT
inducible, Sigma) GCAGCCCTTTTTG
JMID7 sh1 (transOMIC) GGCAACCTACCAGCTAACTGA
JMID7 sh2 (transOMIC) CGCCGGCAACCTACCAGCTAA
JMID7 sh3 (transOMIC) GCGGGCCGGTGAGATGCTCTA
. CCGGGCATCAGAAAGCCGAATGTTTCTCGAGAAACATTCGGCTTT
JMID5 sh906 (Sigma) CTGATGCTTTTTTG
. CCGGCCTGTTCATCCCGGTGAAATACTCGAGTATTTCACCGGGAT
JMID5 sh971 (Sigma) GAACAGGTTTTTTG
IMJD5 sh110 TAGTGAACAGATGAATGCT
(Dharmacon)
JMJDS shi1l TACAGAAAGCATAGAGCCT
(Dharmacon)
IMID5 sh733 TTTTCTAACTTCACATCTG
(Dharmacon)
IMIDS sh794 TTTTTCTAACTTCACATCT
(Dharmacon)
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7.5.2 siRNA transfection

Small interfering RNA (siRNA) transfection was performed using Oligofectamine™
(Invitrogen™), according to the manufacturer’s protocol. siRNA was transiently transfected
twice over two consecutive days, at a final concentration of 50 nM. A non-targeting control
(MISSION® siRNA Universal Negative control #1) and a positive control siRNA for eRF1
(MISSION® siRNA) were used where applicable (sequences provided in Table 7.2). Knockdown
efficiency was determined by harvesting cells for quantitative PCR and Western blotting.

Table 7.2 siRNA sequences

siRNA Sequence (5’ to 3’)
#6 sequence unknown
JMJD7 (Dharmacon) #8 sequence unknown

#15 sequence unknown
Sigma-Aldrich® 82891: CTGACATGCAGACAGCATT
Sigma-Aldrich® 82890: GTCAACGAGTTCATCAGCA
Sigma-Aldrich® 82888: CCCTCATGACGGTCAACGA
Sigma-Aldrich® 82889: GACAGCATTCATCTGTTCA

JMID5 (SMARTpool)

Optimisation of JIMJD7 siRNA transfection was performed using 20 nM BLOCK-iT™ 555 nm
Alexa Fluor® labelled RNA (ThermoFischer Scientific) transfected with INTERFERIn® (Polyplus),
Lipofectamine™ 3000 (ThermoFisher Scientific)) RNAiMax (ThermoFisher Scientific),

Oliofectamine™ or DharmaFECT (Dharmacon), all according to the manufacturer’s protocols.

7.6 Cell proliferation and viability assays

7.6.1 MTS assay

Cell proliferation/viability was measured using the MTS assay (CellTiter 96® Aqueous One
Solution Cell Proliferation Assay, Promega). Cell treatments were performed prior to seeding
cells into a 96-well plate (cancer cell lines at 1000 cells/well or 2000 cells/well for SHSY5Y cells

or patient fibroblasts). Cell growth was monitored every 24 hours for a minimum of five days.
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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 pl PMS. Cell growth/viability was
monitored by incubating 20 ul MTS working reagent in each well for 1 hour at 37°C 5% CO,,
protected from light, then absorbance measured at 490 nm using an EnSpire™ Multimode

plate reader (Perkin Elmer).

7.6.2 Manual counting proliferation assay

The cellular proliferation of patient fibroblasts was monitored by manual counting. Cells were
plated into 6-well plates at 0.5 x10° cells/well then cell counts were made every day for six
days using a haemocytometer. To do this, cells were harvested by trypsinisation into a final
volume of 200 ul and a 10 pl sample of this loaded into the haemocytometer for counting.
Wells were counted in duplicate and an average cell count made using all four 0.25 x 0.25 mm

gridded areas of the haemocytometer.

7.6.3 Colony formation assay

Colony formation of fibroblasts and rescue fibroblast cell lines was performed using a limited
dilution assay. Cells were harvested by trypsinisation, counted and diluted to 1x10° cells/mL.
Cells were serial diluted and 10* cells plated into 10cm plates. 2 weeks after seeding for
parental fibroblasts or rescue fibroblasts, colonies were washed in 1X PBS, then fixed and
stained using 0.1% crystal violet (Fluka) in 50% methanol. Colony formation was calculated by

determining total colony numbers relative to original cell number plated.
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7.6.4 Senescence assay

Senescence of the primary patient fibroblast cell line MR10 was monitored using Senescence
B-Galactosidase Staining kit (Cell Signalling Technology), according to the manufacturer’s
recommendations. Wildtype patient fibroblasts (MR98) were used as negative and positive
controls for the assay. The negative control remained untreated and left to grow confluent.
Positive controls for senescence were induced by two methods; (1) treatment with 4% ethanol
for 2 hours repeated for three days, or (2) treatment with 12.5 uM etoposide (Sigma-Aldrich®)
for 24 hours. After treatment, both positive control conditions were left to recover for five
days before performing the senescence assay. Control and MR10 cells were monitored for B-
Galactosidase activity, at pH 6 against the substrate X-gal, by the presence of blue product
using an EVOS microscope. The principle being that senescent cells have increased numbers
of lysosomes and therefore activity of the B-galactosidase enzyme is found at the higher that

usual pH 6.

7.7 Flow cytometry

Patient fibroblasts were grown to 70% confluency, harvested by trypsinisation, fixed in ice-
cold 70% ethanol before treating with 100 ug/mL RNase A (Thermo). Cells were stained with
20 pg/mL propidium iodide (PI, Sigma) then run on a CyanB flow cytometry machine (Beckman
Coulter) before cell cycle analysis was performed using Summit v4.3 software (Beckman
Coulter). Firstly, viable cells were gated using forward and side scatter. Secondly, PI staining
was used to determine cell cycle stage which was measured at 695 nm. This was then

expressed as a percentage of total cells analysed.
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7.8 Whole cell extracts

To prepare whole cell extracts, cells were lysed using JIES (100 mM NacCl, 20 mM Tris-HCI pH
7.4,5 mM MgCl,, 0.5% v/v NP-40), or RIPA (150 mM NaCl, 25 mM Tris pH 8, 1% v/v NP40, 0.5%
v/v Sodium deoxycholate, 0.1% v/v SDS) supplemented with 1X SIGMAFAST protease inhibitor
cocktail (PIC, Sigma-Aldrich®). Cells were washed in 1X PBS and scraped, followed by
centrifugation at 1500 rpm for 5 minutes (34 cm rotor). Cell pellets were lysed on ice, in a
suitable volume of JIES or RIPA for the cell type and pellet size. Cells lysed with RIPA were
sonicated (5 um Amplitude) twice for 20 seconds, incubating on ice between each round of
sonication. All cell lysates were centrifuged at 14000 rpm for 10 minutes at 4°C (16 cm rotor)
and supernatant collected. All protein samples were quantified, equalised and prepared for
Western blot in 1X sample buffer (Laemmli buffer: 125 mM Tris pH 6.8, 6% w/v SDS, 50% v/v

glycerol, 225 mM DTT, 0.1% w/v bromphenol blue).

7.9 Sub-cellular fractionation

Cells were separated into cytoplasm, nucleoplasm and chromatin fractions using a
combination of two lysis buffers, both supplemented with 1X SIGMAFAST protease inhibitor.
Cells were washed with 1X PBS, collected by scraping into 1X PBS, then pelleted by
centrifugation at 1500 rpm for 5 minutes (34 cm rotor). Cell pellets were lysed in Buffer | (10
mM Hepes pH7.9, 100 mM KCl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol, 1 mM DTT).
Lysates were mixed by pipette and incubated on ice for 5 minutes before centrifugation at
3500 rpm (16 cm rotor) for 5 minutes. This supernatant was collected, centrifuged at 13000
rom (16 cm rotor) for 15 minutes and the resulting supernatant used as the cytoplasm

fraction. The previous pellet was resuspended in Buffer Il (3 mM EDTA, 1 mM DTT) and
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incubated mixing at full speed on a Thermomix at 4°C for 15 minutes before centrifugation at
4000 rpm (16 cm rotor) for 5 minutes. Supernatant was collected as the nucleoplasm fraction.
The previous pellet was resuspended in Buffer I, sonicated (5 um Amplitude) and centrifuged
at 13000 rpm (16 cm rotor) for 5 minutes. The supernatant was collected as the chromatin
fraction. All protein samples were quantified, equalised across the different cellular fractions

and prepared for Western blot in 20% glycerol (v/v) and sample buffer (1X).

7.10 Protein stability assays

Protein stability was monitored using MG132 and cycloheximide assays. Epitope-tagged
protein over-expression was induced from stable expression cell lines 24 hours after seeding
in 10 cm plates using 1 pg/mL doxycycline for 16 hours. Following this, cells were treated with
50 pg/mL cycloheximide (Sigma-Aldrich®) and samples taken after 0, 2, 4, 8 and 10 hours.
Alternatively, cells were treated with 10 uM MG132 (BioVision) and samples taken after 0, 6
or 8 hours. Samples were quantified, equalised and prepared for Western blot in sample

buffer (1X).

7.11 Immunoprecipitation

Whole cell extracts were collected from 10 or 15 cm plates in a suitable volume of JIES or RIPA
supplemented with 1X protease inhibitor cocktail, as above. An input sample was taken in 1X
sample buffer. The remainder of the supernatant was incubated mixing with
immunoprecipitation beads at 4 °Cin 15 cm tubes; bead types and immunoprecipitation times
are indicated for each experiment in the sub-sections below.

Once immunoprecipitation incubations were complete, beads were washed repeatedly with

lysis buffer as follows. Agarose beads were collected by centrifugation at 800 rpm for one
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minute (16 cm rotor), whilst magnetic beads were collected using a MagnaRack (Invitrogen™).
Beads were then washed with 1 mL fresh JIES + 1X PIC, vortexed to mix and beads collected
as above. These wash steps were repeated a total of six times before collecting beads a final
time and removing residual supernatant. Proteins were eluted from beads by adding 2X
sample buffer to the beads and boiling on a heat block at 100 °C for 5 minutes. For peptide
elution, TBS (20 mM Tris pH 8, 100 mM NaCl) plus 100 pg/mL HA, V5 (ThermoFisher Scientific)
or FLAG (Sigma-Aldrich®) peptide was added to the beads and incubated for 20 minutes at 20
°C mixing at full speed on a ThermoMix. Where appropriate the eluate was removed from the
beads before preparing samples for Western blotting in sample buffer (1X). Alternatively,
immunoprecipitates were analysed by mass spectrometry (Section 7.12).

7.11.1 Enzyme-substrate interaction assay

To investigate enzyme-substrate interactions, cells were treated with 1 mM DMOG (Cayman
Chemical) 16 hours prior to harvesting, and 1 mM NOG (Cayman Chemical) added to the lysis
buffer and wash steps in order to maintain the enzyme-substrate complex. These
supernatants were incubated with anti-FLAG magnetic agarose beads, anti-HA agarose beads
or anti-V5 agarose beads (Sigma-Aldrich®) for 16 hours.

7.11.2 IVTT or peptide competition assay

For IVTT or peptide competition assays, whole cell extract samples were left to
immunoprecipitate for 6 hours in order to purify tagged-JIMJD5 enzyme before mixing with
IVTT reaction products or peptide (0.1 or 1 mg/mL) and leaving to incubate overnight rotating
at 4 °C. Peptides included MCM3 NLS (®*8LEKEKKRKKRSEDE®’!) or RPS6

(12VPRRLGPKRASRIRKL#4),
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7.11.3 Purification of endogenous protein

Purification of endogenous MCM proteins was carried out by first preparing a whole cell lysate
sample, as follows. Cells lysed in JIES were sonicated (5 um Amplitude) twice for 20 seconds
and treated with 100 units/mL Benzonase®(Sigma) for 1 hour at 4°C with mixing. Protein
samples were centrifuged (Section 7.8) before mixing 3.5 mg of protein with 10 pug antibody
(Table 7.3) and 30 ul Protein A agarose beads (Millipore). Immunoprecipitation took place at
4°C for 16 hours with mixing.

Table 7.3 Antibodies for endogenous immunoprecipitation

Target Antibody
FIH Sanata Cruz, sc-48813
MCM2 Bethyl, A300-191A

Bethyl, A300-195A
Sanat Cruz, sc-22780
Cell Signalling, 4012S
MCM3 Bethyl, A300-192A
Genetex #1 (GTX110241) and #2 (GTX111102)

MCM5

7.12 Mass Spectrometry

Immunoprecipitates, generated in Section 7.11, for mass spectrometry analysis were
submitted to the Advanced Mass Spectrometry Facility (Target Discovery Institute, University
of Oxford). Briefly, proteins were purified from eluants by methanol/chloroform extraction
and digested with the indicated proteases prior to peptide purification and MSMS sequencing
analyses on an Orbitrap Fusion Lumos (ThermoFisher). Data was processed by PEAKS 8.5
software (Bioinformatics Solutions Inc) and searched for fixed modifications
(carbamidomethyl (cysteine)) and variable modifications (including DKNPR hydroxylation and
methionine oxidation). Analysis of potential hydroxylation was undertaken with the assistance

of Dr Mathew Coleman using PEAKS software.
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7.13 Protein quantification assay

The concentration of protein extracts was determined using the Pierce protein assay reagent
(ThermoFisher Scientific), according to the manufacturer’s recommendations, by measuring
optical density at 660 nm on a EnSpire™ Multimode plate reader (Perkin ElImer). BSA (Sigma-

Aldrich®) of known dilutions was used as a protein standard.

7.14 Western blotting

Protein samples prepared in sample buffer (1X) were boiled for 5 minutes at 100 °C then
separated on a 12% polyacrylamide gel, made in-house, or Criterion TGX pre-cast gels (BioRad
Laboratories) at 150 V in a Tris/ glycine/ SDS Running Buffer (Geneflow). For coomassie
staining gels were washed in water and incubated rocking in InstantBlue™ (Sigma-Aldrich®)
before washing again in water and imaged using a Vilber Lourmat Fusion Fx imager. Western
blotting required the transfer of gels onto 0.45 um methanol activated PVDF membrane (GE
Healthcare). This was performed at 320 mA for 25 minutes per gel in a Tris/glycine Transfer
Buffer (Geneflow) plus 40% methanol. Membranes were blocked in PBST-M (5% milk powder,
1X PBS-T, 0.1 % Tween-20) for 1 hour rocking at room temperature then incubated in primary
antibody (Table 7.4) for 1 hour mixing at room temperature or overnight at 4 °C. After
incubation, membranes were washed 3 times in PBS-T (1X PBS, 0.1 % Tween-20) shaking for
15 minutes at room temperature before incubating for 1 hour at room temperature in HRP-
labelled secondary antibody diluted in PBST-M (Table 7.4). Membranes were washed as
before then imaged using a Fusion FX Vilber Imager. Visualisation of bands was performed
using 1:1 dilution of Clarity (BioRad) or Femto ECL (BioRad). Densitometric quantification of

bands was performed using Fusion FX Vilber software.
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Table 7.4 Primary and secondary antibodies for Western blotting

Target Antibody
B-Actin HRP-tagged, Abcam AB49900
JMID5 Collaborators Matsuura Yoshiharu Lab, Japan
JIMID7 Novus, St John’s Laboratory
HA HRP-tagged Sigma-Aldrich®, (12013819001)
FLAG HRP-tagged Sigma-Aldrich®, A8592
P53 Calbiochem, OP43
o-Goat-HRP DAKO, P0449
a-Rabbit-HRP Cell Signalling Technology 7074S
a-Mouse-HRP Cell Signalling Technology 7076S
RCCD1 Santa Cruz Biotechnology sc240810
Histone 3 Abcam AB1791
H3K36me2 Abcam AB9049
eRF1 SantaCruz (365686)
DRG1 Protein Tech (13190-1)
DRG2 Protein Tech (14743-1)
DFRP1 Sigma-Aldrich® (HP031099)
DFRP2 GeneTex (GTX120331)
MCM?2 Bethyl Laboratories A300-191A
MCM3 Bethyl Laboratories A300-192A
MCM4 GeneTex GTX109740
MCM5 Bethyl Laboratories A300-195A
MCM6 GeneTex GTX129216
MCM7 Cell Signalling Technology 3735S
RPS6 Cell Signalling Technology 2217
V5 BioRad MCA1360P

7.15 RNA purification

Cell pellets were collected by scraping cells into 1X PBS followed by centrifugation at 1500 rpm

for 5 minutes (34 cm rotor). Fibroblast and cancer cell line pellets were lysed and RNA purified

using the GenElute™ Mammalian Total RNA Miniprep kit, following the manufacturer’s

protocol. Neural RNA was purified and eluted using PureLink™ RNA Kit (ThermoFisher

Scientific) according to the manufacturer’s protocol. Nanodrop was used to determine the

concentration and purity of RNA (determined by 260/ 280 values). Samples stored at -80 °C.
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7.16 cDNA synthesis

cDNA was generated from RNA, diluted to 1 ug/mL in a 10 pl volume, using the High Capacity
cDNA reverse transcription kit (Applied Biosystems) according to the manufacturer’s protocol
for fibroblasts and cancer cell lines. Neuron cDNA was generated using Sensifast cDNA

Synthesis Kit (Bioline) according to manufacturer’s protocol. All cDNA samples stored at -80°C.

7.17 Quantitative PCR (qPCR)

gPCR was performed using the PCR Master Mix (Applied Biosystems) according to the
manufacturer’s protocol. Transcript abundance was measured using gene-specific TagMan
probes (ThermoFisher), including an internal loading control (VIC-labelled ACTB probe) and a
FAM-labelled probe for the cDNA of interest (Table 7.5). qPCR was performed on an Applied
Biosystems 7500 Real Time PCR System (at 50 °C 2 minutes, 95 °C 10 minutes, 95 "C 15 seconds
repeated forty times then held at 60 °C for 1 minute). The comparative 2-AACt method was

used for quantification of gene expression (Livak and Schmittgen., 2001).

Table 7.5 Primers used for gPCR

gPCR Primer Sequence (5’ to 3’)
IMID7 Hs00979972_g1
JMJID7 read through transcript Hs00979965_m1
DRG1 Hs02563393_s1
DRG2 Hs00954099_m1
DFRP1 Hs00218440_m1
DFRP2 Hs01086104 g1
JMID5 Hs00227070_m1
ACTB 4326315E

7.18 Genomic DNA purification

Genomic DNA was purified and eluted from immortalised fibroblast cell pellets using the

Invitrogen™ K1820-01 kit, according to manufacturer’s instructions. Samples stored at -80 °C.
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7.19 Sanger sequencing of endogenous transcripts

PCR reactions were performed using custom primers (Table 7.6) on template cDNA or genomic
DNA. PCR products were purified (GenElute™) and prepped for Sanger sequencing (Source
Bioscience or Australian Genome Research Facility). PCR products were also analysed by

separating samples using a 1% agarose gel made in TBE (Geneflow).

In order to analyse the InMut locus at both alleles, genomic DNA was purified (Section 7.18)
and the InMut region PCR amplified, as described above. The PCR products were then cloned
using a TOPO cloning method (described by manufacturer, ThermoFisher) and transformed
into DH5a competent E.coli (NEB). Colonies were then screened by purifying DNA and

analysed by Sanger sequencing (Source Bioscience), methods as described in Section 7.23.3.

Table 7.6 Primers for cell line sequencing

Primer Sequence (5’ to 3’)
C123Y (cDNA) Forward: CACATGGCAGGACGTAGACAA
Reverse: GCCTCTTTCCAGGGAGGTGT
C123Y (gDNA) Forward: CACATGGCAGGACGTAGACAA
Reverse: GCCTCTTTCCAGGGAGGTGT
InMut (cDNA) Forward: TCCAGCATTTCAGGGAGCAG
Reverse: ATGTCAGGCCCTTTCAGCTC
InMut (gDNA) Forward: CTGTATTCCCCGCAGGAGTC
Reverse: CAGGAGACAGGATGCAGGAC
JMJD7 (007 and ASD iPSC lines) Forward: TGACGCAGCCATGGCGGA
Reverse: GCGTGCTTGGTGGTGTTCA
JMJD5 (Cancer cell lines) Forward: CAGCCCAAAGGCGACTCG
Reverse: CTTGTCTCTATAGATTCC
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7.20 DNA fibre assay

Progression of DNA synthesis was monitored with the DNA Fibre Assay using halogenated
thymidine analogues CldU and IdU (Sigma-Aldrich®). An IdU solution was equilibrated at 37 °C
5% CO; for a minimum of 1 hour prior to use. Fibroblasts were plated into 6-well plates at
3x10° cells/well to ensure a confluency that cells would continue proliferation (rescue
experiments were plated into the relevant concentrations of doxycycline). The following day
cells were incubated with 250 uM CldU for 20 minutes at 37 °C before washing with media
and incubating with 1 mM Hydroxyurea (Sigma-Aldrich®) for 2 hours at 37 °C. Cells were
washed in media before incubating with 250 uM pre-equilibrated IdU for 20 minutes at 37 °C.
Control cells not drug treated were incubated sequentially with each analogue for 20 minutes
at 37 °C. Following incubation, IdU was washed off using ice-cold 1X PBS and cells were
harvested by trypsinisation then collected in 10% FBS in 1X PBS on ice. Cell suspension was
diluted to 5x10° cells/mL in 1X PBS. 2 pl of cell suspension was spotted at the top of a
microscope slide and left to dry for 4 minutes. 7 ul of spreading buffer (200 mM Tris pH 7.4,
50 mM EDTA, 0.5% SDS) was mixed with the drying cell sample on the microscope slide and
incubated for 2 minutes before tilting slides to allow the sample to slowly run down the length
of the slide. This was left to dry for 2 minutes before fixing in 3:1 methanol to acetic acid for
10 minutes. Slides were allowed to dry for 10 minutes before storing at 4 °C or staining. To
stain DNA fibres, microscope slides were washed twice with H,0, then once with 2.5 M HCI
before incubating in HCl for 1 hour 15 minutes to denature the DNA. Slides were washed twice
in 1X PBS, twice with blocking solution (1% BSA Fraction V, Roche), 0.1% Tween-20 in 1X PBS)
and incubated in blocking solution for 30 minutes. Slides were incubated for 1 hour with

primary antibodies Rat a-BrdU (BioRad) and Mouse a-BrdU (Becton Dickinson) diluted in
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blocking solution. Primary antibodies were removed and the slides washed three times in 1X
PBS before fixing with 4% paraformaldehyde (PFA, 40% w/v PFA in 1X PBS, pH 6.9) for 10
minutes. Slides were washed three times in 1X PBS and three times in blocking solution before
incubating, for 1.5 hours, with Alexa Fluor® secondary antibody a-Rat 555 nm and a-Mouse
488 nm diluted 1:500 in blocking solution. Following secondary antibody incubation, slides
were washed twice with 1X PBS, three times in blocking solution, and twice again in 1X PBS
before mounting (Sigma-Aldrich®). Fibres were imaged using a fluorescence microscope
(Nikon E600) then analysed using ImageJ to count DNA fibre structures (discussed in Section
5.3.3), the measurement of replication fork asymmetry (discussed in Section 5.3.4), or the

measurement of replication fork speeds (discussed in Section 5.3.5, using equation 7.1).

(total fibre length in ym
9.55 pixels
40 minutes

) X 2.59

= Replication fork speed (kb/minute)

Equation 7.1 The equation used to determine the speed of DNA replication forks

Total fibre length of ongoing fork structures was measured in pixels using ImagelJ. As 1 um equals 9.55
pixels (for the microscope camera used) this measurement could be converted into total fibre length
(um). This value was multiplied by 2.59 to convert the total fibre length into kilobases (kb), considering
that 1 um equals 2.59 kb of DNA (Jackson and Pombo, 1998). This value was divided by 40 minutes, as
the total time cells were incubated with the two thymidine analogues, to determine the total
replication fork speed as kb/minute.

7.21 Immunofluorescence

7.21.1 ESCs and neurons

Confluent stem cell colonies were passaged (Section 7.1.2) and plated onto coverslips coated
with 10 pg/mL Vitronectin substrate (Stem Cell Technologies). Alternatively, 2-week-old
excitatory neurospheres (Section 7.2) were dissociated and plated onto coverslips coated with
10 pg/mL Poly-D-Lysine (Sigma-Aldrich®) and 10 pg/mL Laminin substrate (Invitrogen™).

Neurons were matured on these coverslips for 2 weeks (Section 7.2). Cells were washed three
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times with 1X PBS before fixing with 4% PFA for 15 minutes. After washing 3 times in 1X PBS,
cells were permeabilised with 0.2% Triton-X-100 for 15 minutes. Cells were washed three
times with 1X PBS then blocked for 1 hour in 10% FCS (ThermoFisher Scientific) diluted in 1X
PBS before incubating overnight at 4 °C with primary antibodies (Table 7.7), diluted in 10%
FCS. Cells were washed in 1X PBS as before then incubated for 1 hour at room temperature
with secondary antibodies (Table 7.7) diluted 1:1000 in 10% FCS. Cells were washed 3 times
with 1X PBS then incubated with 1 ug/mL DAPI (Sigma-Aldrich®) diluted in 1X PBS for 5 minutes
at room temperature. Cells were washed in 1X PBS as before then once in H,O before
mounting onto slides using Moviol (Milipore). Immunofluorescence imaging and analysis was

done using Zeis microscope and Zen Pro software.

7.21.2 Detection of replication stress markers in patient-derived fibroblasts

Fibroblasts were plated onto coverslips (22 mm x 22 mm, Leica) in 6-well plates, at 3x10°
cells/well. For 53BP1 bodies and micronuclei assays cells were treated with +/- 0.5 uM
Aphidicolin (Sigma-Aldrich®) for 48 hours (+/- doxycycline for rescue experiments).
Subsequently cells were fixed with 4% PFA cells then washed in 1X PBS. For 53BP1 bodies and
micronuclei assays cells were then incubated in nuclear extraction buffer (20 mM NaCl, 3 mM
MgCl, 300 mM Sucrose, 10 mM PIPES, 0.5% Triton-x-100) on ice for 5 minutes. For all methods
cells were washed twice in 1X PBS then permeabilised using 0.1% Triton-x-100 for 10 minutes.
Coverslips were then stained for immunofluorescence. Other experiments required
alternative methods to fix cells, including methanol or acetone treatment for 10 minutes at -
20 °C, before washing with 1X PBS and immunofluorescence staining. To stain, cells were
washed three times in 1X PBS before blocking in 1% BSA (Sigma-Aldrich®, A7906) in 1X PBS for

1 hour. Coverslips were incubated with primary antibody (Table 7.7), diluted in blocking
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solution, for 1 hour at room temperature. Coverslips were washed three times in blocking
solution before incubating with secondary antibody (Table 7.7), diluted 1:1000 in blocking
solution, for 1 hour at room temperature. Coverslips were washed three times in blocking
solution then incubated with DAPI (Invitrogen™) diluted in 1X PBS for 10 minutes at room
temperature. Cells were washed three times in 1X PBS and mounted (ProLong® Gold, Cell
Signalling). 53BP1 bodies were counted in G1 cells (determined by negative CENPF counter
staining) and micronuclei counted using DAPI staining on a Nikon E600 microscope. Images of

immunofluorescence staining were taken using a Leica microscope.

Table 7.7 Primary and secondary antibodies for immunofluorescence

Target Antibody
JMID7 Novus, NBP1-91110
DRG1 Proteintech, 13190-1-AP
DRG2 Proteintech, 14743-1-AP
DFRP1 ATLAS, HPA031099
DFRP2 GeneTex, GTX120331
vGlutl Abcam, 72311
GABA Sigma-Aldrich®, A2052
MAP2AB Sigma-Aldrich®, M1406
BllI-Tubulin Millipore, MAB1637
S100P8 Sigma-Aldrich®, $2532
FLAG Sigma-Aldrich®, F1804
HA BioLenged, 901501
CENPF BD Biosciences, 610768
53BP1 Bio-Techne, NB100-904V
MCM3 Bethyl Laboratories, A300-192A
MCM5 Bethyl Laboratories, A300-195A
Abclonal, A11606
Abcam ab36104
JMJD5 Abcam, AB28883
DSHB, PCRP-KDM8-1A2
Collaborators Matsuura Yoshiharu Lab, Japan
Mouse 555nm Life technologies, A31570
Mouse 488nm Life technologies A10684
Rabbit 488nm Life technologies, A11070
Rabbit 555nm Life technologies, A21430
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7.22 In vitro assays

7.22.1 Generation of GST tagged JMJD5
Methods described below were performed by Dr Mathew Coleman. Human JMJD5 cDNA

sequence was cloned into pGEX-4T-1 (Amersham), as described below (Section 7.22). pGEX-
4T-1 JMID5 was transformed into BL21(DE3) competent cells (Promega). Overnight cultures
were grown in 2X Luria-Bertani (LB) broth plus 50 pg/mL ampicillin and then back diluted 1:100
in 1 L of room temperature 2X LB plus 50 pg/mL ampicillin. Cultures were incubated at 37 °C
and 200 rpm until reaching an absorbance of ODggonm Of 0.6. Cultures were then chilled to 18
°C before inducing protein expression with 0.5 mM IPTG for 16 hours. Cultures were spun at
6000g for 10 minutes to pellet bacteria. Pellets were resuspended in 100 mL of lysis buffer (50
mM Tris pH 8.0, 300 mM NaCl, 0.5 mM TCEP (tris(2-carboxyethyl)phosphine) reducing agent
(Sigma), 1X PIC, 20 U/ml TurboNuclease (Sigma), 0.5 mg/ml lysozyme (Sigma) and 0.1% v/v
Triton-X-100) and allowed to rotate for 1 hour at 4 °C. Samples were centrifuged at 18000 rpm
(34cm rotor) for 15 minutes at 4 °C. Supernatants were incubated with 1 mL Glutathione
Sepharose beads (GST, GE Healthcare) at 4 °C overnight with mixing. Beads were washed 6
times with 10 mL wash buffer (50 mM Tris pH 8.0, 300 mM NacCl, 0.5 mM TCEP, and 0.1% v/v
Triton-X-100) before eluting GST-tagged JMJD5 with 10 mM glutathione (Sigma), 50 mM Tris
pH 8.0, 300 mM NaCl, and 0.5 mM TCEP. Three sequential 1 mL elutions were performed at
room temperature for 10 minutes with rotation. Samples were analysed by SDS-PAGE and
Coomassie staining before combining relevant fractions and dialysing in a 7K molecular weight
cut off Slide-A-Lyzer dialysis cassette (Pierce) against 50 mM Tris pH 8.0, 300 mM NacCl, and

0.5 mM TCEP overnight at 4 °C with mixing. Dialysed samples were concentrated to 2 mg/mL
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using a 6 mL protein concentrator fitted with a 10K molecular weight cut off polyethersulfone

membrane (Pierce).

7.22.2 In vitro interaction assay

Glutathione Sepharose beads (GST) beads were pre-blocked with 5% BSA (Sigma-Aldrich®) for
2 hours rotating at 4 °C. Blocked beads were washed in JIES buffer and incubated with HEK-
293T whole cell lysate (lysed in JIES) and either 6 pg GST, GST-tagged JMJD5 wildtype or GST-
tagged C123Y (Section 7.21.1) for 2 hours rotating at 4 °C. Beads were washed 6 times in JIES
before boiling in 2X Laemlli buffer for 5 minutes. Samples were analysed by Western blotting

and Coomassie staining.

7.22.3 In vitro hydroxylation reaction

RPS6 peptide (*VPRRLGPKRASRIRKL!*4) was solubilised to 400 uM in substrate buffer (50 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM DTT). Stock (NH4)2Fe(SOa4), was prepared in 20 mM HCI
to a concentration of 500 mM and then diluted to 10 mM with MilliQ water prior to use. A 2X
master mix of buffers and co-factors was prepared as follows; 50 mM HEPES pH 7.5, 200 uM
Fe(ll), 1 mM ascorbate, and 400 uM 2-oxoglutarate. Reactions consisted of 10 pL 2X co-factor
mix plus 5 pL control buffer (50 mM Tris pH 8.0, 300 mM NacCl, and 0.5 mM TCEP), 5 pL GST-
tagged 2 mg/mL wildtype or C123Y JMID5, and 5 plL of substrate buffer or RPS6 peptide (total
volume 20 pl). The reaction was mixed at 1000 rpm and 37 °C for 15 seconds before incubating
at 37 °C for 2 hours. Reaction sample was diluted 1:10 in H,0 before analysis using the in vitro

hydroxylation assay.
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7.22.4 In vitro hydroxylation assay

The following protocol was used for the Succinate-Glo™ JmjC demethylase/ hydroxylase Assay
(Promega). 5 pL of diluted hydroxylation reaction plus 5 pL of Succinate-Glo™ detection
reagent | was placed into one well of a white walled clear bottom 384-well plate, in triplicate.
The plate was sealed with parafilm before mixing on a thermomix at 1000 rpm for 15 seconds
and incubating at room temperature for 1 hour. 10 plL Succinate-Glo™ detection reagent Il
was then added to the wells before re-sealing and mixing the plate as before, with subsequent
incubation at room temperature for 10 minutes. Reactions were analysed for luminescence
using a PerkinElmer Enspire plate reader. Presence of a luminescent signal was an indirect
indication of a successful hydroxylation reaction, as succinate was processed by enzymes in

the kit to generate a luminescent signal.

7.23 Molecular biology

7.23.1 Vectors and plasmids

Five vectors and their derivatives were used in this thesis. These included modified forms of
the Dharmacon lentiviral vectors pTRIPZ™ (Figure 7.3A), termed ‘pTIPZ’ (the pTRIPZ™ vector
minus the RFP gene, a gift from Dr Tencho Tenev, Institute of Cancer Research, London) and
‘pIPZ" (the pTIPZ vector minus the RFP gene and doxycycline inducible promoter). The
remaining vectors were pGEX-4T-1 (Figure 7.3B), pcDNA3 (Figure 7.3C) and pEF6 (generous

gift from Prof Richard Marais).

Page 281



' @oUdDdeus Aq paiesauad sdew J0309A ||V "EVYNQ2d

Joj dew 403193 (D) "T-11-X39d 404 dew 403109 (g) "42130woud 3|qionpul aulpAdAxop pue auad d4y ay3 yioq
SnuIW Sem 3AIBALIBP 7d|d 3y} pue *

2Ua8 d4Y 9Y3 Snulw sem dAIIBALIBP Zd|1d Y] "1S2491Ul JO sadUaNbas

JNO PaUoD M S33U3aINbas YNYYS 3yl 4o 3dejd U] "J03BA ,,7dI¥1d . UO0deWIRYQ JO) dew J03IA (V)

sdew piwsed 8uiuo|d €'/ a4n3i4

1san
{eubis (¥jAjod 154

AL

1=0weud ydwy

) )

INMpY (Cv97 IHweg (9009}
nen (7909
sl
misa (2

puv
1

IWd (osze}

1dvase (1666)
(¥i4i0d kog

miw (8998 {508t

A1V (s
({pareaeu;) uoAn)

JAIed ObAS

(a) (v)

TEUBIS (VA0 ObAS
h 1A

Page 282



7.23.2 Cloning protocol

A PCR was carried out using the protocol supplied by Phusion High Fidelity DNA Polymerase

(NEB) and custom primers (Table 7.8). PCR templates were either cDNA purified from Hela

cells or plasmid DNA from previously cloned constructs.

Table 7.8 Cloning primers

Primer Sequence (5’ to 3’)
Forward:GTCATTAAGCTTATGGATTACCCATACGATGT
MCM3-HA TCCAGATTACGCTGCGGGTACCGTGGTGCTG
Reverse: AATGACCTCGAGTCAGATGAGGAAGATGAT
Forward:GTCATTAAGCTTATGGGTAAGCCTATCCCTA
MCMS5-V5 ACCCTCTCCTCGGTCTCGATTCTACGTCGGGATTCGACGATCCT

Reverse: AATGACGCGGCCGCTCACTTGAGGCGGTAGAG

MCM3 N-terminal

Forward: GTCATTAAGCTTATGGATTACCCATACGATGTTCC

domain Reverse: AATGACCTCGAGAAGGACATGGTCTGAGATC
Forward:GTCATTAAGCTTATGGGTAAGCCTATCCCTAACC
MCMS R731* CTCTCCTCGGTCTCGATTCTACGTCGGGATTCGACGATCCT
Reverse: AATGACGCGGCCGCTCACTTGCGCTGCATGCG
Forward:GTCATTAAGCTTATGGGTAAGCCTATCCCTAACC
MCMS R731A CTCTCCTCGGTCTCGATTCTACGTCGGGATTCGACGATCCT

Reverse: AATGACGCGGCCGCTCACTTGAGGGCGTAGAG

MCM5 MCM domain

Forward:GTCATTAAGCTTATGGGTAAGCCTATCCCTAACCCT
CTCCTCGGTCTCGATTCTACGGTCTATGAGGTCATCTCC

Reverse: AATGACGCGGCCGCGATGACATGCTTGGCCAG

MCMS5 C-terminal
domain

Forward:GTCATTAAGCTTATGGGTAAGCCTATCCCTAACCCT
CTCCTCGGTCTCGATTCTACGGTCTATGAGGTCATCTCC

Reverse: AATGACGCGGCCGCTCACTTGAGGCGGTAGAG

MCM5 N-terminal
domain

Forward:GTCATTAAGCTTATGGGTAAGCCTATCCCTAACCCTC
TCCTCGGTCTCGATTCTACGTCGGGATTCGACGATCCT

Reverse: AATGACGCGGCCGCGATGACATGCTTGGCCAG

Page 283



To generate sticky ends for ligation, PCR products were purified using GenElute™ PCR clean-
up kit (Sigma-Aldrich®) and digested, alongside the appropriate vector, using ThermoFisher
Scientific FastDigest™ restriction enzymes, according to the manufacturer’s instructions

(Table 7.9).

Table 7.9 Restriction enzymes used for cloning

Substrate Restriction enzyme
MCM3 pcDNA3 Hindlll and Xhol
MCM5 pcDNA3 Hindlll and Notl

InMut PEF6 EcoRl and Sall

Digested inserts and vectors were recovered using a GenElute™ gel purification kit (Sigma-
Aldrich®) after electrophoresis on a 1% agarose gel. To prevent self-ligation, digested vectors
were treated with calf intestinal phosphatase (BioLabs) for 30 minutes at 37 °C before
purification using the GenElute™ PCR clean-up kit. Vectors and inserts were ligated together
using T4 ligase (NEB) for 10 minutes at room temperature. To improve ligation efficiency, T4
ligase was inactivated at 65 °C for 10 minutes. The amount of insert required in each ligation

reaction was determined using the equation 7.2.

Mass of Vector (ng) X Size of Insert (kb)
Size of Vector (kb)

X Vector (M): Insert Ratio

Equation 7.2 Equation to determine ligation ratios for cloning
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7.23.3 Bacterial transformation

2.5 ulL of ligation products were incubated with 25 pL DH5a competent E.coli (NEB) on ice for
30 minutes before a heat shock at 42 °C for 30 seconds. Samples were mixed with SOC media
and incubated for 1 hour shaking at 37 °C. Samples were spread onto 50 pug/mL Ampicillin LB
Agar plates and incubated at 37 °C overnight. Colonies were collected and grown in LB
containing 50 upg/mL Ampicillin overnight before purifying DNA according to the
manufacturer’s protocol for the GenElute™ Plasmid Miniprep. kit Successful cloning was

verified by Sanger sequencing (Source BioScience).

7.23.4 Site directed mutagenesis (SDM)

Two SDM protocols were used in this thesis (primers details are provided in Table 7.10). The
first SDM method used short overlapping primers and the manufacturer suggested PCR
reaction conditions for Phusion® High Fidelity DNA Polymerase (NEB). This method was used
to generate HA-MCM3 point mutations and HA-JMJD5 cancer mutations P190L, D323N and
P395Q. The second SDM method was based on non-overlapping HPLC purified primers,
phosphorylated with T4 polynucleotide kinase, according to the instructions provided with the
corresponding kit (ThermoFisher Scientific). PCR reactions were performed according to the
manufacturer’s protocol for the ThermoFisher Scientific Phusion SDM kit. This SDM method
was used for generating the HA-JMJD5 C123Y point mutation. PCR products from both
methods were Dpnl digested (ThermoFisher Scientific) to remove the PCR template
(methylated bacterial DNA), then PCR purified (GenElute™). Samples were transformed into
DH5a high competency E.coli (NEB) as in Section 7.22.3. Successful mutagenesis was verified

by screening plasmid DNA isolated from colonies by Sanger sequencing (Source BioScience).
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Table 7.10 SDM primers
Primer Sequence (5’ to 3’)

Forward: AagActCgcCagCcaGatGccAaaGatGggGatTgaTacGac

MCM3 701*
Reverse: tgTgtCacTgaAgtCatAggGgtCgtAtcAatCccCatCttT
Forward: TtcAtcAtgCtgGatCagAtgGatCctTagCagGatCggGag
MCM3 491*
Reverse: gaCatGgtCtgAgaTctCccGatCctGetAagGatCeaTctG
Forward: GAAGGAGAAGAAATGTAAGAAGCGAAGTGAGGATGAATCAGAG
MCM3 R664C
Reverse: CACTTCGCTTCTTACATTTCTTCTCCTTCTCCAGAACCTTCTTAAAG
Forward: AAACGTAAGAAGCAAAGTGAGGATGAATCAGAGACAGAAGATG
MCM3 R667Q

Reverse: GATTCATCCTCACTTTGCTTCTTACGTTTCTTCTCCTTCTCCAG

Forward: GAAAAAACAGTCCCCCGGCTGCACCGTCTGTCCCTCCAGCAT
JMJD5 P190L

Reverse: AAACTGCTCCCTGAAATGCTGGAGGGACAGACGGTGCAGCCG

Forward: CCACTACATCAGAATCCCCAGCAAAACTTCCTAGTGCAGGTG
JMJD5 D323N

Reverse: GTTTTGCTGGGGATTCTGATGTAGTGGGGAGATGGTTCCCTG

Forward: CTGTCTCCTGGAGAGATCCTGTTCATCCAGGTGAAATACTGG
JMID5 P395Q

Reverse: AGCCCGCACGTAATGCCAGTATTTCAGCTGGATGAACAGGAT

Forward: GCGGGTCTATGACATGGGC
JMJDS5 C123Y

Reverse: AGGGCTGCGGCCACA

7.24 In vitro transcription and translation (IVTT)

HA-MCM3 and V5-MCM5 were generated by IVTT by incubating 1 pug MCM3 or MCM5
wildtype or SDM plasmid constructs with Promega TnT® T7 Quick Coupled Transcription/
Translation System mastermix and 20 uM methionine. Samples were incubated at 30 °C for 1

hour before analysis by Western blot or use in immunoprecipitation assays (Section 7.11).
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7.25 Bioinformatics analysis

7.25.1 Cancer mutations

COSMIC and cBioPortal databases were utilised to identify and compile cancer patient

mutations. These databases were searched for ‘KDM8’ or ‘IMJD7’ individually, all cancer

patient and cancer cell line mutations were compiled, and duplicates removed (datasets as of

July 2016). These mutations were then aligned along the human JMID5 or JMJD7 sequence

(Table 7.11).

Table 7.11 Amino acid sequences used for bioinformatic analysis

Protein Species Amino Acid Sequence Code
(NCBI)
Human NP_001138820.1
Zebrafish A8E534
Atlantic Salmon B5XF11
JMJD5 Xenopus B2GUS6
Mouse QICXT6
Rat Q49788
Bovine Q1JpP61
Human NP_001108104.1
Zebrafish NP_001017615.1
Atlantic Salmon XP_014049567.1
JMJD7 Xenopus NP_001011279.1
Mouse NP_001108109.1
Rat NP_001108128.1
Bovine NP_001108130.1
HSBP1 NP_001528.1
TYWS5 NP_001034782.1
FIH NP_060372.2
JMID8 Human AAI37101.1
JMID6 NP_001074930.1
JIMJD4 NP_075383.2
NO66 NP_078920.2
MINA53 NP_001035998.1

7.25.2 Sequence alighment

Sequence alighment was used to establish conservation (sequences as Table 7.11) using the

online multiple sequence alignment tool Clustal Omega.
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7.25.3 Mutation analysis

To predict the effect of point mutations on protein structure or function, two online
bioinformatic software tools were utilised, SIFT and PolyPhen-2. Both calculate the probability
that an amino acid substitution will be tolerated at a specific residue based on sequence
conservation. The SIFT score is the probability that a change will be tolerated, whereas,
PolyPhen-2 scores the probability that the amino acid substitution will be damaging (Adzhubei
et al., 2010, Sim et al., 2012). The major difference in analysis being that SIFT also accounts

for changes in amino acid properties.

7.25.4 Human Splice Finder

To predict the effect of the eight-base-pair intron mutation deletion Human Splice Finder
(HSF) version 3.1 was utilised. This bioinformatics tool uses ‘position weight matrices’ and
‘maximum entropy principle’ algorithms (Desmet et al., 2009) in order to predict splice site
motifs within a given DNA sequence. The wildtype and intron deletion mutation sequences

analysed are shown in Table 7.12.

Table 7.12 Amino acid sequences analysed by human splice finder

JMID5 Sequence
GTGATGGGGAGGAAGTACATCCGGCTGTATTCCCCGCAGGAGTCAGGGGCTCTGTACCCTCATGAC
ACGCACCTTCTCCATAACACGAGCCAGGTGGGCACTGGGGGTCTGGGGTGACGTTGCAGGTTCTCC
CCACTGCCCCTGGAGATGATGACGTCCTTTGCTTTCTTCAGGTTGACGTGGAGAATCCCGACCTGGA
AAAGTTCCCCAAGTTTGCCAAGGCCCCATTCCTGTCCTGCATCCTGTCTCCTGGAGAGATCCTGTTCA
TCCCGGTGAAATACTGGCATTACGTGCGGGCTCTGGATTTGAGCTTCTCGGTCAGCTTCTGGTGGTC
GTAG
GTGATGGGGAGGAAGTACATCCGGCTGTATTCCCCGCAGGAGTCAGGGGCTCTGTACCCTCATGAC
ACGCACCTTCTCCATAACACGAGCCAGGTGGGCACTGGGGTGACGTTGCAGGTTCTCCCCACTGCC
InMut CCTGGAGATGATGACGTCCTTTGCTTTCTTCAGGTTGACGTGGAGAATCCCGACCTGGAAAAGTTCC
CCAAGTTTGCCAAGGCCCCATTCCTGTCCTGCATCCTGTCTCCTGGAGAGATCCTGTTCATCCCGGTG
AAATACTGGCATTACGTGCGGGCTCTGGATTTGAGCTTCTCGGTCAGCTTCTGGTGGTCGTAG

Wildtype
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7.25.5 Predicting molecular weight and isoelectric point of proteins

The molecular weight and isoelectric point of wildtype and InMut JMJD5 sequences were
analysed using the online software ExPASy. Human wildtype JMJD5 as Table 7.11.

7.25.6 Crystal structure analysis
The crystal structure of JMID5 PDB: 4GAZ (Wang et al.,, 2013) and JMJD7 PDB: 5NFN

(Markolovic et al., 2018) were visualised and annotated using UCSF Chimera.

7.26 Statistical analysis

Statistics were performed on experiments with at least three independent biological repeats
and the statistical test used is indicated for each experiment. Microsoft Excel® was used to
perform the ‘two-tailed Student’s t-test’, and Sigmaplot (Systat Software Inc) was used to perform
the ‘Mann-Whitney U test’. A p-value <0.05 (represented by ‘*’), <0.01 (represented by ‘“**’), or <0.001
(represented by “***’) was considered statistically significant. All histograms include standard

deviation, calculated using Microsoft Excel®, and displayed as error bars.
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