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Abstract

Post-translational modifications (PTMs) are found throughout cell biology and are
essential for normal cell growth and survival. Hydroxylation is a PTM that is generally
catalysed by a family of enzymes known as 2-oxoglutarate (20G) oxygenases. A
sub-family of 20G oxygenases with a ‘Jumonji-C’ (JmjC) catalytic domain have
important regulatory functions in gene expression control and are often deregulated
in disease. However, within this family of enzymes there remain a number of
uncharacterised “orphan” enzymes, whose substrates remain unknown and potential
roles in disease is not yet investigated. One of these orphan enzymes is Jumoniji-C
Domain 7 (JMJD7). Here, we contribute to the first biochemical characterisation of
JMJD7, which is an active 20G oxygenase with lysyl hydroxylase activity towards the
Developmentally Regulated GTP binding Proteins, DRG1 and DRG2. Furthermore,
we investigate a role for JMJD7 and pathway components in cancer, with our findings
indicating potential tumour suppressive functions, including in gastric cancer. Cancer
mutation analysis identified “hot-spots” within the JMJD7 gene which may be of
functional importance. One cancer mutation hot-spot centres around a conserved
N-terminal threonine phosphorylation site, indicative of a potential novel regulatory
domain. However, the role of phosphorylation in regulating JMJD7 function and the
kinase responsible for this modification were not known. Our work demonstrates that
JMJD7 phosphorylation contributes to its role in growth, is cell cycle regulated, and
may be catalysed by a cyclin-dependent kinase. Finally, we discuss the outcomes in

the wider context and look towards the future directions of this project.
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Chapter 1

Introduction



In this thesis | investigate a previously uncharacterised 2-oxoglutarate oxygenase,
JMJDY7. | have contributed to the basic characterisation of the enzyme and explored
how JMJD7 is regulated by cancer mutation and phosphorylation. | have begun to
identify the JMJD7 kinase and to investigate how phosphorylation modulates JMJD7
function. This Introduction will therefore aim to provide an overview of the current
literature surrounding the 20G oxygenase enzyme family, with a focus on protein

hydroxylases most closely related to JMJD7.

1.1 Post-translational Modifications

The human genome encodes approximately 25,000 genes. However, due to post-
transcriptional and post-translational processing this number increases to ~1.8 million
protein species, partly due to ~200 different types of ‘post-translational modifications’
(PTMs) (Jensen, 2004, International Human Genome Sequencing, 2004, Kho et al.,
2004): (Khoury et al., 2011). Generally, PTMs involve the covalent attachment of a
molecule to a protein (the top 10 most frequent PTMs proven experimentally are
shown in Table 1.1). These modifications are present in a broad spectrum of cellular
processes and can have diverse consequences, including on; protein localisation,
activity, function, degradation and substrate specificity (Knorre et al., 2009). In fact,
>60% of all PTMs reside within protein-protein interaction domains, and are therefore
thought to modulate protein complexes (Duan and Walther, 2015). The PTM network
is extremely mulitfaceted and can involve independent events or cross-talk between
modifications (Duan and Walther, 2015). For example, ubiquitin is typically
associated with cross-talk between other modifications and modifying enzymes

(Pickart, 2004). As such, there are reports of ubiquitin cross-talk with sumoylation,



acetylation, phosphorylation, hydroxylation and methylation, among others (Zhao et

al., 2014, Cockman et al., 2000).

ATP

7

Protein Protein

P-P-P

Phosphatase

Figure 1.1 Protein phosphorylation and dephosphorylation. Kinases
catalyse protein phosphorylation. During the reaction the kinase transfers one
phosphate group from the bound adenosine triphosphate (ATP) to its
substrate protein, generating adenosine diphosphate (ADP). The reverse is
true for dephosphorylation, a phosphatase removes the phosphate group
bound to the protein which generates ATP from ADP.




Table 1.1 List of Top 10 experimentally proven PTMs with description and example. Total numbers correct as of September

2018.

Type of

modification

Description

Example Ref

Total number
(Khoury et al., 2011)

Phosphorylation Addition of a phosphate group (80Da, PO,) to Serine, Threonine or (Baba et al., 2011) 58,383
Tyrosine residues.
Acetylation Attachment of an acetyl group from Acetyl Coenzyme A onto either: (Kuhns et al., 2018) 6751
- Amino group of the N-terminus
- Amino group of Lysine
N-linked Addition of a carbohydrate to the nitrogen of an asparagine. Occurs in | (Sareneva et al., 1995) 5526
glycosylation in the endoplasmic reticulum.
Amidation Oxidation of a glycine which is then cleaved into two products, (Merkler, 1994) 2844
including N-term or C-term amidated peptide.
Hydroxylation Addition of a hydroxyl group onto the side chain of an amino acid. (Markolovic et al., 2018) 1619
Types include: lysine, arginine, aspartic acid, asparagine, histidine,
proline.
Methylation Addition of a methyl group (CH;) (15Da) on to a Lysine or Arginine. (Clarke et al., 2017) 1523
O-linked Addition of a carbohydrate to the oxygen of a serine or threonine. (Harvey and Haltiwanger, 1133
glycosylation Occurs in the golgi apparatus. 2018)
Ubiquitination The addition of a small (8kDa) ubiquitin protein. Lysine residues within | (Hwang et al., 2018) 878
the ubiquitin peptide can also be ubiquitinated. Polyubiquitin chains
convey varying functions.
Pyrrolidone Lactam derivative of glutamic acid. (Moro et al., 2018) 826
Carboxylic Acid
Sulfation Addition of a sulfo group (SOsH). (Mueller et al., 2018) 504




Phosphorylation
Phosphorylation is the reversible attachment of an 80 Da phosphate group (PO4) to

another molecule. Although protein phosphorylation is the most abundant type, other
molecules can also be phosphorylated i.e. lipids. On proteins, enzymes known as
kinases catalyse the phosphorylation of specific amino acid side chains including
serine, threonine or tyrosine, and phosphatases reverse the reaction (Figure 1.1).
There are over 500 kinases in the genome making this the largest family of enzymes
(Johnson, 2009, Knorre et al., 2009). Phosphorylation involves transferring the
gamma-phosphate group from adenosine triphosphate (ATP) to a protein substrate,
yielding a phospho-protein and adenosine diphosphate (ADP) (Figure 1.1) (Cheng et
al., 2011). The activation of kinases generally requires phosphorylation of a
conserved tyrosine residue within an ‘activation loop’, sometimes by
autophosphorylation (e.g. DYRKSs, HIPKSs), in a tightly regulated process that often
involves multiple feedback loops (Himpel et al., 2001, Harvey et al., 2005, Lolli and
Johnson, 2005). The addition of a small phosphate group leads to a significant
change in the local biochemistry due to the addition of a negative charge, which can
trigger changes in protein conformation and protein-protein interactions through
electrostatic attraction and repulsion. Experimental studies have shown that the
addition of negative charge by substituting the phosphorylated site to aspartic acid
(D) or glutamic acid (E) can sometimes be used as an effective tool to mimic protein

phosphorylation (Yang et al., 2013, Guerra-Castellano et al., 2016).

Protein phosphorylation can act as a molecular switch between functional states. As
such it has been observed throughout many aspects of cell biology, including (but not
limited to); protein translocation, substrate specificity, enzyme activation, targeting for

peptidyl-isomerase activity, mediating protein:protein interactions, and priming for
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further PTMs (Harreman et al., 2004, Ortmann et al., 2016, Baba et al., 2011, Estey
et al., 2013, Cole et al.,, 2006, Nishi et al., 2011). The biology surrounding
phosphorylation is complex, tightly regulated and often overlapping. As such, several
kinases may target the same residue on a substrate and conversely, one kinase may
target multiple residues on the same protein. For example, both Dual-specificity
Tyrosine Regulated Kinase 2 (DYRK2) and Homeodomain Interacting Protein Kinase
2 (HIPK2) target p53 Ser46 in response to DNA damage. Furthermore, both ‘Ataxia
Telangiectasia Mutated’ (ATM) and ‘ATM- and RAD3-related’ (ATR) target multiple
sites on BReast CAncer susceptibility gene (BRCA) 1 (Taira et al., 2007, Puca et al.,

2009, Miller and Turk, 2018, Tibbetts et al., 2000).

One significant example of phosphorylation that is essential for growth is the Mitogen
Activated Protein Kinase (MAPK) pathway. MAPKSs are involved in almost all cellular
processes via signalling from the cell surface into specific regulatory pathways
(Chang and Karin, 2001). This pathway is primarily formed of three tiers: the MAPK
kinase kinases (MAPKKK), the MAPK kinases (MAPKK) and the MAPKs (Dhillon et
al., 2007). As their names might suggest, the MAPKKKs reside at the top of the
pathway and respond to extra-cellular signalling to activate the MAPKKSs, and in turn
the MAPKSs. Activation of different MAPKs will have varying effects on cellular
function (Gutkind, 2000). Most protein kinases have specific substrate recognition
motifs (Biondi and Nebreda, 2003). As such, MAPKs rely on a ‘docking site’ for
substrate recognition which is separate from the phosphorylation site (Holland and
Cooper, 1999). This docking sequence allows stringent substrate specificity by
providing a site for the kinase to bind before phosphorylation occurs. For the MAPKSs,

this recognition motif is [R/K]-[Xz6]-[I/L]-X-I/L and mutation of either the basic or



hydrophobic residues in this sequence can negatively affect kinase binding (Bardwell
et al., 2003). Taken together, it is clear that interplay between protein modifying
enzymes is complex and is an important area of molecular biology to consider in

functional studies.
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Figure 1.2 Phylogenetic tree of 20G oxygenases. Highlights the six main
families of 20G oxygenases; histone demethylases, proline hydroxylases,
collagen hydroxylases, nucleotide hydroxylases, small molecule
hydroxylases and JmjC hydroxylases. Figure used from: Figure 1,
(Johansson et al., 2014)



1.2 2-Oxoglutarate Oxygenases

In contrast to phosphorylation, protein hydroxylation is a relatively new area of PTM
research. Protein hydroxylation is the covalent modification of an amino acid side
chain by an oxygen atom to form an alcohol group. It is generally catalysed by a
family of enzymes known as ‘2-oxoglutarate (20G) oxygenases’ (Figure 1.2)
(Johansson et al., 2014). The first 20G oxygenases were identified as collagen
prolyl- and lysyl- hydroxylases in 1967 and were found to be essential for proper
collagen extra-cellular fibril formation (discussed in more detail below) (Kivirikko and
Prockop, 1972). Since then, it has become clear that 20G oxygenases can catalyse
hydroxylation of other amino acids in addition to proline and lysine, including

histidine, asparagine, aspartate and arginine.

As their name suggests, 2-oxoglutarate (20G) oxygenases require the Kreb’s cycle
intermediate 2-oxoglutarate (also known as a-ketoglutarate) as a cofactor for
catalysis, in addition to Fe(ll) and oxygen (Figure 1.3a). 20G oxygenases are a
family of ~70 enzymes (Johansson et al., 2014) which are conserved throughout
evolution, suggesting that hydroxylation serves a fundamental role in biology
(McDonough et al., 2010). These enzymes catalyse the hydroxylation or
demethylation of their substrate. In such cases of demethylation, the hydroxylated
methyl group results in an unstable hydroxy-methyl group which, in turn, produces a
demethylated substrate, and formaldehyde (Figure 1.3b). Due to the requirement for
20G, oxygen and Fe(ll), 20G oxygenases have the potential to function as
intracellular nutrient sensors (Webb et al., 2009, Schofield and Ratcliffe, 2004). The
20G oxygenases can be broadly sub-divided into groups according to their

biochemical specificities, which include histone and DNA demethylation and RNA,



DNA and protein hydroxylation (Ploumakis and Coleman, 2015). Importantly,
although the substrate specificity of these enzymes can differ, the catalytic
mechanism is conserved. Briefly, the catalytic domain, present in all 20G
oxygenases, consists of a double-stranded B-helix (DSBH) made of two 4-stranded
anti-parallel B-sheets which, when folded, provides a substrate binding pocket
(Martinez and Hausinger, 2015). Within this catalytic domain lies an essential Fe(ll)
binding motif known as the HxD/E...H facial triad that lies at the open end of the
binding pocket. Theoretically, however, Asn, Cys, His, GIn and Tyr residues may
also coordinate Fe(ll) in the absence of the conserved HxD/E...H facial triad

(McDonough et al., 2010).

The mechanism for hydroxylation by 20G oxygenases is complex and currently not
fully understood (Markolovic et al., 2015). lllustrated in Figure 1.3b, a solvent-
exposed Fe(ll) is coordinated to the 20G oxygenase with octahedral geometry by the
HxD/E...H facial triad. Catalysis occurs when 20G displaces two coordinating water
molecules and binds to the Fe(ll) via the C1 carboxyl group and ketone. Binding of
the prime substrate to the enzyme, but not directly to Fe(ll), displaces the remaining
Fe(ll)-bound water molecule, allowing O, to bind in its place. Binding of this oxygen
initiates the oxidative decarboxylation of 20G, releasing CO, and generating a
succinate bound to a ferryl intermediate. It is suggested that the presence
of this ferryl-oxo group promotes the formation of a radical intermediate on the
substrate, which then facilitates hydroxylation (Martinez et al., 2015) (McDonough et
al., 2010). Some 20G oxygenases require ascorbate as an additional cofactor, and
although its exact purpose remains unknown, it is thought to act as a reducing agent

upon Fe(ll) (Kuiper and Vissers, 2014).
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Figure 1.3 The Hydroxylation reaction catalysed by 20G oxygenases. (a)
Basic schematic of protein hydroxylation as catalysed by 20G oxygenases. 20G,
Fe(ll) and oxygen are co-factors. After hydroxylation of the substrate, succinate
and CO,; are produced as by-products. (b) i) The Fe(ll) is bound to the enzyme
with octahedral geometry. Two water molecules are displaced from Fe(ll) upon
20G binding (ii), and a third is displaced by binding of the prime substrate,
providing a docking site for oxygen (iii). Oxidative decarboxylation of 20G yields
succinate, CO, and a ferryl-oxo species. Hydroxylation occurs (iv) via a reaction
between the prime substrate and the ferryl-oxo species. Demethylation happens
when the resulting hydroxylation creates an unstable hydroxy-methyl-lysine,
which fragments into formaldehyde and a demethylated lysine. Figure adapted
from: Figure 1, (McDonough et al., 2010).



Almost all 20G oxygenases have been implicated in disease, particularly cancer
(Ploumakis and Coleman, 2015). Although cancer is widely known as the
unstoppable proliferation of cells, there are six key characteristics (Figure 1.4), or
hallmarks, which distinguish a cancer cell from a normal cell (Hanahan and

Weinberg, 2011) these will be described below.

Indeed, “Sustaining Proliferative Signalling” is arguably the most important trait which
the cell needs to acquire in order to continue dividing and progress through the cell
cycle. Under normal conditions, cell surface receptors signal for cell cycle
progression which initiates a cascade of signals to prompt the cell out of senescence
and into G1. However, when a cell becomes a cancer cell deregulation of these
signals result in sustained and uncontrolled proliferation. This can be enhanced by
cancer cells increasing the number of receptors on their cell surface, thereby
promoting sensitivity to extra-cellular signals. Furthermore, cancer cells can signal to
surrounding cells to stimulate proliferation of normal cells. Deregulation of this extent
would normally trigger a cellular response by tumour suppressors, but another
hallmark of cancer: the “Evasion of Growth Suppressors” highlights that tumour
suppressors often become deregulated. For example, RetinoBlastoma protein (RB),
Merlin and P53 are bona fide tumour suppressors which are inactive in the majority
of cancers. Inactivation of such essential proteins provides an uninhibited

environment for proliferating cells.

When normal cells become abnormal they can activate pathways which lead to cell
death for example, apoptosis, autophagy and necrosis. A cancer cell, however, is
programmed to resist such mechanisms. The hallmark “Resisting Cell Death’

describes how can cells can upregulate the expression of anti-apoptotic and
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pro-survival genes while increasing the expression of anti-survival and pro-apoptotic
factors. Furthermore, cancer cells which enter into an autophagic state can enter into
a reversible dormancy which enables survival of late stage tumours. Moreover,

necrotic cells release regulatory factors which initiate proliferation of proximal cells.

Cells which have gained the ability to sustain prolonged proliferation must also be
able to consistently and successfully replicate its genome. The fourth hallmark of
cancer (Hanahan and Weinberg, 2011) “Enabling Replicative Immortality” highlights
the importance of genome integrity to the immortal cell. Telomerase is essential for
this process because it is an enzyme required for the maintenance of structures
located at the end of telomeric DNA known as the telomere repeats. As normal cells
divide telomere repeats shorten thereby limiting the number of times a cell can
replicate its genome. In immortalised cells telomerase is expressed at a significantly
higher level than in normal cells which enables sustained DNA replication of the

proliferating cells.

Malignant tumour cells require the transportation of nutrients both into and out of the
cell, similar to a normal cell. Therefore, the fifth hallmark of cancer is “Inducing
Angiogenesis” (Hanahan and Weinberg, 2011). Angiogenesis, the formation of new
vessels, provides a highway in which the tumour can receive the oxygen and other
nutrients it requires to continue proliferating, and to excrete wastes such as carbon

dioxide.

Finally, malignant tumours can “Activate Invasion and Metastasis”, the sixth hallmark
of cancer (Hanahan and Weinberg, 2011). The process of tumour invasion and

metastasis starts with the local invasion of tumour cells within the same

~11 ~



microenvironment. This progresses into intravasation where the malignant cells enter
and travel along nearby blood and lymphatic vessels. The cancer cells then disperse
into the lymphatic and haematogenous systems before exiting into the parenchyma

of the invading tissue.

These six hallmarks of cancer are fundamental characteristics for the progression of

most cancer types.

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing
angiogenesis

Enabling replicative
immortality

Figure 1.4. The Six Hallmarks of Cancer. Cancerous cells display six
characteristics which distinguish them from normal cells. These hallmarks are
required for cancer progression and are involved in prognosis. Figure from
(Hanahan and Weinberg, 2011)
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1.2.1 Nucleotide Hydroxylases
20G oxygenases with assigned nucleotide hydroxylase activity so far consist of the

ALKBH sub-family, the TET enzymes and TYW5 (Figure 1.2) (TYWS will be
discussed later). Between them, they catalyse the hydroxylation of double stranded

and single stranded DNA and RNA.

ALKBH enzymes
There are nine ALKBH enzymes (ALKBH1-8 and Fat Mass and Obesity-associated

protein (FTO)), which have evolved from an E.coli orthologue, AIkB. AIkB is involved
in the repair of alkylated nucleotides through demethylation of 1-methyladenine
(1-meA) and 3-methylcytosine (3-meC) (Trewick et al., 2002). Although ALKBH1 is
the most structurally similar to AIkB (sharing 18.5% sequence identity), the function of
ALKBH1 remains controversial (Westbye et al., 2008). Initial studies suggested
ALKBH1 is a mitochondrial DNA and RNA demethylase with specificity towards
3-methylcytosine (3-meC) (Westbye et al., 2008). In contrast, ALKBH1 has also been
reported as a nuclear histone demethylase targeting histone H2A with functions in
neuronal differentiation (Ougland et al., 2012). More recently however, ALKBH1 was
identified as a tRNA demethylase regulating translation via positive control of

methionine tRNA ubiquitination (Liu et al., 2016).

ALKBH2 and ALKBH3, on the other hand, are bona fide DNA and RNA
demethylases with similar function to E. coli AlkB. Both ALKBH2 and ALKBH3
localise to the nucleus and function as 1-meA and 3-meC demethylases in RNA,
single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) (Fu et al., 2015).
The alkylated nucleotides, 1-meA and 3-meC, inhibit DNA replication and are known
to be cytotoxic (Sedgwick, 2004). Therefore, ALKBH2 and ALKBH3 function is

important in the DNA damage repair pathway. In contrast, ALKBH4 and ALKBH7 are
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speculated to be involved in protein modification because their acidic nature does not
allow for association with a negatively charged nucleic acid backbone (Bjornstad et
al., 2012). In line with this, a study investigating global gene regulation showed that
ALKBHY7 regulates genes involved in the cell cycle and spermatogenesis, possibly
due to an effect on histone methylation status. Although ALKBH4 showed similar
effects, these were less striking (Bjornstad et al., 2012). ALKBH5 and FTO are, within
the ALKBH family, the most structurally similar. They both localise to nuclear
speckles and share a conserved mRNA N°-methyladensoine (m®A) demethylase
function (Zheng et al., 2013, Jia et al., 2011). Studies have shown that mRNA m°A
demethylation promotes mRNA stability via the m°A reader protein, YTHDF1,
demonstrating the emergence of an additional layer to gene regulation (Wang et al.,
2015b, Fu et al., 2014). Knockdown of ALKBH5 results in viable but infertile mice
(Zheng et al., 2013, Landfors et al., 2016). The function of ALKBH6 remains elusive,
however it likely functions as an iron-dependent 20G oxygenase since it contains the

conserved HxD/E...H iron binding facial triad (The UniProt, 2017).

The final ALKBH enzyme, ALKBHS8, contains an RNA recognition motif (RRM) and a
SAM-dependant methyltransferase domain (MT). Interestingly, ALKBHS8 is thought to
have an opposing role to its demethylase homologues, ALKBH2 and ALKBH3, by
functioning as a tRNA methyltransferase (Fu et al., 2010). Acting in the DNA damage
repair pathway, ALKBH8 promotes the generation of 5-carboxymethyl-uridine
(mcm®U) at the wobble codon of tRNA, the final step in tRNA biogenesis (Songe-
Moller et al., 2010, Fu et al., 2010). Interestingly, depletion of ALKBH8 results in
sensitivity to DNA damaging agents and high expression is associated with bladder

cancer progression (Ohshio et al., 2016, Fu et al., 2010, Shimada et al., 2009).
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TET enzymes
TET1, TET2 and TETS3 are orthologues of Trypanosoma 20G oxygenases, JBP1 and

JBP2. They were first described as 5-methylcytosine (5meC) hydroxylases by
Tahiliani et al. (2009) and later as enzymes involved in the formation of
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) during DNA demethylation at
CpG sites. The exact role that 5-hydroxymethylcytosine (5hmeC) plays in mammalian
DNA demethylation is yet to be fully elucidated (lto et al., 2011, Kafer et al., 2016).
Currently, there are two distinct theories on the mechanisms by which DNA
demethylation occurs (Rasmussen and Helin, 2016). Firstly, active DNA
demethylation begins with the formation of 5ShmeC from 5meC, which is sequentially
oxidised into 5fC, and then the carboxylic acid derivative, 5caC by the TET enzymes:
5fC and 5caC moieties are removed by the base excision repair pathway and
replaced with an unmodified cytosine. Alternatively, 5ShmC may also interfere with the
activity of DNA methyltransferase 1 and 2 (DNMT1 and DNMT2) which in turn

reduces DNA methylation (lto et al., 2011, Maiti and Drohat, 2011).

1.2.2 Collagen Prolyl Hydroxylases
Collagen is the most abundant protein in humans and constitutes a third of all

proteins in the human body. Mature collagen is found in the extra cellular matrix
(ECM) and is essential for growth in human tissues (Gelse et al., 2003). Collagen is
composed of three left handed polypeptide chains which coil around one another to
form one right handed super coil (Shoulders and Raines, 2009). The a-chain triple
helix is at the centre of the peptide, at each end lies a (N-terminal or C-terminal)
propeptide, and a telopeptide (proximal to the propeptide). Collagen biosynthesis
involves many types of PTMs including 3-hydroxyproline (3-HyP), 4-hydroxyproline

(4-HyP), hydroxylysyine (Hyl), galactosylhydroxylysyine and
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glucosylgalactosylhydroxylysine. Together, these modifications stabilise collagen
strands, thus supporting collagen excretion into the ECM and function in fibril
formation (Figure 1.5) (Gjaltema and Bank, 2017). Here, we describe the families of
20G oxygenases that catalyse collagen proline hydroxylation and summarise why

each modification is important for the efficient production of mature collagen.

Hydroxylation of collagen is performed by three groups of 20G oxygenases:
Prolyl-3-hydoxylases (P3Hs), Prolyl-4-hydroxylases (P4Hs) and lysyl hydroxylases
(LHs).

P4Hs

The first 20G oxygenases implicated in collagen biosynthesis were
proline-4-hydroxylase alpha I, Il and Il (P4HA1, P4HA2 and P4HAS3, respectively).
Human P4HA1 and P4HA2 share 64% amino acid sequence identity but only 35%
and 37% with P4HA3, respectively (Kukkola et al., 2003). They all localise to the
lumen of the endoplasmic reticulum (ER) and hydroxylate immature collagen chains
in the C-4 position of proline in the sequence X-Pro-Gly, prior to the formation of the
triple helix. In cells, they each form a a,p, tetramer where the 8 subunit is the protein
disulfide isomerase (PDI), also known as P3HB, and the a-subunit is one of P4HA1,
2 or 3 (Kivirikko and Myllyharju, 1998, Kukkola et al., 2003, Gjaltema and Bank,
2017). If the a-subunit is unable to bind to the B-subunit, it will form aggregates and
be catalytically inactive (Gjaltema and Bank, 2017). In this aB> complex, an
N-terminal substrate binding domain is responsible for substrate recognition. After
hydroxylation of the substrate the PDI subunits perform disulphide isomerase activity
upon the substrate before returning the complex to the rough endoplasmic reticulum

(rER) via a C-terminal Lys-Asp-Glu-Leu (KDEL) retention signal (Wilkinson and
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Gilbert, 2004). The 4-HyP residues are essential for proper formation of the collagen
triple helices via intramolecular hydrogen bonding (Myllyharju, 2003). Interestingly, in
humans there have been no mutations found in the coding regions of the P4HA
genes, suggesting that any mutation may be fatal to the human embryo (Gjaltema

and Bank, 2017).

The P4Hs have been studied in the context of physiology and disease. P4AHA1 has
been identified as a potential target for glioblastoma treatment due to its function in
pro-neovascularisation via regulation of vascular endothelial growth factor isoform,
VEGF165b, to promote the formation of blood vessels. Furthermore, in the same
study mouse xenograft models also showed delayed growth in P4HA1 knockdown

tumours compared to control (Zhou et al., 2017).

P4HAZ2 is upregulated in pancreatic ductal carcinoma patients with “short” survival
consistent with it supporting tumourigenesis (Hu et al., 2018). Moreover, other
studies have found P4HA2 to be a reliable prognostic marker in breast cancer stem
cells, triple negative breast cancer, Diffuse Large B-Cell Lymphoma (DLBCL) and
functions associated with invasion and metastasis (Moon et al., 2015, Xiong et al.,
2014, Jiang et al., 2018, Liu et al., 2018b, Hu et al., 2018). Less is known about
P4HAS, but similar to P4HA2 it has also been identified as a potential negative

prognostic marker in breast cancer (Winslow et al., 2016).

P3Hs
There are three functionally active P3H enzymes, P3H1, P3H2 and P3H3 (also

known as Leprecan-1, Leprecan like protein-1, and Leprecan like protein-2,
respectively: see Figure 1.2). They catalyse the hydroxylation of proline in the Y

position of the Y-4HyP-Gly sequence on collagen strands, subsequent to
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hydroxylation by the P4H enzymes (Johansson et al., 2014). All P3H enzymes have
an N-terminal endoplasmic reticulum (ER) retention sequence and are therefore
localised to the lumen of the ER and golgi (Tiainen et al., 2008). P3H1 forms a 1:1:1
complex with cartilage-associated protein (CRTAP) and cytophilin B (CypB) to target
the fibril forming type | collagen for 3-prolyl hydroxylation (Vranka et al., 2004). This
complex performs several functions in the formation of procollagen fibrils. These
include prolyl hydroxylation (functioning as a molecular chaperone), peptidyl prolyl
isomerase activity, and a role in the prevention of premature aggregates of immature
collagen in the rough ER (rER) (Ishikawa et al., 2009b, Morello et al., 2006). On the
other hand, P3H2 has a preference for hydroxylating type IV collagen strands,
although it also maintains capacity to hydroxylate other non-type | fibril forming
collagens (Tiainen et al., 2008, Fernandes et al., 2011). Interestingly, two
independent P3H2 null mouse models show conflicting phenotypes, where one
resulted in embryonic lethality at E6.5 due to blood clots forming around the embryo,
whereas the other study observed no significant phenotype (Hudson et al., 2015,
Pokidysheva et al., 2014). Hudson et al. (2015) speculated that the difference
between the observed phenotypes is likely due to additional, off target effects caused
by the retention of the neo cassette after recombination of the FLP-FRT sites by
Pokidysheva et al. (2014), a phenomenon also observed and reviewed by Olson et
al. (1996). Finally, P3H3 acts in a complex along with a CRTAP family member,
SC65, and the collagen lysyl hydroxylase LH1 (LH’s will be discussed below) (Heard
et al., 2016, Hudson et al., 2017). Interestingly, although knockdown of SC65 and
P3H3 resulted in a loss of lysyl hydroxylation of LH1 targets in collagen, the same

was not observed for any known 3-hydroxyproline collagen residues, leaving the
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identification of P3H3 enzymatic substrates open for future research (Heard et al.,

2016, Hudson et al., 2017).

Mutations in collagen modifying enzymes often result in profound effects on human
development, predominantly bone development. (Homan et al., 2014). Furthermore,
recent evidence suggests that mutations in P3H2 can cause structural abnormalities
in the eye leading to progressive myopia (Mordechai et al., 2011, Hudson et al.,

2015).

In the context of cancer, P3H enzymes appear to play a predominantly tumour
suppressive role with evidence to suggest they could also function as oncogenes in
certain contexts. For example, down-regulation of P3H2 has been observed in
primary breast cancer samples and in immortalised breast cancer cell lines via
hypermethylation of the CpG island (Shah et al., 2009). Similarly, P3H3 gene
methylation is found in primary breast cancer samples and a range of cancer cell
lines. Furthermore, downregulation of P3H3 has been reported in lung tumours and
hepatocellular carcinomas, and loss of all P3H enzymes was observed in lymphoma
(Wang et al., 2013, Li et al., 2018, Hatzimichael et al., 2012, Shah et al., 2009).
Taken together, P3H2 and P3H3 may be acting as tumour suppressors in these
tissue types. Consistent with this, other studies have found that exogenous P3H3
expression in lung cancer cells leads to cell cycle arrest at the G2/M transition and
altered expression of cell cycle related proteins, and that knockdown of P3H3
enhanced the invasion and migration of cancer cells (Li et al., 2018). On the other
hand, P3H3 is upregulated in some bladder and thyroid cancer cell lines, perhaps

indicative of an oncogenic role (Di Maro et al., 2014, Ho et al., 2012).
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Figure 1.5 Proline hydroxylation of collagen by 20G oxygenases. The
first 20G oxygenases to act upon collagen are the P4HA enzymes. They
form a complex with PDI (green, top and middle chain) and hydroxylate
immature collagen chains at the C-4 position in the sequence Xxx-Pro-Gly.
The P3H hydroxylases have individual functions in the formation of mature
collagen. P3H1 forms a complex with CRTAP and CypB to hydroxylate fibril
forming collagen strands and performs cis/frans isomerisation to prevent
premature association of the chains. P3H1 and P3H2 also have collagen
hydroxylase activity. Adapted from Figure 3 (Gjaltema and Bank, 2017)

1.2.3 Lysyl Collagen Hydroxylases
The importance of lysine hydroxylation in cellular and extracellular processes was

initially demonstrated by the lysyl hydroxylase (LH) family of enzymes, (coded by the
PLOD genes) (Kivirikko and Prockop, 1972, Passoja et al., 1998). This group is
comprised of three enzymes, LH1, LH2 and LH3, where LH2 is alternatively spliced
into two variants known as LH2a and LH2B (Yeowell and Walker, 1999). Together
they share approximately 60% overall sequence identity at the amino acid level.

Hydroxylation catalysed by the LH enzymes mostly occurs in collagen within the

~20 ~



helical and telopeptide regions (Gjaltema and Bank, 2017). The recognition
sequences for helical lysyl hydroxylation is different from that in the telopeptide
regions. In the triple helix, only the C5 on the side chain of lysine residues found in
the sequence Gly-Xxx-Lys sequence are hydroxylated (Figure 1.6) (Hautala et al.,
1992). Similar to MINA53 and FIH (described below), dimerisation of all LH enzymes
is required for full enzymatic activity (Chen et al., 2017). In the case of LH2 the
peptidyl prolyl-isomerase, FKBP65, aids in the formation of the dimer (Chen et al.,
2017). LH2 is responsible for the hydroxylation of the telopeptides. After
hydroxylation, the hydroxyl-lysine (Hyl) residues are converted into the lysine
derrivatives, allysine or hydroxyallysine, which enable crosslinking with residues in
the a-helix of another strand (van der Slot et al., 2003, Yeowell and Walker, 1999).
Similarly, the aforementioned LH1:P3H3:SC65 complex promotes LH1 dimerisation
and subsequent a-helix lysyl hydroxylation (Heard et al., 2016, Hudson et al., 2017).
Hydroxylation of lysine in the helical domains supports a docking mechanism for
carbohydrates to bind, an essential step in the triple helical intermolecular crosslinks
(Heikkinen et al., 2000). The main differences between the substrate specificity of
LH1 and LH3 are the types of collagen targeted: Through studies on patients with
Ehlers—Danlos syndrome (a syndrome characterised by mutations in collagen
modifying enzymes) and Bruck syndrome, it has been shown that LH1 specifically
targets lysines within a-helices in collagen type |, Il and Ill, whereas LH3 specifically
targets collagen type IV and V. Furthermore, LH3 is the only known enzyme capable
of glucosyltransferase activity on galactosylhydroxylysyl within collagen strands. In
addition to collagen, LH3 also hydroxylates ~10 other proteins with similar sequences

(Heikkinen et al., 2000).
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Figure 1.6 Types of lysine hydroxylation. Three type of lysine
hydroxylation have been characterised: hydroxylation catalysed by the LH
enzymes (PLODs) is C5 in the R geometry. Similarly, JMJD6 also
catalyses the C5 lysine hydroxylation however, in the S geometry. JMJD4
specifically catalyses C4-lysine hydroxylation. Adapted from Markolovic et
al., 2018
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Although knockout mouse models of LH1 are viable and fertile, they show abnormal
collagen fibril formation compared to wild type with some LH1 null mice dying due to
spontaneous haemorrhages in the thoracic or abdominal cavity (Takaluoma et al.,

2007).

The LH enzymes have been used as prognostic markers in various cancers, where
low expression generally correlates with better survival (Noda et al., 2012, Dong et
al., 2005, Tsai et al., 2018, Wang et al., 2018). Conversely, LH2 is a known positive
regulator of tumour metastasis through the formation of mature ‘collagen highways’,
along which tumour cells travel to the vasculature in order to metastasise (Eisinger-
Mathason et al., 2013, Hollern et al., 2014, Song et al., 2017, Gilkes et al., 2013, Xu
et al., 2017). Therapeutically, LH2 and 65-kDa FK506-binding protein (FKBP65) are
under clinical investigation because FKBP65 inhibitors could prevent cancer

metastasis in the absence of LH2 (Chen et al., 2017).

1.2.4 Prolyl Hydroxylase Domain enzymes
Hypoxia inducible factor (HIF) is a transcription factor which, under hypoxic

conditions, is activated and controls expression of hypoxia related genes via their HIF
responsive elements (HRE) (O'Rourke et al., 1997). In normoxia (~21% O>), HIF is
hydroxylated on two residues in its oxygen dependent domain (ODD) by three 20G
oxygenases: prolyl hydroxylase domain -1, -2 and -3 (PHD1, PHD2 and PHD3,
respectively) (Epstein et al., 2001) . The two hydroxylation sites serve as a docking
mechanism for the von Hippel Lindau (VHL) ubiquitin E3 ligase, resulting in HIF
polyubiquitination and subsequent degradation (Figure 1.7). The PHD enzymes have
a relatively low affinity for oxygen, compared to other 20G oxygenases (Yang et al.,

2014). Therefore, they are sensitive to changes in environmental oxygen levels: If the
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O, concentration drops, the PHD enzymes become less active. Subsequent loss of
HIF hydroxylation results in reduced ubiquitination and increased abundance of HIF

(Figure 1.7) (Schofield and Ratcliffe, 2004).

The three PHD enzymes share 42-59% sequence identity to each other and are
evolutionarily conserved in C.elegans and D.melanogaster (Hirsila et al., 2003,
Epstein et al., 2001). Overexpression studies show distinct localisation of PHD1 in
the nucleus, PHD2 exclusively in the cytoplasm and PHD3 evenly distributed
between the nucleus and the cytoplasm (Metzen et al., 2003). The significance of this
differential localisation is unknown, although it has been speculated that this could be
important for nuclear HIF inactivation after reoxygenation of the cellular environment
(Webb et al., 2009). Interestingly, during normoxia PHD2 is the most abundant and
therefore dominant isoform, whereas PHD1 and PHD3 expression are only increased
upon hypoxic conditions (Webb et al., 2009). Alternative splicing of each PHD
enzyme generates additional catalytically active and inactive enzymes (Hirsila et al.,
2003). PHD1 has two isoforms: the well characterised 43kDa protein, and a shorter
40.3kDa form. The smaller isoform is less stable, but similar to the major isoform, is
regulated by oestrogen and displays comparable hydroxylase activity (Tian et al.,
2006). In contrast, the alternative PHD2 isoforms are thought to be catalytically
inactive and their functions are yet to be characterised. PHD3 is alternatively spliced
into two additional enzymes of 17kDa and 24kDa where only the 24kDa protein
displays hydroxylase activity (Tian et al., 2006). All PHDs display varied tissue
distribution: PHD1 is found mostly in the testes, brain, kidney, heart and liver; PHD2
is expressed in most tissue types; and PHD3 is found predominantly in the heart,

placenta and small intestines (Cioffi et al., 2003, Cervera et al., 2006). In addition to
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their function as HIF hydroxylases, the PHD enzymes are reported to display
HIF-independent functions. For example, PHD1 also functions in the cell cycle as a
Centrosomal Protein 192kDa (CEP192) hydroxylase, and is a regulator of NF-k(3
(Moser et al., 2013, Cummins et al., 2006, Ortmann et al., 2016). Furthermore, PHD3
is a regulator of cardiomyocyte apoptosis through interaction with Bcl-2 (Liu et al.,
2010b), a regulator of glycolysis during hypoxia via interaction with PKM2 (Chen et
al., 2011a), and a regulator of the cell cycle and DNA damage via hydroxylation of
the human biological clock protein (HCLK2) protein (Xie et al., 2012). The
assignment of alternative substrates of the HIF proyl hydroxylases remains

controversial however.

1.2.5 OGFOD1
The 2-OxoGlutarate and Fe(ll) dependent Oxygenase Domain containing 1 protein,

or OGFOD1, is a prolyl hydroxylase targeting Proline 62 of the ribosomal RPS23
subunit (Singleton et al., 2014, Loenarz et al., 2014, Katz et al., 2014). OGFOD1 is
one of four 20G oxygenases to target ribosomal proteins, including JMJD5, MINA53
and NOG66 (discussed later). Similar to some other 20G oxygenase substrates, the
exact function of OGFOD1 hydroxylation is not fully understood. However,
hydroxylation of RPS23 is thought to effect ribosomal ‘decoding’ including translation
termination efficiency (Singleton et al.,, 2014). OGFOD1 knockdown significantly
reduced growth in proliferation assays of human cells, without effecting cell death. In
contrast, increased apoptosis (and autophagy) was observed in a knockout model in
D.melanogaster (Katz et al., 2014). Furthermore, it was reported in D.melanogaster
that knockdown of Sudestada1 (the OGFOD1 orthologue) results in defects in the

unfolded protein response (UPR). However, UPR appeared unaffected in mammalian
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cells, possibly owing to differences in the complexity of the stress response pathways

(Katz et al., 2014, Singleton et al., 2014).
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Figure 1.7 Oxygen sensing by HIF hydroxylases. In normoxia (left) the
affinity of the PHDs and FIH for molecular oxygen is high and therefore HIF-
a hydroxylase activity is high. In the case of PHDs, hydroxylation of HIF-a in
its ODD results in docking of E3 ubiquitin ligase VHL, which promotes HIF-a
degradation. In conditions of low oxygen (right), PHD activity towards HIF-a
is reduced, therefore stabilising HIF-a by binding to HIF-B, which in turn
promotes HIF transcriptional activation. FIH is also controlled by O, tension.
In normoxia, FIH actively hydroxylates HIF therefore prevents association
with its transcriptional co-activator, p300. During periods of low oxygen FIH
activity towards HIF is reduced therefore promoting the HIF/p300
transcriptional activation. Adapted from Figure 3, (Schofield and Ratcliffe,
2004)
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1.2.6 EGF repeat hydroxylases
The importance of hydroxylation in cancer was first recognised following the

discovery of asparagine and aspartic acid hydroxylation by Aspartyl (asparaginyl)
beta-hydroxylase (ASPH) (Dinchuk et al., 2002, Stenflo et al., 1989, Sepe et al.,
2002). This type of hydroxylation is restricted to EGF repeats in 25 proteins with
calcium-binding EGF modules. Although the biological role of EGF repeat
hydroxylation remains unclear (Wouters et al., 2005), ASPH knockout mice display
significant developmental defects. With respect to cancer, overexpression of ASPH in
human pancreatic tumours is thought to promote cell proliferation, migration, invasion
and colony formation (Ploumakis and Coleman, 2015, Dong et al., 2015, Dinchuk et

al., 2002).

1.3 The JmjC Domain

The “Jumonji C” (JmjC) domain is a sub-class of the catalytic DSBH apparent in
approximately thirty 20G oxygenases in the histone demethylase and JmjC
hydroxylase families (Figure 1.2). The name Jumoniji literally translates to cruciform
in Japanese. It was named so because the DSBH of JmjC enzymes structurally
mimics that of the neural grooves of the Jumoniji knockout mouse (Takeuchi et al.,
1995). The JmjC domain hosts a characteristic barrel-like or ‘cupin’ fold originating in
archaea, bacteria and eukarya (Clissold and Ponting, 2001). An additional ‘JmjN’
domain features in a small section of JmjC containing proteins and it is structurally
and functionally distinct from the JmjC domain. Although little is known about the
function of the JmjN domain, a recent study showed it is essential for dimerisation,
and therefore activity of KDM4A and KDM4C (Levin et al., 2018). Early studies of

enzymes containing a JmjC domain noted chromatin remodelling functions, which led
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to the assignment of the JmjC domain as a DNA or chromatin binding domain
(Clissold and Ponting, 2001). Since then however, JmjC-containing proteins have
also been characterised as nucleotide hydroxylases and protein hydroxylases,
highlighting that this domain is not exclusively associated with histone demethylation

(Noma et al., 2010, Ploumakis and Coleman, 2015).

1.4 Histone Demethylases

Many 20G oxygenases of the JmjC sub-family are involved in the epigenetic control
of histone lysine methyl marks on chromatin, and are known as histone
demethylases (Figure 1.2). Chromatin is the packaging system used to
accommodate all DNA into the cell nucleus and is made up of nucleosomes. A
nucleosome comprises of 147 base pairs of DNA wrapped around a histone octamer
(two of each of histones H2A, H2B, H3 and H4) and stabilised by an additional
histone (H1) (Turner, 2012). Epigenetic modifications occur through the work of
“‘writers” and “erasers”, where the writer is the transfer enzyme (e.g.
acetyltransferases and methyltransferases), and the eraser is the removal enzyme
(e.g. deacetylase and demethylases, respectively). The “reader” proteins bind to
histone tail PTMs, including methylated and acetylated lysine residues, in order to
recruit complexes that regulate gene transcription (Gillette and Hill, 2015).
Methylation of lysine residues is a complex process involving mono- (me1), di- (me2)
and tri-methyl (me3) marks that function to either repress or enhance transcription
(Nebbioso et al., 2018). Each type of methyl modification has been shown to have a
variety of effects on transcription, with the outcome dependent on a variety of factors
including the specific lysine residue modified. For example Histone H3 lysine 4 di-

and tri- methylation (H3K4me2/3) is a mark of transcriptional activation, whereas
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H3K27me3 is a gene silencing mark (Horton et al., 2016, Hong et al., 2007).
Furthermore, each methyl mark is specifically targeted by certain lysine

demethylases (Figure 1.8) (discussed below).

Although histone demethylation catalysed by 20G oxygenases utilises the same
mechanism as previously described (Chapter 1.2), the resulting hydroxylation is
highly unstable, with the hydroxymethyl product rapidly fragmenting into
formaldehyde and a demethylated lysine (Figure 1.3b) (Tsukada et al., 2006,
McDonough et al., 2010). There are significant structural differences between the
JmjC histone demethylases and the JmjC hydroxylases. Firstly, the JmjC
hydroxylases lack an essential hydrophobic region that is necessary for binding the
NP-methyl lysine. Secondly, histone demethylases contain other nucleic acid or
chromatin binding domains necessary for substrate binding. Alternatively, histone
arginine demethylation by 20G oxygenases has also been described, however it has
not yet been proven in cells (Walport et al.,, 2016). The first family of enzymes
identified as histone lysine demethylases, the KDM1 family, are not 20G
oxygenases, instead these enzymes require a flavin adenine dinucleotide (FAD) as a
cofactor for catalysis (Shi et al., 2004). This family is comprised of two enzymes,
KDM1A and KDM1B (or LSD1 and LSD2), which catalyse the demethylation of
mono- and di-methylated lysines (Burg et al., 2015). However, inclusion of these
enzymes hereafter is beyond the scope of this thesis. In total there are seven families
of histone lysine demethylases (KDM) six families belong to the 20G oxygenase
family (KDM2-7), and all 20G KDMs contain a characteristic JmjC domain plus

additional functional motifs, as explained below.
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1.4.1 Histone Lysine Demethylase Family 2
The KDM2 family of 20G oxygenases was the first family of JmjC histone

demethylases to be described, and consists of KDM2A and KDM2B (Tsukada et al.,
2006). Tsukada et al. (2006) hypothesised that the JmjC domain could function in
histone lysine demethylation because the function of the JmjC domain in KDM2A and
KDM2B is conserved from humans to Saccharomyces cerevisiae. They found that
both KDM2A and KDM2B demethylate the first and second methyl marks on Histone
3 lysine 36 (H3K36me1 and H3K36me2). In addition to their JmjC domain, KDM2
proteins also contain an F-box domain, CXXC zinc finger, Plant Homeodomain zinc
Finger (PHF) and three leucine rich repeats, which enable chromatin binding and

localisation (Tsukada et al., 2006, Johansson et al., 2014).

1.4.2 Histone Lysine Demethylase Family 3
JmjD1A, JmjD1B, JmjD1C and Hairless (HR) make up the KDM3 family. JMJD1A,

JMJD1B and JMJD1C (also known as KDM3A-C) are very similar proteins, all
sharing C2HC4-zinc finger and a JmjC domain (Johansson et al., 2014).
Furthermore, all three enzymes are nuclear localised, display similar tissue
distribution, and share 64% amino acid similarity in their JmjC domain (Brauchle et
al., 2013). KDM3A and KDM3B are the two most similar proteins sharing 84%
sequence similarity in their JmjC domain (Brauchle et al., 2013). Both KDM3A and
KDM3B are bona fide H3K9me1 and me2 demethylases (Brauchle et al., 2013).
Initially, KDM3C was shown to have histone demethylase activity towards H3K9me1
and me2 (Kim et al.,, 2010). However, more recent attempts to reproduce this

observation have been unsuccessful (Brauchle et al., 2013).

HR has a less well-conserved JmjC domain compared to the other family members,

and contains a CxD/E...H Fe(ll) coordination motif (Clissold and Ponting, 2001). It
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has been proposed that this deviation from the canonical HxD/E...H motif may not
completely abrogate demethylase activity, since cysteine also has the capacity to
bind and coordinate Fe(ll) (Liu et al., 2014). Therefore, HR may still hold
demethylase activity towards H3K9me1 and me2, similar to that of other KDM3 family
members. Further investigation may be needed to corroborate HR as a histone lysine

demethylase.

1.4.3 Histone Lysine Demethylase Family 4
The KDM4 family of histone demethylases is the largest and best studied sub-family

encompassing six members (KMD4A-F). High sequence homology is found between
all six family members with 55% sequence identity and 81% similarity overall.
KDM4E and F are the most similar of the two enzymes with 94% sequence similarity
between their catalytic domains (Hillringhaus et al., 2011). Each enzyme holds a
typical JmjC domain, a JmjN domain, two PHF domains and two tudor domains
which impart histone reader functions (Chen et al., 2006). The predominant substrate
to these enzymes is H3K9me3 and H3K36me3, and the less well known
H1.4K27me3 (Berry and Janknecht, 2013). Furthermore, KDM4A-C also catalyse the
demethylation of H3K36me2, albeit less effectively than H3K9 (Berry and Janknecht,

2013).

1.4.4 Histone Lysine Demethylase Family 5
The KDMS group, also known as JARID1 enzymes, consists of four histone

demethylases, JARID1A-D (or KDMS5A-D). Their domain organisation homology is
relatively high, including JmjC, JmjN, ARID DNA binding, and C5HC2 DNA binding
domains and two or three zinc fingers (Johansson et al., 2014). Because KDM5
enzymes specifically target H3K4me2 and me3, epigenetic marks associated with

transcriptional activation, they are thought to act as transcriptional repressors (Horton

~31~



et al., 2016). KDM5A has been reported as a regulator of differentiation through
various targets including retinoblastoma binding protein, HOX homeotic genes,
circadian rhythm, and has also been implicated in breast cancer metastasis
(Christensen et al., 2007, Benevolenskaya et al., 2005, Horton et al., 2016). Although
KDM5B is normally expressed in the testis and brain, over-expression of KDM5B has
been observed in cancers arising in multiple tissues (Horton et al., 2016). Similar to
KDM5A, KDM5B plays a role in differentiation through control of cell cycle exit and

progenitor cell fate (Dey et al., 2008).

KDM5C and KDM5D are localised to the X and Y chromosomes, respectively.
Interestingly, KDM5C is not silenced by X-linked chromosome inactivation and is
highly associated with X-linked intellectual disability (XLID) and Huntingtin disease
(Johansson et al., 2014, Horton et al., 2016). Although less is known about the fourth
family member KDM5D, it has been studied in the context of disease. KDMS5D inhibits
metastatic invasion in prostate cancer, and has been used a marker of prognosis,
whereby low expression correlates with poor survival in prostate cancer (Li et al.,
2016). Collectively, evidence suggests that members of the KDM5 family may
function as oncogenic drivers (Rasmussen and Helin, 2016, Horton et al., 2016) and

in neuronal development disorders (Wynder et al., 2010).

1.4.5 Histone Lysine Demethylase Family 6
The KDM6 subfamily consists of three proteins: UTX (Ubiquiously Transcribed

tetratricopeptide repeat X chromosome protein), UTY (Ubiquiously Transcribed
tetratricopeptide repeat Y chromosome protein) and JMJD3. UTX and UTY are
located on the X- and Y- chromosome, respectively. Similar to KDM5C, UTX escapes

male X-chromosome inactivation (Shpargel et al., 2012). Both UTX and JMJD3 are
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bona fide histone demethylases with specificity towards the gene silencing mark
H3K27me3, and to a lesser extent H3K27me2 (Hong et al., 2007, Walport et al.,
2014). UTX and UTY share 88% overall sequence identity and 98% similarity in their
JmjC domains (Shpargel et al., 2012). Interestingly, UTY was initially thought to be
inactive. However, recent structural and functional studies have indicated that UTY is
an active demethylase with specificity towards H3K27me3, albeit with significantly
reduced activity compared with UTX and JMJD3 (Shpargel et al., 2012, Hong et al.,
2007, Walport et al., 2014). Mutation of UTY proline 1214 to isoleucine (P1214l), a
residue found conserved in JMJD3 and UTX and thought to be essential for substrate
binding, increased UTY KDM activity significantly. This suggested that UTY is an
active 20G oxygenase with non-histone substrates (Walport et al., 2014).
Conversely, Shpargel et al. (2012) identified a role for UTX and UTY in the regulation
of cardiac transcription factors independent of their KDM activity. Interestingly, UTY is
potentially regulated through phosphorylation of a conserved threonine residue
(Walport et al., 2014). Though the functional relevance is not yet known, it could be
important for regulating enzyme-dependent or -independent functions. In disease,
UTY is thought to be involved in prostate differentiation and has been associated with
prostate cancer (Dutta et al., 2016, Lau and Zhang, 2000). JMJD3 is a broadly
studied lysine demethylase with known roles in development, neurodegenerative
disorders, the immune system, cell plasticity and cancer (Burchfield et al., 2015).
With specific reference to cancer, JMJD3 is implicated in the regulation of epithelial-
mesenchymal transition (EMT). Furthermore, JMJD3 is also associated with specific
roles in many types of cancer including breast, lung, prostate, renal cell carcinoma,

kidney, pancreatic, liver, colorectal and glioblastoma (Burchfield et al., 2015).
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1.4.6 Histone Lysine Demethylase Family 7
The seventh class of KDM enzymes is formed by three enzymes with a characteristic

DNA binding PHF domain in addition to their JmjC domain: KIAA1718 (KDM7A),
PHF8 (KDM7B) and PHF2 (KDM7C) (Johansson et al., 2014). KDM7A is a histone
lysine demethylase with dual activity towards H3K9me2 and K3K27me2, and to a
lesser extent, H3K9me1 and H3K29me1 (Tsukada et al., 2010). KDM7A is highly
expressed in the brain of zebrafish and mice, consistent with a role in neuronal
development and differentiation (Huang et al., 2010). This is supported by evidence
from chromatin immunoprecipitation (ChIP) experiments demonstrating that KDM7A
is found in abundance at the transcriptional start site (TSS) of genes involved in
neuronal differentiation and development (Tsukada et al., 2010, Huang et al., 2010).
Similar to KDM7A, PHF8 has an unusually broad substrate specificity including
H3K9me2, H3K9me1, H3K27me2 and H3K36me2 (Loenarz et al., 2010). Several
lines of evidence have demonstrated a role for PHF8 during different phases of the
cell cycle (Sun et al., 2015, Lim et al., 2013, Liu et al., 2010a). For example, KDM7B
is thought to be phosphorylated at Serine 844 by CDK2-CycE which regulates G1/S
phase transition. Phospho-S844 promotes KDM7B H3K9me2 demethylase activity at
the promoter of Cyclin E, E2F2 and E2F7, positively regulating transcription of cell
cycle genes (Sun et al., 2015). On the other hand, KDM7B expression is tightly
controlled by the anaphase promoting complex (APC) during mitosis (Lim et al.,
2013). The APC is required for progression through and exit from mitosis, as such
PHF8 expression is highest at the G2/M boundary of the cell cycle (Lim et al., 2013,
Castro et al.,, 2005). Furthermore, KDM7B interacts with proteins involved in the

G2/M transition, consistent with a role in mitosis (Liu et al., 2010a, Lim et al., 2013).
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PHF2 is a 20G oxygenase that was originally thought to be enzymatically inactive
despite having the required Fe(ll) coordinating residues (Johansson et al., 2014,
Tsukada et al., 2010). Since then it has been identified as the first 20G oxygenase to
require phosphorylation for enzymatic activity (Baba et al., 2011). Baba et al. (2011)
showed that phosphorylated PHF2 catalysed the demethylation of the repressive

mark, H3K9me2, to promote gene expression.

KDM2A H3K36me1 KDMB6A (UTX) H3K27me3
KDM2B H3K36me2 KDM6B (JMJD3) H3K27me2
KDM3A H3K9me1 REMOE (9T S50y it
KDM3B H3K9me2 ey
Egmc KDM7A H3K9me'1
H3K9me2
KDM4A H3K9me3 H3K27me1
KDM4B CDK2/CycE H3K27me2
i H3K36me3
igmg S KDM7B (PHF8) H3K9me1
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KDMS5A H3K4me2 CE2r2 H3K27me1
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Figure 1.8 Demethylase specificity of KDM family of 20G oxygenases.
Alignment of substrate specificity of each KDM family to their histone mark
including those regulated by phosphorylation. The methyl marks are colour
co-ordinated to emphasise enzyme overlap. KDM6C (UTY) phosphorylation
has an unknown function. PHF8 phosphorylation promotes transcription of
cell cycle associated genes, Cyck, E2F2 and E2F7 therefore introducing a
positive feedback loop. PHF2 is inactive until phosphorylated, then it confers
activity towards H3K9me2, similar to other KDM7 family members.
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1.5 JmjC Only Hydroxylases

1.5.1 TYW5
TYWS5 was the first RNA hydroxylase to be identified in the 20G oxygenase family.

Although it is a member of the JmjC only family and most closely related to JMJD5
and FIH (both of which are protein hydroxylases, introduced below) (Figure 1.2), it
catalyses hydroxylation of phenylalanine tRNA (Noma et al., 2010, Kato et al., 2011).
Phenylalanine tRNA is subjected to multiple post-transcriptional modifications at
guanosine 37 (G37) to produce a unique nucleoside termed ‘wybutosine’. Through a
sophisticated series of reactions wybutosine (yW) becomes hydroxywybutosine
(OHyW): TYWS catalyses hydroxylation in the penultimate reaction in this cascade.
Although the functional significance of OHyW is as yet unknown, position 37 of the
anti-codon is known to be essential for reading frame maintenance during translation.

(Kato et al., 2011, Noma et al., 2010, Sample et al., 2015).

1.5.2 FIH
Factor Inhibiting Hypoxia (FIH) is good example of how protein hydroxylation can

have a major impact on cellular signalling. The best characterised function of FIH,
similar to the PHD enzymes, is as a HIF regulator (Figure 1.7). FIH acts to
hydroxylate an asparagine residue in the C-terminal transactivation domain (CTD) of
HIF, giving rise to another layer of HIF regulation (Mahon et al., 2001, Lando et al.,
2002a, Lando et al., 2002b, Hewitson et al., 2002, Freedman et al., 2002).
Specifically, FIH mediated HIF hydroxylation during normoxia inhibits the association
of HIF with CBP/p300 and in turn, prevents HIF transcriptional activation (Figure 1.7)
(Mahon et al., 2001). During conditions of nutrient starvation and limited oxygen
availability FIH-mediated HIF hydroxylation is repressed, although to a lesser extent

than PHD-mediated HIF hydroxylation (Lando et al., 2002a). The CBP/p300 complex
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serves as a transcriptional co-activator for many transcription factors, and in this case
it promotes transcriptional activation from HIF target genes when recruited by HIF
(Koivunen et al., 2004). Although hypoxia is a major regulator of FIH activity towards
HIF-a, a phospho-threonine (Thr796) modification on HIF-a can also inhibit
FIH-mediated HIF hydroxylation, thereby promoting the interaction with p300/CBP
and driving HIF mediated transcription (Lancaster et al., 2004). Interestingly, FIH
forms a dimer in cells via the C-terminal domains of each monomer: A single point
mutation in the dimerisation domain of FIH was able to abolish hydroxylase activity,
suggesting that oligomerisation of FIH is required for full HIF hydroxylase activity

(Lancaster et al., 2004).

1.5.3 MINA53 and NO66
MINA53 (Myc induced nuclear antigen of 53kDa), otherwise known as ribosomal

oxygenase 2 (RIOX2), was first published as a myc target gene in HelLa cells
(Tsuneoka et al., 2002). It is a highly conserved member of the JmjC only family of
20G oxygenases, closely related to NO66 (Nucleolar protein 66 kDa, RIOX1)
(Eilbracht et al., 2004). Phylogenetic analysis has revealed that NO66 and MINA53
are two orthologues of YcfD from E. coli, an arginyl ribosomal hydroxylase acting on
RpL16 (Ge et al., 2012). NO66 and MINA53 are localised to the nucleolus and are
both ubiquitously expressed in cells. However, the catalytic functions of both
enzymes have been controversial (Bundred et al., 2018). Early studies on NO66 and
MINA53 were performed at a time when the JmjC domain was thought to be
exclusively involved in chromatin remodelling and histone demethylase activity
(Klose et al., 2006, Clissold and Ponting, 2001), and was not widely appreciated to
also be a protein hydroxylase domain. This likely contributed to both enzymes being

initially assigned as histone lysine demethylases (Ayoub et al., 2003, Lu et al., 2009).
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These assignments were associated with reported changes in histone H3 lysine
methylation levels following overexpression of each enzyme (Sinha et al., 2010, Lu et
al.,, 2009). However, Chen et al. (2015) reported that the observed H3K9me3
regulation seen by MINA53 manipulation could be an indirect effect of
MINA53-dependent regulation of KDM4A expression. More recently however,
MINA53 and NO66 have been described as ribosomal histidyl hydroxylases.
Consistent with previous observations that MINAS3 and NO66 may participate in
ribosome biogenesis, they catalyse the hydroxylation of the ribosomal subunits,
RpL27a and RpL8, respectively (Eilbracht et al., 2004, Ge et al., 2012). Importantly,
biochemical, mass spectrometry and crystallographic studies on MINA53 and NO66
have been unable to reproduce any enzymatic activity towards histones but have
demonstrated high affinity towards their specific ribosomal substrates (Williams et al.,
2014, Wang et al., 2015a, Chowdhury et al., 2014). A recent review highlights the
structural, biochemical and phylogenetic data underlying MINA53 and NOG66 as
histidyl hydroxylases as opposed to histone lysine demethylases (Bundred et al.,
2018). Interestingly, a role for MINA53 and NOG6 in cancer cell invasion and
migration has come to light, perhaps representing an interesting link between cell
proliferation and metastasis (Yu et al., 2014, Geng et al., 2017). More work is needed
to identify the function of RpL27a and RpL8 hydroxylation and whether or not

MINA53 and NO66 have additional substrates and functions.

Both NO66 and MINA53 have been extensively studied with respect to health and
disease (Bundred et al., 2018). In bone development, NO66 mouse models indicate
direct correlations between NO66 expression and bone mass. Furthermore, NO66

plays a role in osteoblast differentiation via an interaction with the transcription factor,
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Osterix (Osx) (Chen et al., 2015, Sinha et al., 2010). The exact role of NO66 in bone
development is yet to be fully understood however. In cancer, NO66 has been
highlighted as a marker of poor prognosis in malignant renal tumours (Pires-Luis et

al., 2015) and has proposed functions in invasion and metastasis (Nishizawa et al.,

2017).

MINA53 has been more extensively studied than NO66 and has been implicated in
atopic asthma, Helmith expulsion, pulmonary fibrosis and cancer (Chen et al., 2011b,
Pillai et al., 2014, Thakur et al., 2015, Bundred et al., 2018). Interestingly, three
knockout MINA53 mouse models show varied results. One homozygous MINAS3
knockout mouse was embryonically lethal (Thakur et al., 2015). On the other hand,
Mori et al. (2013) and Yosef et al. (2013) knockout mice were viable, supporting
context dependant roles for MINA53. Furthermore, MINA53 is another enzyme in this
family with context dependent roles in cancer and has been identified as a prognostic
factor in a number of tumour types (Yu et al., 2014, Geng et al., 2017, Teye et al.,

2004, Tan et al., 2014, Tsuneoka et al., 2004, Fujino et al., 2018).

1.5.4 JMJD4
The only known C4 lysyl hydroxylase is another member of the JmjC only family, the

newly characterised JMJD4 (Feng et al., 2014). The only identified substrate of
JMJD4 thus far is ‘eukaryotic release factor 1’ (eRF1) (Figure 1.6), an essential
protein involved in translation termination. Termination of protein synthesis occurs
when the stop codon reaches the A site of the ribosome, where it is recognised
(‘decoded’) by eRF1 (Feng et al., 2014, Dever and Green, 2012). JMJD4
hydroxylates K63 within a conserved Asn-lle-Lys-Ser (NIKS) sequence in eRF1, a

motif known to play an important role in decoding stop codons. Interestingly, JMJD4
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knockdown increased the stop codon ‘read-through’ of ribosomes in cells,
suggesting that hydroxylation of eRF1 K63 is required to promote translational
termination and maintain the fidelity of protein synthesis (Feng et al., 2014).
Structural analyses have led to the proposal that eRF1 K63 hydroxylation promotes
translational termination by correctly orientating the K63 side chain to improve the
efficiency of base discrimination at the first position of the stop codon (the invariant
Uridine) (Matheisl et al., 2015). Knockout mouse models of JMJD4 appear to be
viable, but knockdown of JMJD4 in NIH3T3 fibroblasts has been shown to reduce

growth (Feng et al., 2014, Hu and Imbalzano, 2016, Yoo et al., 2016).

1.5.5 JIMJD5
Defining the exact function of JMJD5 has been controversial: It has been described

as a protein hydroxylase, a histone demethylase, and a histone tail specific protease
(Del Rizzo et al., 2012, Hsia et al., 2010, Liu et al., 2017a, Liu et al., 2018a, Shen et
al., 2017, Wilkins et al., 2018). Originally, JMJD5 was termed “KDM8” following a
report that it was a H3K36me2 demethylase targeting the coding region of Cyclin A1,
indicating a potential role in cell cycle progression (Hsia et al., 2010). On the other
hand, recent studies have suggested that JMJDS5 acts as a protease enzyme capable
of clipping histone tails, thereby removing lysine and arginine methyl marks (Shen et
al., 2017, Liu et al., 2017a, Liu et al., 2018a). The reported histone demethylase
functions of JMJD5 are strongly debated since other groups have been unable to
reproduce these results (Youn et al., 2012, Wilkins et al., 2018). Moreover, the
crystal structure of JMJD5 has been solved and compared with bona fide KDM
enzymes and other JmjC only hydroxylases (Del Rizzo et al., 2012): The results

indicate that the catalytic domain of JMJD5 does not possess the structural features
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required for KDM activity. For example, an essential methyl carbon-oxygen hydrogen
bonding residue required for demethylation activity is not present in JMJD5 (Del
Rizzo et al., 2012). A recent discovery found that JMJD5 is the first human protein
hydroxylase to be characterised with specificity towards arginine. Wilkins et al. (2018)
reported that JMJD5 is able to hydroxylate synthetic peptides derived from the 40S
ribosomal protein RPS6 and a known binding partner, RCCD1 (Wilkins et al., 2018).
Whether JMJD5 targets these proteins as a substrate in cells is not clear however.
Although, the identity of the physiologically relevant substrates of JMJD5 may require
further investigation, it is clear that this enzyme has important biological roles:
Knockout mouse models of JMJD5 were embryonic lethal, consistent with an
important role in development. JMJD5 may also be associated with circadian rhythm
and cell cycle progression (Hsia et al., 2010, Oh and Janknecht, 2012, Youn et al.,
2012, Jones et al., 2010). Similar to other 20G oxygenases, JMJD5 has opposing
tumour suppressive and oncogenic roles in cancer and it is clear from the current
literature that the exact function of JMJD5 and its substrates are yet to be fully

elucidated (Wu et al., 2016, Zhang et al., 2015, Suzuki et al., 2006).

1.5.7 JIMJD6
Although JMJD6 is a member of the JmjC only family of 20G oxygenases, early

reports assigned it as a phosphatidylserine receptor (PSR) (Fadok et al., 2000,
Chang et al., 2007, Hahn et al., 2008). The identification of the JmjC domain
subsequently led to it being renamed JmjC domain containing protein 6° (JMJDG6)
(Cikala et al., 2004). In addition to its JmjC domain, JMJDG6 also has three Nuclear
Localisation Signal (NLS) sequences, a poly-serine domain (which also contributes to
nuclear localisation), and an AT-hook like domain thought to be involved in RNA

binding (Cikala et al., 2004, Wolf et al., 2013, Filarsky et al., 2015).
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Roles for JMJD6 have been described in epigenetic remodelling (as a histone
demethylase), pre-mRNA splicing (as a C5-lysyl hydroxylase), and a regulator of
P-TEFb in transcription elongation (Webby et al., 2009, Liu et al.,, 2013). Three
independent studies demonstrated that JMJD6 knockout is embryonically lethal in
mice and zebrafish, demonstrating its importance in development (Bose et al., 2004,

Kunisaki et al., 2004, Li et al., 2003, Hahn et al., 2008, Hong et al., 2004).

In vitro experiments identified JMJD6 as the first histone arginine demethylase
(Chang et al., 2007). However, this was later challenged by evidence demonstrating
that JMJD6 is a C5-lysyl hydroxylase with specific activity towards the U2 small
nuclear ribonucleoprotein auxillary factor 65kDa (U2AF65) (Figure 1.6) (Webby et al.,
2009). Webby et al. (2009) showed that loss of either JMJD6 or U2AF65 resulted in
reduced exon inclusion events, suggesting that U2AF65 hydroxylation promotes
exon inclusion in alternative splicing. Interestingly, through its interaction with
U2AF65 JMJD6 knockdown impairs angiogenic sprouting: Boeckel et al. (2011)
demonstrated that loss of JMJD6 results in expression of an isoform of vascular
endothelial growth factor (VEGF) -receptor 1 (FIt1) which includes exon 13. This exon
encodes a premature stop codon, and in turn, results in a soluble protein able to bind
to VEGF and placental growth factor (PIGF), thereby inhibiting angiogenic sprouting

(Boeckel et al., 2011).

JMJD6 has also been reported as a lysyl hydroxylase of histone tails following the
observation that JMJDG6 interacts with histone tails (Unoki et al., 2013). The exact
function of histone tail hydroxylation is yet to be fully elucidated, although a role in
PTM cross-talk has been proposed (Unoki et al., 2013). Alternatively, JMJD6 has

also been suggested as a p53 hydroxylase: Mass spectrometry data identified a
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possible interaction between the two enzymes via a single p53 hydroxylation site at
K382 (Wang et al., 2014). It was proposed that hydroxylation of p53 K382 may affect
its transcriptional activity. Furthermore, methylation and acetylation of p53 K382 have
also been observed at this site (Reed and Quelle, 2014), again suggestive of

potential PTM cross-talk (Unoki et al., 2013).

JMJD6 has been implicated in a range of diseases including, but not limited to,
Huntington’s, Hepatitis B, Wardenburg syndrome, diabetes and preeclampsia
(Ratovitski et al., 2015, Chen et al., 2014, Wu et al., 2015, Yanagihara et al., 2017,
Alahari et al., 2018). Furthermore, JMJD6 has been extensively studied in cancer.
For example, reports demonstrate that JMJD6 could be used as a negative
prognostic marker in breast cancer, lung adenocarcinoma, oral carcinoma,
melanoma, neuroglioma, and glioblastoma (Wang et al., 2014, Lee et al., 2012,
Zhang et al., 2013, Poulard et al., 2015, Aprelikova et al., 2016, Lee et al., 2016, Liu
et al., 2017b, Miller et al., 2017), potentially consistent with a role as an oncogenic

driver.

1.6 ‘Orphan’ JmjC hydroxylases

1.6.1 HSPBAP1
HSPBAP1 (HSPB1 Associated Protein 1) was originally named as ‘Protein

Associated with Small Stress proteins’ (PASS1) due to its association with heat
shock protein 27 (hsp27) (Liu et al., 2000). Although there are currently no known
hydroxylase targets of HSPBAP1, it retains the conserved Fe(ll) binding HxD...H
motif suggesting that it may function as a 20G oxygenase with unique substrates
(Jiang et al., 2001). Despite the lack of functional data, HSPBAP1 has been studied

in the context of neurological disease and cancer. For example, disease specific
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expression has been observed in epileptic patients, where high expression correlated
with severe epilepsy (Jiang et al., 2001, Liu et al., 2000, Xi et al., 2007, Xi et al.,
2009). Furthermore, HSPBAP1 is thought to interact with miR-455-3p.2, a mircoRNA
associated with the progression of Alzheimer’s disease, therefore presenting a role
for HSPBAP1 in Alzeimer's (Kumar and Reddy, 2018). In cancer, HSPBAP1
overexpression has been observed in hepatocellular carcinoma (HCC) and prostate
cancer, where high expression correlated with poor prognosis (Yang et al., 2015,

Saeed et al., 2015).

1.6.2 IMJD8
JMJD8 is another uncharacterised member of the JmjC only family with disputed

specificity. It is thought by some to be catalytically inactive because, similar to HR,
JMJD8 does not present the usual HxD/E...H facial triad, but instead has a less
common HxH...H Fe(ll) binding motif (Yeo et al., 2017). In a study by Yeo et al.
(2016) JMJD8 was shown to regulate TNF signalling to favour a pro-survival
pathway. The authors observed that JMJDS8 is responsible for regulation of NF-kB
activation and notably, ubiquitination of Receptor Interacting Protein 1 (RIP1). RIP1 is
a serine/threonine kinase which plays fundamental roles in apoptosis, necrosis and
cell survivial (Declercq et al., 2009). Since RIP1 ubiquitination is an essential step in
formation of the pro-survival tumour necrosis factor a receptor 1 (TNFR1) complex 1,
Yeo and colleagues hypothesised that JMJD8 might function in TNF-induced NF-kB
pro-survival signalling. Alternatively, an additional role for JMJD8 has been proposed
in endothelial cells: Boeckel et al. (2016) found that JMJD8 is upregulated during
mouse endothelial cell (EC) differentiation, which in turn, led them to investigate a
role for JMJD8 in angiogenic sprouting. They found that knockdown of both PKM2 (a

promoter of angiogenesis in ECs) and JMJD8 reduced angiogenic sprouting in ECs.
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In their model, JMJDS8 binds to PKM2 to modulate pyruvate synthesis and, in turn,
angiogenesis. However, the mechanism by which JMJD8 regulates PKM2 is unclear.
In addition, they found that although JMJD8 knockout mice are viable they show
reduced number of capillaries in skeletal muscles. More recently, Yeo et al. (2017)
reported that the JMJD8 protein sequence contains both a signal peptide and a
transmembrane domain, and speculated a role for JMJDS8 in protein folding. Finally,
Khoueiry and colleagues have recently proposed a role for JMJD8 in embryonic
development: They report that JMJDS8 is a co-repressor of the TET1 20G oxygenase,
co-localising with TET1 at loci of genes in mouse epiblast stem cells (Khoueiry et al.,
2017). They suggest that JMJD8 is capable of overriding the demethylating effects of

TET1 in target genes to further fine tune embryonic development.

1.6.3 JMJD7
Prior to 2014 (when this PhD project commenced), almost nothing was known about

the JmjC only enzyme, JMJD7 (Figure 1.9a). Originally, JMJD7 was identified in a
‘readthrough transcript’ with its neighbouring gene, phospholipase A2 beta
(PLA2G4B) (Pickard et al., 1999). Readthrough transcripts are full-length or partial
gene sequences from different genes that have combined to create conjoined
transcripts (Prakash et al., 2010). JMJD7 forms two fusion transcripts with PLA2G4B,
the gene immediately juxtaposed to JMJD7: Isoform 1 incorporates the first 233
amino acids of JMJD7 (initial 105 residues from the JmjC domain) and the entire
PLA2G4B gene giving rise to a 114kDa protein (Figure 1.9b), whereas isoform 2 is
missing a 115 amino acid region in the C-terminus of PLA2G4B generating a 100kDa
protein product (Figure 1.9c) (Pickard et al., 1999). This readthrough transcript was
originally thought to be another splice variant of PLA2a and, as such, was

characterised as an active cytoplasmic calcium dependant phospholipase enzyme
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(Song et al., 1999, Pickard et al., 1999). Although little is known about the structure
or function of JMJUD7-PLA2G4B, the C-terminal Fe(ll) co-ordinating residue (H277) in
the JmjC domain of JMJD7 is missing, which would likely render it inactive as a
protein hydroxylase (Figure 1.9b and 1.9c). Interestingly, JMJD7-PLA2G4B
expression has been associated with Head and Neck Squamous Cell Carcinoma
(HNSCC), YAP1 negative Non-Small Cell Lung Cancer (NSCLC), Oesophageal
cancer and Autism (Matsunami et al., 2014, Cheng et al., 2017, Ito et al., 2016, Su et
al., 2016). With respect to the latter, two independent papers have reported that
mutations in JMJD7 may be associated with autism and intellectual disability,
although the mechanisms are unknown (Matsunami et al., 2014, de Ligt et al., 2012).
Furthermore, JMJD7 was a positive hit in an siRNA screen of predicted KDMs that
aimed to identifying genes involved in the invasion of squamous cancer cells (Ding et

al., 2013).

Considering the potential importance of JMJD7 in disease it is an orphan JmjC only
20G oxygenase worthy of further investigation. Specifically future studies should aim
to characterise how JMJD7 activity is regulated, to explore how its function is

deregulated in disease, and to identify its substrates.
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Figure 1.9. Basic Schematic of JMJD7 and JMJD7-PLA2G4B readthrough
transcripts. a) JMJD7 has one functional domain (JmjC domain, yellow), two
alpha helices located at the N-terminus and the C-terminus participate in
JMJD7 oligomerisation (light blue). Essential co-factor binding residues are
demonstrated with yellow and red arrows. The C-terminal 83 residues, shown
by green bar, are deleted in the JMJD7-PLA2G4B readthrough transcripts. b)
and c) JMJD7-PLA2G4B transcripts both consist of the first 233 residues of
JMJD?7 including a truncated JmjC domain, a C2 lipid binding domain and a
PLA2c domain. Isoform 2 (c) has an additional 115 amino acids missing
located at the C-terminal end of the PLA2c domain.
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1.7 Aims and Objectives:

This literature review has presented an overview of post-translational modifications
and 20G oxygenases. The presence of these enzymes within multiple layers of gene
expression control and their conservation throughout evolution exemplifies how they
perform important cellular functions. Although the functions and substrates of some
JmjC only enzymes are yet to be elucidated (e.g. JMJD8, JMJD7 and HSPBAP1),
their association with disease suggests important biological roles. The objective of
the work that forms the basis of this Thesis was to contribute to the characterisation
of JMJD7. The work in Chapter 2 contributes to the basic biochemical and cellular
characterisation of JMJD7, providing insight into its function. In Chapter 3 we explore
the genetic evidence for a potential role of JMJD7 and its substrates in cancer.
Finally, the work presented in Chapters 4 and 5 extends key findings from Chapter 3,

to understand how JMJD?7 is regulated, and what effect this has on cell biology.
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Chapter 2

Initial characterisation of
JMJD7, an orphan
JmjC-only hydroxylase
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Introduction

Currently characterised enzymes within the JmjC-only family of 20G oxygenases are
involved in fundamental cellular processes and have been implicated in disease
(Ploumakis and Coleman, 2015). As outlined in the Introduction however, a number
of enzymes within the JmjC-only family remain poorly- or un-characterised.

Understanding the role of such JmjC proteins is of growing interest and importance.

In 2014, prior to the start of this PhD project, there were no published research
articles that directly focussed on investigating the function of JMJD7. However, there
were indications from large-scale genetic analyses that JMJD7 might be involved in
neurological disease and mental retardation (Matsunami et al., 2014, de Ligt et al.,
2012). Whether JMJD7 has a role in other diseases, including cancer, was not

known, but of interest (explored in Chapter 3).

Molecular mechanisms underlying the potential role(s) of JMJD7 in neurological (and
possibly other) disease are unclear, largely because the biochemical activity of
JMJD7 remains elusive. JmjC-only 20G oxygenases have generally been assigned
as protein hydroxylases (Feng et al., 2014, Webby et al., 2009, Ge et al., 2012,
Mahon et al., 2001), and in some cases as histone lysine and arginine demethylases
(Lu et al.,, 2009, Chang et al., 2007, Hsia et al., 2010). However, the latter
assignments have recently been challenged by detailed structural, phylogenetic, and
biochemical analyses (Chowdhury et al., 2014, Williams et al., 2014, Wang et al.,
2015a, Bottger et al., 2015). Therefore, the available evidence suggests that JMJD7
is likely to function as a protein hydroxylase, but the substrates of this potential
activity are unknown. This Chapter describes work aimed at contributing to the basic

characterisation of JMJD7, using a variety of biochemical and cell biology
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approaches in cell models. The findings have contributed towards a joint second

author publication in Nature Chemical Biology (Markolovic et al., 2018).

2.1 Structural analyses: JMJD7 oligomerises in vivo.

The biochemical activity of 20G oxygenases can be inferred by detailed structural
analyses (Markolovic et al., 2016). Therefore, our collaborators in the Schofield
laboratory (Oxford) solved the crystal structure of human JMJD7 (Markolovic et al.,
2018). The structure reveals many similarities with other JmjC oxygenases, including
the presence of all the conserved Fe(ll) co-ordinating and 20G binding residues,
consistent with it likely being an active oxygenase. Specifically, the DSBH consists of
the usual eight B-strands which align to form two anti-parallel B-sheets (Figure 2.1a,
orange residues). Within the DSBH are the conserved Fe(ll) co-ordinating residues
(H178, D180 and H277) forming an octahedral with three water molecules (Figure
2.1a, green residues) (Markolovic et al., 2018). Hydrogen bonds are formed between
the C1 carboxylate of 20G and both N184 and N289 of JMJD7. The 20G C5
carboxylate group forms electrostatic and hydrogen bonds with K193, and further
hydrogen bonding between the C5 and Y127, T175 and Y186 create a tight
interaction which, in turn, results in a slow substrate turnover (Figure 2.1a, cyan
residues) (Markolovic et al., 2018). JMJD7 has recently been reported as a histone
demethylase (Liu et al., 20174, Liu et al., 2018a), however, the JMJD7 structure does
not have any of the residues or domains normally associated with demethylase
activity and DNA or histone binding (Markolovic et al., 2018). Furthermore, mass
spectra data showed that JMJD7 is unable to modify either mono-, di-, or tri-

methylated H3K4, H3K9, H3K27 and H3K36 in vitro. Therefore, the initial structure
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and biochemical analyses are more consistent with protein hydroxylases, rather than

histone demethylase, activity.

Protein hydroxylases of the JmjC-only family, such as FIH, MINA, NO66 and JMJDG6
are known to require dimerisation for activity. Indeed, the JMJD7 structure indicates
that JMJD7 is also a dimer, but that dimerisation occurs via a unique mechanism:
Hydrophobic interactions between N- and C-terminal a-helices on both monomers
come together to form a dimerisation interface (Figure 2.1a). The cysteine at position
47 forms a disulphide bond between the two monomers and is thought to be
important for dimer stabilisation (see purple asterix in Figure 2.1a). In contrast, other
JmjC-only hydroxylases (e.g. MINA53 and FIH) dimerise via an interface formed by

only C-terminal terminal a-helices (Lancaster et al., 2004, Chowdhury et al., 2014).

The oligomerisation status of a protein in a crystal, or in solution in vitro, does not
necessarily reflect the native state in vivo. Therefore, we developed a cellular assay
to test whether JMJD7 oligomerises in cells, based on differential epitope-tagging
and immunoprecipitation (IP) (Figure 2.1b). HEK293T cells were transfected with
N-terminally HA- or FLAG-tagged JMJD7 plasmids, either together or alone, followed
by anti-HA or -FLAG immunoprecipitation and western blotting. If JMJD7 dimerises in
cells we predicted that HA-JMJD7 would be detected in anti-FLAG IP’s, and vice
versa (Figure 2.1b). Indeed, Figure 2.1c shows that HA-JMJD7 bound to
FLAG-JMJD7 and that FLAG-JMJD7 bound to HA-JMJD7, suggesting that JMJD7 is
able to dimerise in cells. When FLAG-JMJD7 was transfected without HA-JMJD7 no

signal was detected, (and vice versa), indicating that the interactions were specific.
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Figure 2.1 JMJD7 oligomerises in vitro and in vivo a) The crystal
structure of JMJD7 modelled in Chimera (Pettersen et al., 2004). JMJD7
oligomerises in cells using a unique interaction between the N-terminal and
C-terminal a-helices (a1 and a9). The DSBH is seen in orange with 20G and
Mg2+ in the active site. The purple asterix marks the disulphide bond between
the two C47 residues, thought to be critical for oligomerisation. The essential
Fe(ll) co-ordinating residues are noted in green and 20G binding residues
are shown in cyan. Structure crystallised by Dr Markolovic, used from
Markolovic et al., 2018, modified using Chimera: Petterson et al., 2004 b)
basic illustration of the concept behind the cellular dimerisation assay.
HEK293T cells were transfected with HA-JMJD7 or FLAG-JMJD7 either
together or alone. Cell lysates were immunoprecipitated with either FLAG or
HA epitope tag and western blotted for the reciprocal tag. c) western blot
after dimerisation IP demonstrating that JMJD7 can oligomerise in cells. n=3
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2.2 JMJD7 hydroxylates Developmentally Regulated GTP-binding proteins 1
and 2.

The structural analyses by our collaborators indicated conservation of critical
co-factor residues required for activity (reviewed above), consistent with JMJD7
being an active hydroxylase. Therefore, to screen for potential substrates a
proteomic assay was initiated by Dr Qingin Zhuang in the Coleman laboratory. The
assay uses large-scale immunoprecipitation coupled to mass spectrometry to identify
proteins that specifically interact with active (WT) JMJD7, but not to an inactive
JMJD7 mutant (H178A mutation causes loss of Fe(ll) binding). This approach has
successfully identified novel substrates for other JmjC-only protein hydroxylases
(Feng et al., 2014, Dr Coleman personal communication). HEK293T cell lines were
created that stably expressed WT or mutant 3XFLAG-tagged JMJD7 before treating
with dimethyl-N-oxalyglycine (DMOG, a cell permeable 20G competitive inhibitor
used to ‘lock-in’ substrates). Cell extracts were subject to anti-FLAG-IP followed by
mass spectrometry identification of interacting proteins (by the Advanced Mass
Spectrometry service, Oxford). A comparative analysis of WT vs H178A was
performed to identify candidate substrates binding in an ‘activity-dependent’ manner.
This approach identified Developmentally Regulated GTP binding proteins 1 and 2
(‘DRG1/2’), and their obligate binding partners, DRG Family Regulator Protein 1
(DFRP1) and DFRP2. Independent western blotting experiments validated the results
(Figure 2.2a, provided by Dr Mathew Coleman and Dr Qingin Zhuang). Further
investigation by Dr Zhuang identified that DRG1 and DRG2 are the primary
substrates, and that JMJD7 hydroxylates a conserved lysine at their N-terminus, at

K22 and K21, respectively (Malkovic et al. 2018).
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Developmentally Regulated GTP binding proteins 1 and 2

The JMJD7 hydroxylation sites reside within a conserved domain at the N-terminus of
DRGs located on the ‘turn’ of a helix-turn-helix (HTH) (Figure 2.2b and 2.2c).
Although the function of this domain in DRGs is not known, complementation
experiments in yeast demonstrate it is critical for function (Francis et al., 2012).
Structural analyses of yeast DRG1 demonstrated the presence of additional domains
including a Ribosomal protein S5 2-like (S5D2L) domain, the GTPase catalytic
domain, and a C-terminal ‘TGS’ domain which is thought to be essential for the

interaction of DRGs with DFRPs and ribosomes (Francis et al., 2012).

Although DRG proteins are better characterised than JMJD7, their exact function is
unclear, complicating attempts to rapidly elucidate the consequences of their
hydroxylation. Initial work on DRG (now known as DRG1) was reported in a mouse
model where, at the time, it was the only known family member (Kumar et al., 1993).
However, DRG was more similar to a C.elegans and S.pombe orthologue than that in
higher eukaryotes such as D.melanogaster and Xenopus, highlighting the potential
for another unknown, related protein. It was not until 1998 that this second gene was
cloned, resulting in the nomenclature DRG1 and DRG2 (Zhao and Aplan, 1998, Li
and Trueb, 2000). DRG1 and DRG2 share 57% sequence identity and 66% similarity
(Figure 2.2c). Perhaps consistent with important biological roles, high sequence
conservation is seen between human, mouse, xenopus and yeast (Li and Trueb,
2000). As their name suggests, both DRGs have been associated with development

(Sazuka et al., 1992, Kumar et al., 1993, Kumar et al., 1992, Schenker et al., 1994).

~ 55 ~



An added complication with respect to the DRG literature is in the nomenclature, with
at least three other proteins using the same acronym: AAA-ATPase
diazaborine resistance gene 1 (DRG1), Differentiation related gene 1/N-myc
downstream regulated 1 (DRG1/NDRG1) or Dorsal Root Ganglia (DRG). As such,
some papers have studied the Developmentally Regulated GTP-binding protein 1,
but have accidentally reviewed literature on unrelated DRGs in discussion (Delassus
et al., 2011). Any further use of “DRG” will specifically refer to the Developmentally

Regulated GTP-binding protein identified as novel JMJD7 substrates.

As members of the ‘Obg’ branch of the broader ‘TRAFAC’ (TRAnslation FACtor)
subfamily of GTP-ases, DRG1 and DRG2 are thought to function in ribosome
assembly and/or cellular growth (Francis et al., 2012, Li and Trueb, 2000, Morimoto
et al., 2002). Endogenous RBG1 (yeast DRG1) associates with actively translating
polyribosomes with Tma46 (DRG Family Regulatory Protein 1 (DFRP1)) (Wout et al.,
2009, Daugeron et al., 2011, Francis et al., 2012, Ishikawa et al., 2009a). In contrast,
DRG2 was reported not to associate with polysomes, but its yeast orthologue, Rbg2
and Gir2 (DFRP2), co-purified with translation-associated proteins (Daugeron et al.,
2011, Ishikawa et al., 2009a, Wout et al., 2009). Interestingly, gene knockout
experiments indicated that Rbg1 and Rbg2 may be functionally similar and have a
role in cell proliferation (Daugeron et al., 2011). Although the exact mechanisms by
which Rbg1 and Rbg2 regulate growth have not been elucidated, it seems likely their

common roles in protein synthesis may be involved.

The DRG enzymes have also been implicated in other cellular pathways. For
example, DRG2 overexpression in Jurkat T cells supressed growth and caused loss

of cell-to-cell adhesion (Ko et al., 2004). In this study, gene expression analysis
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showed that a sub-set of genes were deregulated in cells over expressing DRG2,
including DUSP7, a phosphatase which acts within the MAP kinase signalling
pathway (Theodosiou and Ashworth, 2002). Furthermore, in hepato-carcinoma cells,
DRG2 overexpression rescued chemically induced apoptosis, possibly by inducing
the expression of pro-survival genes (Song et al., 2004a, Chen et al.,, 2012).
However, DRG2 knockdown negatively regulates expression of CDK1-CycB1 via up
regulation of the CDK1-CycB1 regulatory proteins, Wee1, Myt1 and p21 (Jang et al.,
2016). Alternatively, DRG2 has also been implicated in endosome formation and
transferring recycling (Mani et al., 2016, Mani et al., 2017). In addition to cancer
DRG2 has also been linked to bone formation and multiple schlorosis (Ko et al.,

2014, Ke et al., 2013).

DRG1 and DRG2 stability is regulated by their binding partners, DFRP1 and DFRP2,
respectively. It was shown that knockdown of DFRP1 resulted in loss of DRG1
protein, over expression of DFRP1 induced DRG1 protein expression and the same
for DRG2 and DFRP2 (Ishikawa et al., 2009a, Ishikawa et al., 2005). Interestingly,
although DFRP1 and DFRP2 are evolutionarily distinct proteins they share high
sequence similarity in a single DFRP domain, a domain identified as critical for DRG

binding (Ishikawa et al., 2009a, Ishikawa et al., 2005).

Overall, the lack of basic characterisation of JMJD7 and DRG/DFRP complexes (and
the complex literature associated with the latter) will impede future studies aimed at
understanding the function of this novel pathway in cell biology and disease. For
example, it might be beneficial to know more about; (i) where DRG1/2 localise in
human cells and how this compares to JMJD7, (ii) how ubiquitous JMJD7 expression

is and whether this correlates with DRG1/DFRP1 and DRG2/DFRP2 expression, (iii)
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whether the hydroxylation of DRGs by JMJD7 is conserved, (iv) and whether (like

DRGs) JMJD?7 is involved in cellular growth control.
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Figure 2.2 1aenurtication or the UKGS and UDFrKFs as JNMJU/ substrates.
(@) Confirmation of DRG1, DRG2, DFRP1 and DFRP2 as hydroxylase
substrates of JMJD7. HEK293T cells were transfected with JMJD7 WT and
inactive JMJD7 H178A and subject to 10 hours of DMOG treatment. Cell
lysates were immunoprecipitated with FLAG beads and western blotted for
candidate substrates. Figure from Markolovic et al. 2018, Fig 2a, performed
by Dr Zhuang. b) Crystal structure adapted from (Francis et al., 2012)
representing the yeast orthologues of DRG1 and DFRP1 in complex. DRG1
is hydroxylated by JMJD7 on K22 of the HTH domain (red arrow).
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Figure 2.2 c) Protein alignment of DRGs highlighting the site of hydroxylation (K22
or K21 for DRG1 and DRG2, respectively) with a red Asterix and their conserved
domains. Alignment performed by Uniprot (The Uniprot Consortium, 2017).

2.3 JMJD7 co-localises with substrates, DRG1 and DRG2.

Next, we performed exogenous and endogenous localisation studies to further
characterise JMJD7, DRGs, and their interaction. First, we PCR cloned FLAG-tagged
JMJD7 into pcDNA3, with pcDNA3 DRG1 and DRG2 expression vectors provided by
Dr Qingin Zhuang. HelLa cells were seeded onto a sterile glass cover slip and subject
to transient transfection. 48 hours after transfection cells were fixed and
permeabilised before blocking and staining for either JMJD7, DRG1 or DRG2, and

4'.6-diamidino-2-phenylindole (DAPI). Panels 3 and 5 of Figure 2.3a show that
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JMJD7 co-localises with both DRG1 and DRG2 in HelLa cells, consistent with the

interaction data presented above.

Although DRG1, DRG2 and JMJD7 all display their highest expression in the
cytoplasm, some nuclear staining was also observed. Interestingly, nuclear staining
for DRG1 was more prominent than DRG2 (Figure 2.3a, HA stain in panel 2 and 4,
respectively), perhaps consistent with additional functions. Finally, neither DRG1 nor
DRG2 localisation was significantly affected by co-transfection with JMJD7 (compare
panels 2 vs 3 and panels 4 vs 5), suggesting that JMJD7 catalysed hydroxylation
does not affect DRG sub-cellular localisation. Attempts to extend these microscopy
experiments to the corresponding endogenous proteins failed because the antibodies

were not suitable (data not shown).

To attempt to observe the localisation of all the endogenous pathway components we
next performed biochemical fractionation using a commercially available kit. In
keeping with the exogenous studies, DRG1 is equally distributed between the
cytoplasm and the nucleus, and JMJD7 and DRG2 are mostly expressed in the
cytoplasm with some residual nuclear expression (Figure 2.3b). Consistent with the
differential DRG expression, DFRP1 is evenly distributed between the nucleus and
cytoplasm, whereas DFRP2 is mostly cytoplasmic, with a small amount residing in

the nucleus.
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Figure 2.3 JMJD7 subcellular localisation. a) Confocal microscopy
identifying co-localisation of JMJD7 with DRG1 and DRG2. Hela cells were
seeded onto glass cover slips and transfected with either DRG1 or DRG2,
and with or without JMJD7. After 48 hours of over expression the cover slips
were fixed stained with JMJD7 (green) and HA (Red) antibodies, DNA was
stained using DAPI direct stain. n=2 b) HelLa cells whole cell extracts were
subject to biochemical fractionation (NE-PER™ Nuclear and Cytoplasmic
Extraction Reagents) and analysed by western blot. Showing JMJD7 co-
localises with endogenous DRG1, DFRP1, DRG2 and DFRP2. n=3
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2.4 JMJD7 is ubiquitously expressed

Having contributed to the validation of the JMJD7/DRG interaction we next sought to
explore how widespread this novel ‘pathway’ might be. To test this, nine cell lines
derived from different tissues were tested for endogenous pathway component
expression by western blotting. HelLa cells (cervical cancer), HEK293T (embryonic
kidney), AGS (gastric cancer), Caco2 (colo-rectal cancer), SKRC45 (renal cancer),
A549 (lung cancer), H1299 (lung cancer), KTCL126 (kidney cancer), and SHSY5Y
(paediatric neuroblastoma) cells were lysed in Radioimmunoprecipitation assay
(RIPA) buffer and protein concentration normalised by Biorad Pierce assay. In
Figure 2.4a, the band predicted from siRNA knockdown experiments (Figure 2.4b) to
be JMJD7 is highlighted with a red arrow. The antibodies for endogenous DRG1,
DRG2, DFRP1 and DFRP2 were generally significantly more specific than JMJD7
and were also previously validated in JMJD7 immunoprecipitation experiments
(Figure 2.2a). The results show that JMJD7 is ubiquitously expressed throughout the
cell lines tested with slightly more in the paediatric neuroblastoma cell line, SHSY5Y.
Similarly, DRG2 and DFRP2 are also ubiquitously expressed. DRG1 is also present
in all cell lines but is expressed most highly in HeLa (cervical cancer) and HEK293T
cells (embryonic kidney) with the least expression in KTCL126 (kidney cancer) and
SHSYS5Y (paediatric neuroblastoma). DFRP1 is expressed in all cell lines except the
gastric cancer cell line, AGS. The highest DFRP1 expression was observed in in
H1299 cells (lung cancer) and HelLa cells (cervical cancer). With the exception of
DFRP1, all other pathway components are expressed in all the tested cells lines

indicative of ubiquitous expression and a conserved role within the cell.
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Figure 2.4 JMJD7 expression between cancer cell lines. a) Comparison
of protein expression for JMJD7 and pathway components between cell
lines. Nine cell lines from various tissues were lysed and protein expression
analysed by western blot. SHSY5Y cells have highest JMJD7 expression.
n=1 b) Assignment of the endogenous JMJD7 band in HelLa cells. western
blot after siRNA knockdown of JMJD7 (siRNA from Sigma, Cat no.
SASI_Hs02_00326704, SASI_Hs02_00326705) over 72 hours, and 48 hour
transient transfection of untagged JMJD7. n=2
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2.5 JMJDY7 function is conserved throughout species

Ubiquitously expressed proteins that perform important functions are often highly
conserved throughout evolution. Although DRGs are highly conserved (see above),
nothing is known about the conservation of JMJD7. Therefore, the sequence
alignment tool on the Uniprot database was used to align assigned JMJD7 protein
sequences from human, mouse, fruit fly, bovine and zebrafish. Figure 2.5a shows
high sequence homology between all the represented species. Furthermore, all the
essential Fe(ll)- and 20G-binding residues are fully conserved, consistent with

potential conservation of JMJD7’s lysyl hydroxylase activity towards DRG1/2.

To test whether the activity-dependent binding of DRGs to JMJD7 is conserved in
other species we focussed on the JMJD7 orthologue from D.melanogaster, as
follows. The mRNA from twenty whole female D.melanogaster was isolated and
reverse transcribed before PCR amplification of D.melanogaster JMJD7 (dmJMJD7)
with an N-terminal FLAG tag and cloning into pcDNA3. The dmJMJD7 and human
JMJD7 were transiently transfected into HEK293T cells, and allowed to express for
48 hours before treating with DMOG for 16 hours. Cells were lysed for protein before
anti-FLAG-immunoprecipitation and immunoblot for FLAG (JMJD7’s) and
endogenous human DRGs. As seen in Figure 2.5b, dmJMJD7 was able to confer
DMOG-dependent binding to DRG1 and DRG2, consistent with a
hydroxylase/substrate interaction. This degree of functional conservation could

suggest an important role for JMJD7 and DRG hydroxylation within the cell.

In light of the data above with dmJMJD7, we sought to explore the potential
importance of JMJD7 in D.melanogaster through collaboration with the group of

Pablo Wappner (Buenos Aires, Argentina) who use the fruit fly as a working model to
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study the function of 20G oxygenases. To this end, D.melanogaster were purchased
which hosted either RNAI targeting control or endogenous dmJMJD7 (‘CG10133’) in
the posterior wing compartment. Images were taken on a DP71 digital camera
connected to an Olympus MVX10 steromicroscope and were analysed using ImageJ.
Wing size was calculated by measuring the distance between three standardised
regions of the wing. Interestingly, Figure 2.5¢ shows that after JMJD7 knockdown the
wing increased in size (Figure provided by M Katz). This phenotype is likely
explained by an increase in cell size, rather than an increase in cell number (Figure
2.5d). These results indicate that JMJD7 is involved in cell growth control in
D.melanogaster and would therefore be an interesting target for loss-of-function

models in human cells.
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Figure 2.5 JMJD?7 is highly conserved in eukaryotes. a) JMJD7 sequence
alignment between human, mouse, fruitfly, cow and zebrafish highlighting the
essential Fe(ll) binding residues (red arrows) and the 2-OG binding residues
(green arrows), all of which are conserved. Sequences obtained and
analysed using Uniprot (The Uniprot Consortium, 2017) b) D.melanogaster
JMJD7 binds to human DRG1 and DRG2 in a DMOG-dependent manner.
HEK293T cells were transfected with either human or D.melanogaster
JMJD7 and treated with DMOG or vehicle for 15 hours. Cell lysates were
subject to anti-FLAG immunoprecipitation before western blot. n=4
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Figure 2.5 c) D.melanogaster containing siJMJD7 (CG10133) or siControl
were analysed for posterior wing compartment size. siJMJD7 cells shows
larger wings than control flies, concluding that this is a result of larger cell
size d) Quantification of cell size was achieved by counting the number of
wing hairs per square mm. Error bars represent standard error of the mean.
Six wings used in each individual experiment. Figures c) and d) performed by
M.Katz.
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2.6 Developing a JMJD7 shRNA loss of function model

Loss of function models in the fruit fly model indicate that JMJD7 may be important
for growth control. To test this observation in human cells, three commercial short
hairpin RNA (shRNA) vectors targeting JMJD7 were purchased from Transomics.
These pZIP-TRE3G lentiviral vectors confer puromycin resistance and express
doxycycline-inducible shRNAs in combination with GFP (Figure 2.6a). Figure 2.6b
maps the shRNAs to the JMJD7 gene sequence. JMJD7 shRNA#1 targets a similar
region to shRNA#2 with only a two base pair difference, at a position that is also
present in the read-through transcript, JMJD7-PLA2G4B. The third shRNA targets a
sequence towards the C-terminus that is only present in JMJD7 and not in JMJD7-

PLA2G4B.

All shRNA sequences were initially tested in the gastric cancer cell line, AGS. After
lentiviral infection and puromycin selection cells were tested using a doxycycline
titration over 48 hours. Before lysis, cells were imaged on an EVOS microscope to
capture GFP expression (Figure 2.6b). As seen in Figure 2.6¢ treatment with as little
as 0.05ug/ml of doxycycline was sufficient to induce almost maximal GFP from most
of the shRNA vectors. After imaging the cells were lysed, JMJD7 protein was
detected using a specific antibody (St. John’s Laboratory) and western blotting
(Figure 2.6d). Consistent with Figure 2.6c¢, Figure 2.6d shows significant loss of

JMJD7 protein expression with as little as 0.05ug/ml doxycycline.

~ 68 ~



L SR

" Sv40 POlY(A) sig, -~/ y
vmmoter

pZIP-TRE3G
10,321 bp

i Loop
5 Ultramik
!

b)

shJMJD7#1 ~shJMJD7#3
shJMJD7#2 —_3% !

e S —
¥ UTR I

Deleted in
JMJD7-PLA2G4B

Figure 2.6 Validation of shRNA viral infection into AGS cells. a) Vector
map of pZIP-TRE3G showing puromycin resistance cassette, tet-on/off
sequence and GFP at the 3’ of UltramiR shRNA sequence (Image from
TransOMIC). b) Schematic diagram of JMJD7 gene sequence mapping the
location of each shRNA on to the sequence. Two shRNA target the region of
JMJD7 which is incorporated into the read-through transcript, PLA2G4B-
JMJD7 (shdMJD7#1 and shdJMJD7#2), the third (shJMJD7#3), targets the C-
terminal region which is only present in JMJD?7.
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Figure 2.6 c) GFP images of AGS cells after lentivirus infection with pZIP-
TRE3G shRNAs. Each cell line was treated with increasing doses of
doxycycline for 48 hours, imaged on EVOS microscope before cell lysis and
analysed by western blot dox (pg/ml) n=2 (d). GFP and JMJD7 knockdown is
present in all cell lines with as little as 0.05ug/ml doxycycline (c¢) and (d). n=2
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To test if the efficiency of knockdown changed with treatment time, the same cells
were seeded and subject to a doxycycline timecourse using a standard dose of
1 ug/ml. As with doxycycline titration, images were taken on the EVOS microscope to
capture GFP expression prior to lysis. Figure 2.7a shows the GFP images after
doxycycline treatment of Ohr, 24hr, 48hr and 72hr. As expected, little or no leaky GFP
expression was observed without doxycycline. GFP expression was visible after 24
hours of doxycycline and by 48-72 hours the induction had plateaued in all cell lines
(Figure 2.7a). Similarly, western blotting of the respective proteins samples indicated
that JMJD7 knockdown looks to plateau at 48-72 hours for shRNA1-3, with no loss of
JMJD7 in control cells, as expected (Figure 2.7b). Surprisingly, in Figure 2.7b,
endogenous JMJD7 levels appear to be reduced in the 0 pg/ml samples despite no
detectable GFP being present in Figure 2.7a, probably due to “leaky” shRNA
expression. Leaky expression in doxycycline inducible systems is often seen
because fetal bovine serum (FBS) supplemented in cell culture media contains
residual tetracycline levels. Taken together, we have identified three effective JMJD7
shRNAs that act in a dose- and time-dependent manner, thus validating their use for

investigating the role of JMJD7 in growth.
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Figure 2.7 Validation of shRNA Viral Infection into AGS Cells. a)
Doxycycline time course (1pug/ml, 0-72 hours) showing GFP expression of
JMJD7 after just 24 hours but peaking at around 48-72 hours. AGS cells
were seeded into plates, treated with 1ug/ml doxycycline for 0-72 hours, and
imaged on EVOS microscope before lysis, n=2. Cells were lysed and
analysed by western blot (b). western blot shows JMJD7 knockdown after 24
hours of doxycycline induction that peaks at 48-72 hours. n=2
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2.7 Loss of JMJDY7 results in delayed proliferation in AGS cells

To begin to directly investigate the role of JMJD7 in the growth of human cells, the
AGS shRNA model described above was tested in an (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS) cell proliferation
assay. The MTS assay is used to measure the rate of cellular proliferation of viable
cells. The principle behind the assay begins with the reduction of the MTS
tetrazolium by metabolically active cells to create a formazan dye which can be
measured by colourimetric assay at absorbance of 490nm. Each cell line (shControl
and shdJMJD7#1-3) was treated with doxycycline for an extended period (120 hours)
to maximise the possibility of capturing potential consequences of reduced DRG
hydroxylation. Cells were then reseeded for an MTS assay in the presence of
doxycycline. The remaining cells were lysed for protein and used for western blot
validation of knockdown (Figure 2.8a). Figure 2.8b shows the MTS cell proliferation
curve of each cell line: Whereas the control cells demonstrate a classical exponential
growth curve (blue line) all three JMJD7 shRNA cell lines show delayed growth.
Strikingly, shJMJD7#3 cells grew significantly slower than shJMJD7#1 and
shdJMJD7#2 (Figure 2.8c): This could be due to shJMJD7#1/2 knocking down the
JMJD7-PLA2G4B transcript, whereas shJMJD7#3 only targets JMJD7. Alternatively,
subtle differences in the knockdown efficiencies of these shRNA sequences could
explain the difference observed. Finally, we cannot rule out the contribution of

off-target knockdown contributing to the differences in growth kinetics observed.

Overall however, the data presented are consistent with JMJD7 positively regulating
cell growth in human cells, which may be at odds with the data obtained in the fruit fly

model.
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Figure 2.8 JMJD7 shRNA knockdown delays growth in AGS cells.
Doxycycline inducible shRNA targeting JMJD7 was infected into AGS cells and
tested for metabolic activity by MTS assay. The shJMJD7 AGS cells were
seeded into 10cm plates, once settled the cells were treated with 1ug/ml
doxycycline. 120 hours after first treatment the cells were trypsinised and either
a) lysed for protein expression by western blot, or b) reseeded for MTS assay in
the presence of 1ug/ml doxycycline and observed over 5 days. b) JMJD7
knockdown causes a significant growth defect in AGS cells. c) histogram
representing day 5 of MTS assay highlighting significant growth defects of all
JMJD7 shRNA compared to control. shdMJD7#1, p <0.05, shdMJD7#2, p <0.05,
shJMJD7#3, p <0.05. Full ANOVA tables in Appendix 1. n=5
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2.8 Loss of JMJDY7 results in delayed proliferation in HeLa cells

Considering the potential conflict between the fruit fly phenotype and the AGS model
data presented above, we tested the role of JMJD7 in the growth of two additional
human cell lines, starting with the widely used cervical cancer cell line, Hela.
Because of the highly similar targeting sequence and AGS cell phenotype of
shdJMJD7#1 and #2, only shdMJD7#2 and #3 were used to create lentivirally-infected
puromycin resistant HeLa cells. Control shRNA and shJMJD7#2/3 cell lines were
doxycycline treated for 120 hours then trypsinised and reseeded in the presence of
doxycycline for MTS assay. The remaining cells were lysed for western blot analysis
of knockdown (Figure 2.9a). Similar to the previous experiment in AGS cells,
knockdown of JMJD7 caused delayed growth in HelLa cells and shdMJD7#2 was less
effective than shdJMJD7#3 (Figure 2.9b, 2.9c). These data would indicate that the
dominant role of JMJD7 in human cell growth may be positive (at least with respect to

proliferation), and not restricted to a single cell type.
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Figure 2.9 JMJD7 shRNA knockdown delays growth in HelLa cells.
Doxycycline inducible shRNA targeting JMJD7 was infected into HelLa cells to test
for metabolic activity using MTS assay. Infected cells were seeded into 10cm
plates and treated with 1ug/ml doxycycline for 120 hours. After initial treatment
cells were trypsinised and a) lysed for protein and analysed via western blot, or b)
reseeded in the presence of 1ug/ml doxycycline for MTS assay over 5 days. (b)
JMJD7 knockdown causes a significant growth defect in HelLa cells while in
exponential growth phase. c) histogram representing day 5 of MTS assay
highlighting significant growth defects of all JMJD7 shRNA compared to control.,
shdMJD7#2, p <0.05, shdMJD7#3, p <0.05. Full ANOVA tables in Appendix 1. n=3
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2.9 Loss of JMJDY7 results in delayed proliferation in HEK 293T cells

To continue exploring if JMJD7 regulates growth similarly in multiple cell lines, we
next tested the shRNA-mediated JMJD7 mRNA knockdown in another widely used
cell line, HEK293T cells. The same three shRNA sequences were infected into
HEK293T cells (shControl, shdMJD7#2 and shJMJD7#3), subjected to 120 hours of
doxycycline treatment, and then reseeded for MTS cell proliferation assay in the
presence of doxycycline. The remaining cells were lysed for protein, and analysed by
western blot for endogenous JMJD7 to validate knockdown (Figure 2.10a). As
predicted, knockdown of JMJD7 also delayed growth of HEK293T cells compared to
control cells. However, unlike what was previously observed in AGS and Hela cells
(Figure 2.8 and 2.9), there was little difference between the effect of shdMJD7#2 and
shdJMJD7#3 (Figure 2.10b). Taken together, we have shown that JMJD7 is essential
for cell growth control in a variety of cancer and non-cancer cell lines of different
tissue types, suggesting that this is likely to be a common function of JMJD7 in

human cells.
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Figure 2.10 JMJD7 shRNA knockdown delays growth in HEK293T cells.
Doxycycline inducible shRNA lentivirus targeting JMJD7 were infected into HEK293T
cells and metabolic activity was used as an indicator of proliferation using MTS assay.
HEK293T cells were seeded into 10cm plates and treated with 1ug/ml doxycycline for
120 hours. After initial treatment, cells were trypsinised and a) lysed for protein
expression analysis via western blot or b) reseeded in the presence of doxycycline for
analysis by MTS assay over 5 days. (b) JMJD7 knockdown causes a significant growth
defect in HEK293T cells while in exponential growth phase (day 3-6) c) histogram
representing day 5 of MTS assay highlighting significant growth defects of all JMJD7
shRNA compared to control. shdMJD7#2, p <0.05, shdMJD7#3, p <0.05. Full ANOVA
tables in Appendix 1. n=3
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Discussion

Within the series of experiments presented in this Chapter we have begun to
characterise the enzyme, JMJD7. The JmjC only family of enzymes are involved in
fundamental cellular processes, therefore, uncharacterised member JMJD7 was of
interest. Structural analysis was consistent with JMJD7 being a protein hydroxylase
with closest similarities to FIH and JMJD5 (Markolovic et al., 2018) (Figure 2.1a).
Mass spectrometry identified DRG1 and DRG2 as candidate substrates which was
confirmed by co-immunoprecipitation (Figure 2.2a). Consistent with this, localisation
studies of exogenous and endogenous proteins confirmed co-localisation (Figure
2.3a and 2.3b). Sequence alignment between species (Figure 2.5a), and
co-immunoprecipitation of dmJMJD7 and hdMJD7 demonstrated that JMJD7 may be
evolutionarily important (Figure 2.5b). Finally, loss-of-function studies identified that
JMJD7 may be playing a negative role in cell size in lower eukaryotes and a positive

role in cell proliferation in higher eukaryotes.

The function of DRG1 and DRG2 hydroxylation is yet to be fully elucidated. The
hydroxylation sites, K22 and K21 on DRG1 and DRG2, respectively, are located on
the apex of the ‘turn’ on the Helix-Turn-Helix (HTH) domain. The HTH domain is part
of a region on DRG1 that is protruding from the main body of the protein with an
unknown function. Yeast studies have suggested that the HTH domain is essential
for stability but not for interaction with Tma46 (DFRP1), or association with
polysomes. Possible effects of hydroxylation were explored using RNAI interference
targeting JMJD7, JMJD7 overexpression, and DRG hydroxylation site mutants, K22A
for DRG1 and K21A for DRG2 by Dr Qingin Zhuang (Markolovic et al., 2018). DRG1

and DRG2 stability was tested but was not significantly affected using JMJD7 WT
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and H178A overexpression or DMOG treatment. Moreover, mutation of K22 (DRG1)
and K21 (DRGZ2) to alanine did not affect either their ability to bind to their respective
DFRP, or their GTPase activity. Similarities to the JMJD4 catalysed hydroxylation of
K63 on eRF1 and previous studies linking DRGs with RNA binding prompted
investigation into RNA binding (Feng et al.,, 2014, Ishikawa et al., 2003). As
predicted, DRG2 hydroxylation site mutant and JMJD7 knockdown negatively
regulated DRG2 affinity to RNA binding columns. This is further supported by
immunofluorescence which localised significant proportions of DRG1, DRG2 and
JMJD7 to the cytoplasm, consistent with polysome or RNA association (Figure 2.5a)

(Markolovic et al., 2018, Feng et al., 2014).

Cellular growth assays following JMJD7 shRNA in multiple cell lines indicated that
JMJD7 is required to support cell proliferation (Figure 2.8, 2.9 and 2.10). Whether
this phenotype is due to reduced DRG hydroxylation is not yet clear, but could be
consistent with studies implicating DRG1 and DRG2 in cellular proliferation. Yeast
RNAIi experiments highlighted that Rbg1 (DRG1) and Rbg2 (DRG2) may be
functionally similar and that, when depleted together alongside Ski2-like helicase 1
(slh1) (mutant Arbg1 Arbg2 Aslh1), it can have profound effects on proliferation
(Daugeron et al., 2011). Interestingly, both DRG1 and DRG2 have been implicated in
cell cycle control. In human cells, DRG1 is reported to be critical for normal mitosis
transitioning (Lu et al., 2016, Schellhaus et al., 2017). Furthermore, DRG2 over
expression in human cells causes growth suppression, probably through deregulation
of downstream signalling pathways, e.g. MAP kinase signalling (Ko et al., 2004).
Alternatively, knockdown of DRG2 in human cell lines is thought to cause cell cycle

arrest at G2/M (Jang et al., 2016).
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The observable differences in growth defects between shJMJD7#2 and shJMJD#3
are particularly interesting. Indeed, one simple answer is that this is a result of
differences in knockdown efficiency between the two shRNA sequences.
Alternatively, this could be due to the respective sequences targeting different JMJD7
transcripts. The shJMJD7#1 and shJMJD7#2 target regions on JMJD7 which are also
present in the JIMJD7-PLA2G4B readthrough transcript, whereas shJMJD7#3 targets
the 3’ end of the JMJD7 coding sequence which is not present in this readthrough.
Early reports on JMJD7-PLA2G4B prove it can function as an active cytoplasmic
calcium dependant phospholipase and evidence in cancer cells suggest it might be
important for growth (Pickard 1999, Song 1999, Chang 2017). To explore this further,
future experiments should include mRNA analysis by qPCR to quantify the level of
JMJD7 knockdown compared to control. Furthermore, a rescue system which
reconstituted PLA2G4B and JMJD7-PLA2G4B expression in shJMJD7#2 and
shJMJD7#3 depleted cells would be essential to identify the cause of these

differences in growth.

The roles of JMJD7 and DRG1/2 in supporting the growth of human cell lines could
be related to their potential deregulation in human diseases and syndromes. As
outlined above, JMJD7 mutations have been described in both autism and
intellectual disability. Although the relevant pathways acting downstream of JMJD7 in
cognitive behaviour disorders are not yet known, DRG1 and DRG2 may be good
candidates as both have independently been associated with autism. The DRG2
gene is located on Chromosome 17 at 17p11.2 and elevated mRNA expression

levels of DRG2 were described in a patient with 17p11.2 duplication syndrome. In
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addition to other behavioural and dysmorphic characteristics the patient was
diagnosed with autism spectrum disorder (ASD) (Nakamine et al.,, 2008).
Interestingly, deletion of 17p11.2 also results in a developmental disorder associated
with intellectual disability, termed Smith-Magensis Syndrome (SMS) (Koyama et al.,
1996) (OMIM: 182290). Although this chromosomal region encompasses many other
genes, it is possible that altered gene dosage of DRG2 could contribute to the
associated phenotypes. Consistent with DRG1s high expression during embryonic
development (Kumar et al., 1993, Ishikawa et al., 2003, Sazuka et al., 1992), genetic
alterations in DRG1 have also been associated with autism: Polymorphisms in the
DRG1 gene were highlighted as a risk factor for patients with autism (de Krom et al.,
2009). Moreover, a homozygous DRG1 mutation (G54X) was identified as a
candidate gene in intellectual disability (Al-Nabhani et al., 2018). Similarly, DFRP1 is
associated with a developmental syndrome known as “2q.32 deletion syndrome”,
although the exact risk factors of this disease are not yet known (Van Buggenhout et

al., 2005).

How JMJD7, DRG1 and DRG2 are involved in autism and intellectual disability is
unknown, but could be explained by a collective role within a novel signalling

pathway.

Currently, our data suggests that JMJD7 and its substrates, DRG1 and DRG2, may
be involved in growth and have a role in disease. In light of this, further studies on
this pathway in other pathological conditions would be warranted. Specifically,
diseases where cellular proliferation is primary to its progression would be of interest.
For example, one of the major hallmarks of cancer is deregulated cell proliferation

and genetic mutations in proteins that control proliferation play central roles in
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oncogenesis (Hanahan and Weinberg, 2011). In the next Chapter we investigate

whether JMJD?7 is associated with cancer.
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Chapter 3

Exploring the potential for
deregulation of the JMJD7
pathway in Cancer
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Introduction

In the previous Chapter we presented data suggesting that JMJD7 loss-of-function
causes delayed growth of human cell lines. Normal growth control is critical for tissue
and organismal ‘homeostasis’ and is commonly deregulated in human disease (Rue
and Martinez Arias, 2015). Whether the role of JMJD7 in cell growth might be
relevant to human pathology, and whether JMJD7 is deregulated in diseases
associated with altered growth control is not currently known. Interestingly however,
evidence is emerging that might support these possibilities, particularly in the context
of neurological disorders. As outlined previously, independent studies have
associated point mutations in both JMJD7 and DRG1, and deregulated expression of
DRG2, with autism and intellectual disability (Matsunami et al., 2014, Nakamine et
al., 2008, Koyama et al., 1996, de Krom et al., 2009, de Ligt et al., 2012, Bi et al.,
2002). Together with our preliminary growth data on JMJD7, this may indicate that
the JMJD7 ‘pathway’ may regulate cell growth and/or other cellular processes
involved in development. Whether the JMJD7 pathway is regulated in other
pathological conditions associated with altered growth control is of interest. Since the
Coleman laboratory focusses on tumour cell biology and specifically the role of
protein hydroxylation in tumourigenesis, we were particularly interested in exploring
whether the JMJD7 pathway is altered in cancer. Precedents for this possibility
include a growing appreciation of the role of 20G oxygenases in tumourigenesis
(Ploumakis and Coleman, 2015), and the fact that altered growth control is
considered a hallmark of cancer (Hanahan and Weinberg, 2011). Furthermore, initial
reports implicate DRGs in tumour biology: For example, DRG1 is involved in mitotic

spindle formation and DRG2 enhances resistance to chemotherapeutic drugs (Chen
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et al., 2012, Lu et al., 2016). Indeed, many genes involved in mitogen-activated
signal transduction pathways and in cell cycle control are altered and deregulate in

cancer (Dhillon et al., 2007).

Cancer-associated genes are often deregulated by multiple independent
mechanisms including epigenetic silencing, transcriptional over-expression, gene
amplification/deletion (‘copy number alteration’), altered mRNA splicing, and
missense mutation (Sharma et al., 2010, Delgado and Leon, 2006, Albertson, 2006,
Singh and Eyras, 2017, Garnis et al., 2004). In some cases, these alterations directly
‘drive’ tumourigenesis and can be associated with effects on patient prognosis. Here,
we describe work aimed at identifying whether genetic evidence exists to support a
role for the JMJD7 pathway in cancer, through the interrogation of publically available

tumour DNA sequencing and patient prognosis databases.

3.1 JMJD7 and pathway components as markers of prognosis in gastric cancer

To begin to explore potential associations between JMJD7 pathway components and
cancer we interrogated ‘KM Plotter’ (Gyorffy et al., 2010), online software that plots
Kaplan Meier graphs (i.e. estimated patient survival over time) for patients whose
tumours express a given gene mRNA at either ‘low’ or ‘high’ levels (based on meta-
analysis of microarray data). Thus, this approach has the potential to identify
correlations between gene expression changes and cancer patient prognosis. KM
Plotter was therefore used to generate Kaplan-Meier graphs for high and low mRNA
expression of JMJD7, DRG1, DFRP1, DRG2 and DFRP2. Because of the emerging
role of JMJD7-related protein hydroxylases in gastrointestinal cancers (Dr Mathew
Coleman, personal communication), we chose to focus our analysis on gastric

cancer in the first instance. Interestingly, we observed a statistically significant
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(p=1.8e-05) interaction between low mRNA expression of JMJD7 and poor patient
prognosis (Figure 3.1a). Likewise, we observed that low mRNA expression levels of
DRG1 (Figure 3.1b; p=6.5e-05) and DFRP1 (Figure 3.1c; p=3.9e-07) associated with
worse patient prognosis. Conversely, analysis of DRG2 demonstrated the opposite
trend, that high DRG2 mRNA levels correlated with worse patient prognosis (Figure
3.1d; p=1.2e-12). Finally, unlike DRG1/DFRP1, there was a discourse between
DRG2 and DFRP2, with low DFRP2 mRNA expression correlated with worse patient
prognosis (Figure 3.1e; p=5e-04). Overall however, this preliminary analysis would
support a tumour suppressor role for the JMJD7/DRG1/DFRP1 pathway in gastric
cancer. The potential role of the DRG2/DFRP2 arm of the pathway is less clear but
might be consistent with a more oncogenic role of DRG2, which might suggest that
DRG1 and DRG2 have alternative biological functions and/or opposing roles in
cancer. Given these findings we sought to explore whether other evidence exists to

support a role for JMJD7 and pathway components in cancer.
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Figure 3.1 Altered mRNA expression of JMJD7 and pathway
components is associated with altered prognosis of gastric cancer
patients. Kaplan Meier Survival data illustrating the correlation between
mRNA expression and patient prognosis in Gastric cancer. (a-c) High
JMJD7, DRG1 and DRG2 expression correlated with better survival in gastric
cancer with p values of 1.8-e0.5, 6.5e05 and 3.9e-07, respectively,
supporting a role in a tumour suppressor pathway. DRG2 survival data shows
that in gastric cancer, low expression correlated with better prognosis,
p=1.2e-12 (d), Similar to JMJD7, DRG1 and DFRP1, high DFRP2 expression
correlated with better survival (p=5e-04). Data obtained from public
database: KMPlotter (Gyorffy et al.,, 2010). Microarray probes used:
222256_s at (JMJD7), 202810_at (DRG1), 201595 s at (DFRP1),
203268_s_at (DRG2), 203268 _s_at (DFRP2).
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3.2 Genetic alteration of JMJD7 and pathway components in cancer

We next sought to determine the spectrum of genetic alterations in JMJD7 pathway
components across different cancers. cBioPortal is an online large scale cancer
genomics database that allows users to visualise publically available tumour
sequencing data sets (Cerami et al., 2012, Gao et al., 2013). Using their respective
gene names, we searched cBioPortal for JMJD7 and pathway components (DRG1,
DRG2, DFRP1 (ZC3H15) and DFRP2 (RWDD1)) and presented output data as
frequency of alteration (deletion, amplification and missense mutation) against
tumour sequencing study (Figure 3.2). Interestingly, we observed a general trend
towards deletion (blue bars) of the JMJD7 gene in a variety of tumour types with a
frequency of approximately 2-8% (Figure 3.2a), with the highest frequency deleted
tumours including Diffuse Large B-Cell Lymphoma (DLBCL), Neuro-endocrine
Prostate Cancer (NEPC), Prostate cancer, and Mesothelioma. This would be
consistent with a potential tumour suppressor role for JMJD7, and might be in line
with the patient survival data presented above (Figure 3.1a). In addition to gene
deletion, we observed gene amplification (red bars) in two studies, and low levels of
missense mutation (green). Potential trends in the types of genetic alteration of
DRG1 and DFRP1 were less clear than for JMJD7 (Figure 3.2b and 3.2c,
respectively). In both cases we observed total alteration frequencies of 2-8%,
consisting of amplifications, deletions, and missense mutations in similar proportions
(although slightly biased towards amplifications for DFRP1). Overall however, we
observed reduced frequency of DRG1/DFRP1 gene deletion compared to JMJD?7,
but an increased frequency of missense mutation and gene amplification.

Interestingly, the tumour type with only deletion and missense mutation of DRG1 (i.e.
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no gene amplification) was Prostate, which was also observed in the most frequently
deleted JMJD7 tumours (Prostate and NEPC). Tumours with the highest proportion
of DFRP1 deletion/missense mutations included gastrointestinal cancers of the
oesophagus and stomach, which is of interest with respect to the association
between reduced JMJD7, DRG1 and DFRP1 mRNA expression and the survival of

gastric cancer patients (Figure 3.1a, 3.1b and 3.1c, respectively).

Similar to DRG1/DFRP1, potential trends in the types of genetic alteration of DRG2
and DFRP2 were less clear than for JMJD7 (Figure 3.2d and 3.2e, respectively).
Interestingly, the most frequently altered tumour type for DRG2 and DFRP2 was
Breast cancer, with 12% and 15% gene amplification, respectively. Gastrointestinal
cancers with altered DRG2/DFRP2 included Pancreas (2% DRG and 4% DFRP2
deletion) and oesophagus (2% DFRP2 deletion). Tumour types with the most

frequent DFRP2 deletion included DLBCL and Prostate, similar to JMJD7.

Overall, the cBioPortal analyses provide reasonable evidence to suggest that JMJD7
is deleted in some cancers, potentially consistent with tumour suppressor activity.
Although there may be some overlap of alteration and cancer types between JMJD7
and other components of the pathway, the landscape of alterations for DRG1/DFRP1

and DRG2/DFRP2 is much more heterogenous than JMJD7.

To gain further insight into potential genetic alteration of the JMJD7 pathway, we
focussed in more detail on missense mutations. The rationale for this was that even
rare mutations can be functionally important in cancer (so called ‘mini-drivers’)
(Castro-Giner et al., 2015), and the pattern of mutations can infer functional

importance. For example, mutations that are recurrent (i.e. identical mutations in
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multiple patients) or clustered (i.e. enriched in a given sequence/domain) indicate
potential selection and possible functional consequence (Miller et al., 2015). To
gather all the publically available cancer missense mutation data we collated
information from cBioportal, COSMIC, and COSMIC Cell Lines (Figure 3.3) (Cerami

et al.,, 2012, Gao et al., 2013, Forbes et al., 2017).
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Figure 3.2 Genetic alterations of JMJD7 and pathway genes across cancers.
Online database, cBioPortal, was interrogated for alteration frequency data for
each gene within the JMJD7 pathway. a) Bar chart representing the alteration
frequency of JMJD7. Shows that it is mutated up to 8% in Diffuse Large B-Cell
Lymphoma patients (DLBCL). Graphs modified from Gao et al., 2013 and Cerami
et al., 2012. AcyC, Adenoid Cystic Carcinoma; Unless otherwise stated, the data
was collected from the TCGA database. MSKCC, Memora Sloan Kettering Cancer
Centre; UTSW, University of Texas Southwestern Medical Centre; SU2C, Stand up
to Cancer; T/C/B, Trento, Cornel, Broad. The top 9 cancers with highest JMJD7
alteration frequency shown.
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Figure 3.2 (b) DRG1 bar chart shows it is most frequently mutated in
Neuroendocrine prostate cancer (NEPC) (up to 8%). (c) DFRP1 is also
mutated in up to 10% of NEPC. Graphs modified from Gao et al., 2013 and
Cerami et al., 2012. CS, Carcinosarcoma; Uterine CEC, Corpus Endometrial
Carcinoma; Unless otherwise stated, the data was collected from the TCGA
database. UTSW, University of Texas Southwestern Medical Centre; T/C/B,
Trento, Cornel, Broad; MICH, Michigan; B/C, Broad, Cornell; UTokyo,
University of Tokyo. The top 9 cancers with highest alteration frequency

shown.
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Figure 3.2 (d) DRG2 is most frequently mutated in Breast cancer and
sarcomas. e€) DFRP2 is mutated up to 12% in Breast cancer. Graphs
modified from Gao et al., 2013 and Cerami et al., 2012. AcyC, Adenoid Cystic
Carcinoma; NEPC, Neuroendocrine Prostate Cancer; Unless otherwise
stated, the data was collected from the TCGA database. MSKCC, Memora;
Sloan Kettering Cancer Centre; UTSW, University of Texas Southwestern
Medical Centre; SU2C, Stand up to Cancer; T/C/B, Trento, Cornel, Broad;
MIC, Michigan; DFCF, Dana-Farber Cancer Institute; B/C, Broad, Cornell,
BCCRC, Breast Cancer Research Centre; FHCRC, Fred Hutchinson Cancer
Research Centre. The top 9 cancers with highest JMJD7 alteration frequency
shown.
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3.3 Cancer missense mutations in JMJD7 and pathway components

Collated missense mutations were graphically represented by overlaying on the
primary protein sequence of JMJD7 and pathway components, in order to highlight
recurrence and clustering in relation to known catalytic and functional domains
(Figure 3.3). Silent, missense and nonsense mutations were distinguished with blue,
red and green arrows, respectively, and in-frame deletions were represented by pink
arrows. Silent mutations were included because there is a growing appreciation that
these alterations can actually be functional in some cases due to effects of splice
sites (Supek et al., 2014). Figure 3.3a shows the mutation profile of JMJD7 which,
although only modestly mutated, shows multiple ‘hot-spots’ including V28-R43,
P62-T75, G96-F111, R260-A273 and Q280-A312. These hot-spots are located in the
N-terminal half of the protein, the JmjC catalytic domain, and the C-terminal helices
that contribute to the dimerisation domain. In addition, there are ten residues which
are mutated in more than one patient tumour. Of potential importance, the most
recurrent of these mutations, R264W (identified in cholangiocarcinoma, uterine
cancer and glioma), is located within one of the previously identified hot-spots in the
JmjC catalytic domain (R260-A273) and has been identified as damaging in two
independent in silico damage prediction tests (see Table 3.1 for full list). Interestingly,
another uterine cancer mutant in this hot-spot, R260C (yellow arrow), is identical to a
mutation associated with autism (Matsunami et al., 2014) (for comparison, we have
also highlighted another mutation reported to be associated with intellectual disability
(M160V, yellow arrow)). Interestingly, we observed a Y127C mutation in a Burkitt’s

Lymphoma cell line (EB2): Y127 is a known catalytic residue involved in binding to
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the essential co-factor 20G (Markolovic et al., 2018) and was also predicted to be

damaging by both prediction software used (Table 3.1).

Overall, the pattern of JMJD7 missense mutations, their position in known catalytic
residues and domains, and the overlap with a mutation in an independent disorder,

would suggest that these cancer mutations have some functional consequence.

We next explored the mutational landscape of DRG1, DFRP1, DRG2 and DFRP2.
DRG1 missense mutations were distributed throughout the protein (Figure 3.3b),
although slightly enriched within the GTPase domains (G1 to G3). Hotspots included
A60-V75, 1M13T-E123K and L152-1161V in the N-terminal GTPase domain,
N178-A202 (in the S5D2L insert), and K213-V234 (also in the S5D2L insert).
Although we observed patches of mutations at either end of the HTH domain, we did
not (yet) observe any cancer mutations in the JMJD7 hydroxylation site (K22, orange
asterix). However, we did observe 7 sites of recurrent non-synonymous (i.e. not
silent) mutation that generally fell within the previously highlighted hotspots, which

may be consistent with potential functional consequences of these mutations.

DFRP1 is also only modestly mutated but contains five potential mutation hotspots
and ten sites of recurrent mutation (Figure 3.3c). Notably, one of these recurrent
mutation sites (R298C/H) has been identified in four independent tumours
(colorectal, skin, and lung cancers). Furthermore, this recurrent site is located in a
potential hotspot (R292-D325) that is located within the DRG1-binding domain.
Interestingly, the DRG1-binding domain includes another potential cancer mutation
hot-spot (T251-E271), suggesting that altered DRG1/DFRP1 interaction could

perhaps be one functional consequence of cancer mutations in these genes.
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Figure 3.3c shows cancer mutations plotted onto the DRG2 protein sequence. DRG2
is modestly mutated and displays only three potential hot-spots (M58-S72, F94-V103,
H137-W336). One of these hot-spots (M58-S72) is adjacent to a residue (S76)
whose equivalent in yeast was recently identified as critical for DRG2 function and
DFRP2 association (Ishikawa et al., 2013). Furthermore, a non-conservative mutation
at the residue next to S76 (T77K) might also be predicted to be damaging. Unlike
DRG1, we did observe at least one mutation (E24K) within the DRG2 HTH domain in
close proximity to the JMJD7 hydroxylation site (K21). It would be interesting to test
whether this mutation can effect JMJD7 catalysed hydroxylation. Overall however,
the number of recurrent non-synonymous missense mutations in DRG2 was lower
than DRG1. Similarly, the DFRP2 mutation profile (Figure 3.3d) shows a relatively
low frequency of mutation, only one potential hotspot (L75-S81) and only three
non-synonymous recurrent mutations. Together, these preliminary observations
might suggest that cancer mutations in JMJD7 and the DRG1/DFRP1 complex may
be more likely to be functionally relevant than those in the DRG2/DFRP2 complex,
although further work is required. Taken together, the data thus far are consistent
with JMJD7 having potential tumour suppressor activity, possibly mediated by one or

both DRG substrates.
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Figure 3.3 JMJD7 and pathway components are mutated in cancer. Visual representation of cancer mutations collated
from cBioPortal, COSMIC and COSMIC Cell Lines Project databases (Forbes et al., 2017, Cerami et al., 2012, Gao et al.,
2013) for JIMJD7, DRG1, DFRP1, DRG2 and DFRP2. a) JMJD7 shows five striking hot spots between residues V28-R43,
P62-T75, G96-F111, R260-A273 and Q280-A312. Blue, red, and green arrows indicate silent, missense and non-sense
mutations, respectively. The purple, red and yellow Asterixs represent residues important for dimerisation, 20G binding and

Fe(ll) co-ordination, respectively.
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Figure 3.3 JMJD7 and pathway components are mutated in cancer. Visual representation of cancer mutations collated
from cBioPortal, COSMIC and COSMIC Cell Lines Project databases (Forbes et al., 2017, Cerami et al., 2012, Gao et al.,
2013) for JMJD7 dimeric crystal structure (PDB: 5NFN), DRG1, DFRP1, DRG2 and DFRP2. a,i) shows JMJD7 cancer
mutations mapped on to the dimer crystal structure (shown in purple). DSBH shown in orange, green residues are Fe(ll)

coordinating, cyan represents 20G binding residues.
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Table 3. 1 IMJD7 Missense Mutation Damage Prediction

PolyPhen-2 PolyPhen-2

Mutation SIFT Prediction Prediction Mutation SIFT Prediction Prediction
VOA Tolerant Damaging L135M Damaging Damaging
A18V Tolerant Tolerant L143R Possibly Damaging Tolerant
V25M Possibly Damaging Tolerant P151L Tolerant Tolerant
A28D Tolerant Tolerant W152R Damaging Damaging
K34R Tolerant Tolerant M160V Tolerant Tolerant
P36S Tolerant Tolerant F166L Damaging Damaging
T37S Tolerant Tolerant A171V Damaging Tolerant
H40R Tolerant Tolerant K179R Damaging Damaging
R43W Damaging Damaging \V188M Damaging Damaging
R55C Damaging Damaging S190L Damaging Damaging
R55L Damaging Damaging H198Y Damaging Tolerant
A57S Damaging Damaging R203Q Damaging Tolerant
P62Q Damaging Damaging R203W Damaging Damaging
A63V Damaging Damaging P207L Damaging Damaging
P70S Tolerant Tolerant T223I Tolerant Tolerant
Y71C Damaging Damaging A244V Possibly Damaging Tolerant
R73T Damaging Tolerant R249W Damaging Damaging
R98C Damaging Tolerant R249Q Tolerant Tolerant
R98H Tolerant Tolerant P251L Damaging Damaging

Possib_ly Tolerant Damaging
A103T Damaging R260C Tolerant
R105C Damaging Damaging R264W Damaging Damaging
R106C Damaging Tolerant E267K Possibly Damaging Damaging
Q121R Tolerant Tolerant P272S Damaging Damaging
Y127C Damaging Damaging A273V Possibly Damaging Damaging
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PolyPhen-2 PolyPhen-2
Mutation SIFT Prediction Prediction Mutation SIFT Prediction Prediction
Q281R Damaging Damaging D297N Damaging Damaging
C285W Damaging Damaging Y302H Damaging Damaging
A287T Damaging Damaging D307E Tolerant Tolerant
W291L Damaging Damaging D307N Damaging Damaging
Y296C Damaging Damaging K311N Tolerant Tolerant
A312S Tolerant Tolerant
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Figure 3.3 JMJD7 and pathway components are mutated in cancer. Visual representation of cancer mutations collated

from cBioPortal, COSMIC and COSMIC Cell Lines Project databases (Forbes et al., 2017, Cerami et al., 2012, Gao et al.,

2013) for JIMJD7, DRG1, DFRP1, DRG2 and DFRP2. b) DRG1 mutations are generally evenly spread with five potential

mutational hotspots including, A60-V75, 1113-E123, L152-1161, N178-A202, K213-V234. Blue, red, green and pink arrows

indicate silent, missense, non-sense and deletion mutations, respectively. The yellow Asterix represents K22, the site of

hydroxylation by JMJD7.
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Figure 3.3 JMJD7 and pathway components are mutated in cancer. Visual representation of cancer mutations collated

from cBioPortal, COSMIC and COSMIC Cell Lines Project databases (Forbes et al., 2017, Cerami et al., 2012, Gao et al.,

2013) for JMJD7, DRG1, DFRP1, DRG2 and DFRP2. c) DFRP1 is modestly mutated with one significantly recurrent

mutation at R298 located within the fourth hotspot (R292-D325). Other hotspots include are located at K4-Q54, R134-E146,

T251-E271 and P401-L419. Blue, red, green and pink arrows indicate silent, missense, non-sense and deletion mutations,

respectively.
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Figure 3.3 JMJD7 and pathway components are mutated in cancer. Visual representation of cancer mutations collated from

cBioPortal, COSMIC and COSMIC Cell Lines Project databases (Forbes et al., 2017, Cerami et al., 2012, Gao et al., 2013) for

JMJD7, DRG1, DFRP1, DRG2 and DFRP2. d) DRG2 has three significant hotspots between residues M58-S72, F94-V103 and

H317-W336. Blue, red, and green arrows indicate silent, missense and non-sense mutations, respectively. The yellow Asterix

represents K21, the site of hydroxylation by JMJD?.
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Figure 3.3 JMJD7 and pathway components are mutated in cancer. Visual representation of cancer mutations collated

from cBioPortal, COSMIC and COSMIC Cell Lines Project databases (Forbes et al., 2017, Cerami et al., 2012, Gao et al.,

2013) for JIMJD7, DRG1, DFRP1, DRG2 and DFRP2. e) DFRP2 mutations are generally evenly spread with one hotspot

located between residues L75-S81. Blue, red, and green arrows indicate silent, missense and non-sense mutations,

respectively.
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3.4 Effect of cancer mutations on JMJD7 expression and substrate binding

Point mutations can have varying effects on a protein, including little or no
consequence (so called ‘passenger’ mutations), positive effects (gain-of-function) or
negative effects (loss-of-function) (Stratton et al., 2009, Wang et al., 2006). In
general, activating mutations in oncogenes tend to be restricted to a limited number
of positions and substitutions (e.g. K-Ras G12V, B-RAF V600E), whereas
inactivating mutations in tumour suppressor genes are more variable (i.e.
non-conservative missense mutations, nonsense and frameshift mutations) and
located throughout the gene. Overall, the genetic data presented above is more
consistent therefore with cancer mutations of the JMJD7 pathway being inactivating
as opposed to gain-of-function. Although bioinformatic software has been developed
to predict whether disease mutations are damaging (Adzhubei et al., 2010), definitive
proof is only possible from functional experiments in cells. Therefore, in order to
explore the potential consequences of JMJD7 pathway cancer mutations we first
cloned a panel of fifteen JMJD7 cancer mutants by site-directed mutagenesis
(mutants were selected in 2014 when the available tumour sequencing data was
more limited). The position of the cloned mutants within the dimeric structure of

JMJD7 is represented by dark blue ribbons (Figure 3.4a) (adapted from PDB: S5NFN).

Cancer mutations can be inactivating by multiple different mechanisms, including
altered splicing, destabilisation of the protein, loss of enzyme activity, altered
protein:protein interactions (including substrates), and incorrect sub-cellular
localisation, to name a few. We first tested whether JMJD7 cancer mutations effected
protein expression by transient transfection. We tested 15 of the cancer mutants,

including R260C, which was also mutated in an autistic individual. For completeness
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therefore, we also included M160V, which was mutated in an individual with
intellectual disability. The corresponding WT and variant expression vectors were
transfected into HEK293T cells for 48 hours (Figure 3.4b). To control for potential
technical differences, including transfection efficiency, we co-expressed a small
amount of a related protein hydroxylase, MINA53. Although 10 cancer mutants
expressed normally, 6 mutants were expressed at dramatically lower levels than
wildtype JMJD7, despite normal expression of MINAS3 (Figure 3.4b). These 6
unstable cancer mutants all reside within one of two previously identified mutation
hot-spots (P62-T75 and R260-A273), and include the most recurrent JMJD7 cancer
mutation, R264W. Interestingly, an ‘experimental’ JMJD7 mutant (H178A,
iron-binding mutant) with validated loss of activity (Markolovic et al., 2018) was also
poorly expressed, raising the possibility that (i) JMJD7 expression might be linked in
some way to its enzyme activity, and (ii) reduced expression of JMJD7 cancer
mutants could potentially reflect reduced enzyme activity. Overall, this expression
trial suggests that one mechanism of JMJD7 loss-of-function in cancer is via

missense mutation and reduced enzyme expression.

Of the JMJD7 cancer mutants that expressed normally we also wished to test their
substrate binding efficiency and activity. In the absence of a rapid and cost-effective
method for screening the activity of JMJD7 variants, we initially employed a co-IP
strategy in the presence or absence of the hydroxylase inhibitor DMOG to monitor
activity-dependent binding (as in Figure 2.2a). Wildtype JMJD7, seven cancer
mutants, and the M160V intellectual disability variant, were transfected into HEK293T
cells for 36 hours before treatment with vehicle or DMOG followed by cell lysis and

anti-FLAG IP (Figure 3.4c). All the mutants expressed normally, as expected. The
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DMOG-dependent capture of DRG1 and DRG2 was comparable between JMJD7
and all the mutants, which may be consistent with no major effects on enzymatic
activity. However, a modest reduction in DRG1/2 binding to some of the JMJD7
variants was apparent in the absence of DMOG. Further work is required to
determine if this is a meaningful reduction and whether it reflects a subtle reduction in
DRG-binding affinity and/or JMJD7 activity. Alternatively, if functionally relevant,
these mutations might be deregulating JMJD7 via different mechanisms such as
altered interactions, subcellular localisation and regulatory PTMs, which also deserve

further investigation in the future.
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Figure 3.4 JMJD7 cancer mutations effect expression but not substrate
binding. (a) dimeric JMJD7 crystal structure adapted from Figure 1a, Markolovic
et al.,, 2018 (PDB: 5NFN). Fe(ll) coordinating residues shown in green, 20G
binding residues seen in cyan. Shows the location of the sixteen cancer mutants
(blue) known to be mutated in cancer or intellectual disability. Location of
destabilising mutations (A63, W67, Y71, R264, E267, P272) highlighted with black
arrows.

~ 109 ~



= =
b) S = o ow B d BB 8 5 B3 E B E B
g =2 2= @B oS 8 223808 E 55 &
&z 2 2 2 =2 & E 2 2 2 4 == p 2 82 84 8 B F =2
ERAG Ry ‘ - e -— e e e - .‘
DRG1 ‘ - - g e—— — -‘
DRG2 —— . - —— - D D W - » = -

HA(MINAS3) | SRR - e an S S R S0 S5 45 S 0 45 S o -

B-actin —— —— — ——— — — N — — ——— — . ——

C) EV WT P705  ALOD3T R10SC R106C MI1BOV T2231 R260C D297N  WT
BOE S . T S S A
——
DHG]. -----‘."_'—'"—"--—-—--—_--’-'—
— I — - —
DRG2 TS e - e e e S S S e S D S IHPUt
FLAG = L bl hod b TR R Rt T I
EV WT P70S  A103T R105C RI106C MI160V T2231 R260C D297N WT
DRIDG - + = + - + - + - - + = + - ¥+ = + . + - +
DRG1 - - - @ —_ - - - -
IP
DRG2 -— - - -— -— - - - —

Figure 3.4 (b) Western blot of FLAG-JMJD7 and endogenous DRGs highlighting
the differential expression of JMJD7 WT and cancer mutants after transient
transfection into HEK293T cells. Also includes an iron binding mutant (H178A) as
an inactive negative control. Six out of the fifteen cancer mutants and the iron
binding mutant effect stability. The remaining stable mutants were tested for
substrate binding in HEK293T cells. After 36 hours of over expression cells were
treated with or without DMOG for 15 hours following lysis and FLAG-IP. n=2 c)
shows western blot of FLAG-JMJD7 and endogenous DRG1 and DRG2. None of
the tested mutants affected binding of either DRG1 or DRG2. n=2
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Discussion

Within this Chapter we have begun to collate evidence supporting a role for the
JMJD7 pathway in cancer, including correlations between gene expression and
patient prognosis, genetic alterations identified in tumour sequencing studies, and

functional experiments in cell models.

At the beginning of this study there was no scientific literature that focussed on a role
for JIMJD7 in cancer. Our Kaplan-Meier analyses was the first indication that JMJD7
and DRG1/DFRP1 may be functioning in a novel tumour suppressor pathway in
gastric cancer (Figure 3.1a, 3.1b and 3.1c). Whether a similar trend is observed in
other cancer types is not yet clear, although preliminary analyses in Breast cancer
suggest a more complex pattern of associations (data not shown). The evidence for a
potentially meaningful role in gastrointestinal cancers also included the observation
of gene deletions for JMJD7 in colorectal cancer, and DFRP1 in stomach and
oesophageal cancers. Potentially consistent with this, we previously observed loss of
DFRP1 protein expression in AGS cells (Figure 2.4a, Chapter 2), a cell line derived
from a patient with gastric adenocarcinoma. Whether loss of DFRP1 in AGS cells
contributes to the tumourigenic phenotype of these cells is unclear, but may be worth
further investigation. Interestingly, the DFRP1 gene is located on chromosome
2q32.1, a region known to be deleted in oesophageal, lung, gastric, prostate, and
breast cancers, and in a developmental disorder known as “2q32 deletion syndrome”
(Ferreira et al., 2012). Interestingly, patients with this syndrome present with various
symptoms including intellectual disability (Van Buggenhout et al., 2005), which is of
interest with respect to the documented mutations in JMJD7 and DRGs in related

disorders. Although it is unclear how loss of DFRP1 function might support
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tumorigenesis and altered neuronal development, knockout experiments in yeast
have proven that DFRP1 is required for the recruitment of the DRG1/DFRP1 complex
to polysomes (Francis et al., 2012). Furthermore, the DFRP1/DRG1 interaction is
known to be critical for normal DRG1 protein stability and expression (Ishikawa et al.,
2005). Interestingly, we observed potentially damaging mutations enriched within the
DRG1 binding domain of DFRP1 (Figure 3.3c), and mutations within the TGS domain
of DRG1 (and a nonsense mutation that precedes it) (Figure 3.3b). Complementation
studies in yeast have demonstrated that the TGS domain mediates the binding of
DRG1 to DFRP1 and the localisation of DRG1 to polysomes (Francis et al., 2012).
Therefore, it is possible that the DRG1-DFRP1 interaction is a target for deregulation
in some cancers. Overall, our preliminary bioinformatics analyses of clinical and
genetic data support a potential tumour suppressor role for JMJD7 and possibly
downstream signalling through DRG1/DFRP1. Potential biological explanations for

this are explored in the Final Discussion in Chapter 6.

Our observations supporting a potential tumour suppressor role for the JMJD7
pathway may be at odds with the limited literature on its components, and the data
presented at the end of Chapter 2 suggesting that JMJD7 supports cell growth
(Figures 2.8, 2.9 and 2.10). Our growth data would be more consistent with JMJD7
being a tumour ‘driver’, in potential agreement with data from an siRNA screen
demonstrating that loss of JMJD7 supressed invasion of squamous cell carcinomas
(Ding et al., 2013). Furthermore, a recent study showed a reduction in colony
formation in JMJD7 shRNA knockdown cells (Liu et al.,, 2017). Other evidence
supporting a potential driver role in some contexts might include our observation that

the JMJD7 gene is amplified in NEPC and pancreatic cancer (as opposed to the
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majority of other cancers where it was predominantly deleted). Likewise, in addition
to the other types of genetic alterations discussed, we also observed some gene
amplification for DRG1, DFRP1 and DRG2 (Figure 3.1b, 3.1c and 3.1d, respectively).
Interestingly, DFRP2 has been identified as a potential prognostic marker for
melanoma, where high expression correlated with poor survival (Vuong et al., 2014).
The apparent discourse between these various observations could simply reflect
context-dependence, either in terms of mutational mechanisms or biological roles.
However, it is also possible that the apparent complexity could be a reflection of the
biology of this pathway, which remains poorly characterised, and which will be

discussed further in Chapter 6.

Our cancer analyses of the JMJD7 pathway were supported by comprehensively
collating all the available missense mutations from across three sequencing
databases (cBioPortal, COSMIC and COSMIC Cell Lines). Although our mutational
analyses was up to date as of 2018, this will need to be regularly updated since
these databases are constantly evolving as sequencing costs fall and the number of
datasets continues to increase. Overall, our analyses indicated that the JMJD7
pathway is relatively infrequently mutated in cancer, but the mutations that were
observed may be consistent with potential loss of function and tumour suppressor
activity, particularly for JMJD7, DRG1 and DFRP1. Specifically, we noted the
presence of mutation hotspots and recurrent mutations found in multiple independent
tumours, including those in known catalytic residues and functional domains
(Figure 3.3). We partially validated these analyses by cloning a panel of JMJD7
cancer mutations and demonstrating that 6 out of 15 dramatically reduced JMJD7

protein expression. This would suggest that at least one functional consequence of
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cancer missense mutation might be to prevent JMJD7 protein expression, analogous
of course to the consequence of JMJD7 gene deletion observed in Figure 3.2a.
Further functional studies are required to explore the functional consequences of
other JMJD7 mutations (ideally on an update ‘library’ of mutants). Assays could
include monitoring effects on dimerisation (as in Figure 2.1c), substrate binding (as in
Figure 3.4c), and activity. Indeed, it would also be of interest to undertake functional
studies on DRG1/DFRP1 cancer mutants, particularly DRG1/DFRP1, as outlined
above. Using hotspots and recurrent mutations as a guide for selecting relevant
mutations to test would likely be beneficial. As outlined above, clustering and
recurrence of cancer mutations can be indicative of a selective pressure to maintain
such alterations. As such, these mutational patterns can imply the presence of novel
functional domains, particularly in poorly characterised proteins such as those in the
JMJD7 pathway. Therefore, it is also of interest whether the mutation patterns we
have collated here might indicate the presence, for example, of protein interaction
domains, novel regulatory sites (including other PTMs), or sub-cellular targeting

sequences.
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Chapter 4

Investigating the role of
phosphorylation in
regulating the biological
function of JMJD7
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Introduction

In the previous Chapters we demonstrated that JMJD7 is necessary for cellular
growth control and that it may be a cancer-associated gene. Growth regulating and
cancer-associated proteins are often themselves dynamically regulated (Duronio and
Xiong, 2013). However, nothing is currently known about the molecular mechanisms
by which JMJD7 and pathway components might be regulated, or how potential
regulation might contribute towards JMJD7’s role in growth control. The activity of
enzymes can be regulated by multiple, often overlapping mechanisms, including
gene expression changes (e.g. epigenetic and transcriptional regulation), altered
translation and post-translational regulation (Gibcus and Dekker, 2012, Corbett,
2018, Van Der Kelen et al., 2009, Dhillon et al.,, 2007). Post-translational
modifications (PTMs) are a major level at which the activity and function of enzymes
and other proteins is regulated (Lothrop et al., 2013). For example, tumour
suppressors such as p53 and BRCA1 are heavily modified by a variety of PTMs and
each event is essential for its role in a specific pathway (Taira and Yoshida, 2012,
Henderson, 2012). Understanding whether JMJD7 is post-translationally modified,
and how this might affect its function, activity, and its role in growth control is

therefore of interest.

Interestingly, there is precedent for other 20G oxygenases being regulated by PTMs,
particularly phosphorylation. As outlined in Chapter 1, PHD1 has recently been
shown to defer substrate specificity under normoxic conditions to hydroxylate
CEP192 after phosphorylation by CDK1 (Ortmann et al., 2016). Furthermore, the
histone demethylase KDM7C (PHF2) phosphorylation by Protein Kinase A (PKA)

promotes complex formation and, in turn, KDM7C histone demethylase activity (Baba
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et al.,, 2011). As a previously uncharacterised enzyme, JMJD7 is yet to be
investigated with respect to PTM, specifically phosphorylation. Here we describe
work which identifies a unique phosphorylation site at the N-terminus of JMJD7, our
efforts to develop cell models for studying its role in regulating JMJD7 function, and

data suggesting this PTM may be required for JMJD7’s role in supporting cell growth.

4.1 JMJD7 is phosphorylated on a conserved N-terminal threonine residue

In Chapter 3 we identified several cancer mutation ‘hot-spots’ in the JMJD7 gene
sequence (Figure 3.3e). Mutational hot-spots are often found at locations within a
gene that encode parts of the corresponding protein that are functionally important.
Therefore, in order to attempt to identify novel JMJD7 regulatory domains we
interrogated various online databases and interpreted the results in light of our
cancer mutation data presented in Chapter 3. We first tested for the presence of a
signal peptide, a short amino acid sequence found at the N-terminus of a protein
which enables transport of proteins across a membrane, out of the cytoplasm and
into the Endoplasmic Reticulum (ER) (lzard and Kendall, 1994). To test for the
presence of a signal peptide on JMJD7 online tool “SignalP4.1” (Nielsen, 2017) was
used. As expected, from localisation data in Chapter 2, the results suggested that
JMJD7 does not contain a signal peptide. Similarly, analysis by “SeqNLS” (Lin et al.,
2012), which tests for nuclear localisation sequences (NLS), also suggested an
absence of classicial NLS sequences in JMJD7. In contrast, Nuclear Export Signals
(NES) were analysed using the database “NetNES1.1” (la Cour et al., 2004) which
suggested that JMJD7 residues Leu109-Leu113, may contain an NES. However,
there are no missense mutations within this sequence, suggesting that nuclear

localisation may not be a frequent mechanism of altered JMJD7 regulation in cancer.

~117 ~



With respect to PTM, the JMJD7 protein sequence was analysed by
PhosphoSitePlus (Hornbeck et al., 2015), which despite the suggestion by its name,
collates several MS-identified PTMs including phosphorylation, acetylation,
methylation, and ubiquitylation. Interestingly, the N-terminus of JMJD7 hosts a
potential site of phosphorylation (Figure 4.1a) identified 12 times in MS studies
(Figure 4.1b). Importantly, the residue in question is threonine 37 (T37), which is
located in the middle of a cancer mutation hot-spot (Figure 4.1a; T37 is highlighted
by a yellow arrow and labelled as “T37” in Figure 4.1b). Perhaps consistent with a
potential role of T37 phosphorylation in cancer, all 12 MS identifications were made

in cancer samples and cell lines, including breast, gastric and lung cancer.

To explore the potential for JIMUD7 T37 phosphorylation in more detail, we first turned
to the available crystal structure. T37 is located close to the interface of the JMJD7
dimer and is solvent exposed (seen in yellow in Figure 4.1c) indicating that it could
be accessible for a kinase. We postulated that if T37 phosphorylation was
functionally important then the T37 residue and surrounding sequence might be
evolutionarily conserved. Therefore, we next assessed sequence conservation in this
area by bioinformatic alignment of multiple eukaryotic sequences. Potentially
consistent with an important role in JMJD7 function, we observed that this N-terminal
region of JMJD7 was highly conserved, including the target phosphorylated residue
at positon 37 (Figure 4.1d, conservation at position 37 was between Threonine and
Serine, which can also support phosphorylation, at least in other contexts). Finally,
we directly tested for evidence of JMJD7 T37 phosphorylation in our own database of
overexpressed FLAG-JMJD7 MS analyses. Consistent with the findings of others (as

collated by PhosphoSitePlus), we observed tryptic JMJD7 peptides with an +80
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dalton shift on T37, consistent with the addition of a phosphate group, thus
confirming that JMJD7 is phosphorylated in cells (Figure 4.1e). How phosphorylation

might regulate JMJD7 function is unknown, but is the subject of the remainder of this

Chapter.
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Figure 4.1 JMJD7 is phosphorylated on a conserved threonine
residue. a) N-terminal JMJD7 cancer hot-spot (V25-R43) (adapted from
Figure 3.3e) showing the site of phosphorylation as identified by online
database, PhosphositePlus. The black line covers the N-terminal residues,
M1-C51. Yellow arrow highlights position of T37.
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Figure 4.1 (b) Three sites of phosphorylation have been documented in
PhosphositePlus (Y31, T37 and Y42), however, only T37 has been identified
in multiple studies with high confidence (PhosphositePlus, personal
communication) (Hornbeck et al., 2015). c) close up of the JMJD7 crystal
structure highlighting that Threonine 37 (yellow) is close to the interface of
the dimer and solvent exposed.
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Figure 4.1 (d) sequence alignment of JMJD7 region spanning T37 showing
conservation between species between serine and threonine. €) HEK293T
cells were transfected with FLAG-JMJD7, Ilysed for protein and
immunopreciptated with Sigma M2 FLAG beads overnight. The JMJD7
eluent was subject to analysis by mass spectrometry (MS/MS). This table
shows a peptide species with mass shift of +79.97 Da at T37, consistent with
the addition of a phosphate group. The +57.02 shift on C24 is an alkylated
residue (C4Hyg), a process which inhibits the reformation of disulphide bonds.
Each column represents the different ions detected. When ionised, the
peptide can form different ions (loss or addition of NH3 or H,0).
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4.2 T37 phosphorylation does not significantly affect JMJD7 localisation,
dimerisation, or substrate binding

Having validated that JMJD7 T37 is phosphorylated in cells, we wanted to investigate
how this might regulate the biochemical characteristics and biological functions of
JMJD7, particularly those characterised in Chapter 2. To approach this in the
absence of knowing the identity of the JMJD7 T37 kinase (which is explored in
Chapter 5) we aimed to use molecular biology to mutate the phosphorylation site.
Using site directed mutagenesis, we created an unphosphorylatable JMJD7 mutant,
T37A, and a phospho-mimetic mutant, T37E (which mimics the negative charge of

the phosphate group).

We first aimed to use the T37 phospho-mutants to explore whether phosphorylation
might regulate JMJD7 localisation, for the following reasons. In Chapter 2 we
identified that JMJD?7 is localised in multiple sub-cellular compartments (Figure 2.3a
and 2.3b), raising the possibility that distribution between these is actively regulated.
Indeed, the cytoplasmic/nuclear distribution of other proteins is dynamically regulated
by PTMs such as phosphorylation (e.g. FOXO proteins) (Van Der Heide et al., 2004).
Therefore, HA-tagged JMJD7 WT and mutants were transfected into HeLa cells on
glass cover slips for 48 hours before fixing. HA primary antibody and Alexaflour 555
secondary antibody were used to stain for the over expressed JMJD7 and variants.
As seen in Figure 4.2a, there was no significant difference between the staining
pattern of JMUD7 WT, T37A or T37E suggesting that phosphorylation may not play a

major role in the sub-cellular distribution of JMJD?7.

The site of phosphorylation is found at the bottom of helix ‘a1’, one of the a-helices

involved in dimerisation (Figure 3.1a) (Markolovic et al., 2018). Therefore we tested
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whether T37 mutation regulates JMJD7 dimerisation using the assay described
previously (see Figures 2.1b and 2.1c) (Markolovic et al., 2018). As seen in
Figure 4.2b there was no significant difference between the dimerisation of
FLAG-JMJD7 WT, T37A or T37E, suggesting that T37 phosphorylation does not

significantly regulate JMJD7 oligomerisation.

Phosphorylation is an established mechanism of regulating enzyme activity (Ardito et
al., 2017). As outlined above, the phosphorylation site is proximal to the dimerisation
domain. The dimerisation domain is required for the activity of some JmjC-only
hydroxylases because of its role in providing an interface for substrate binding
(Lancaster et al., 2004, Chowdhury et al., 2014). Therefore, we next aimed to test for
a role of T37 phosphorylation in regulating JMJD7 enzyme activity. Initially, as a
surrogate for activity, we analysed the ability of the T37A and T37E mutants to
interact with the known JMJD7 substrate complexes, DRG1/DFRP1 and
DRG2/DFRP2. HEK293T cells were infected with lentivirus containing a pTIPZ
plasmid (pTRIPZ derivative with the RFP cassette removed) that conditionally
expresses FLAG-JMJD7 WT or T37A. Stable puromycin-selected cells were seeded
and left to grow for 36 hours before DMOG treatment for 15 hours prior to lysis.
Whole protein extract was subject to anti-FLAG-IP overnight followed by elution by
boiling in Laemmli buffer and western blot analysis. Figure 4.2c indicates no major
difference between the interaction of DRG1, DFRP1, DGR2 or DFRP2 to WT or
T37A JMJD7. Although a slight reduction in DRG2/DFRP2 binding can be seen to
WT versus T37A JMJD7, this could be explained by an artefact of variation in
endogenous expression levels (see “Input”). Interestingly, we did observe a subtle

increase in DRG1 binding to T37A versus WT JMJD7, under conditions in which the
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Input levels were actually slightly decreased (compare lanes 3 and 6). Overall
however, we did not observe any large differences in substrate complex binding

between WT and T37A JMJD7 that was reproducible between experimental repeats.
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a) HA DAPI Merge
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T37EJMID7

Figure 4.2 JMJD7 phosphorylation site mutants do not significantly
affect localisation, dimerisation or substrate binding. a) HelLa cells were
seeded on to glass cover slips and transfected with HA-JMJD7 WT or
mutants for 48 hours prior to fixing. Over expressed JMJD7 was stained with
anti-HA antibody (BioLegend) and Alexaflour 555 (Thermo). Images were
taken on a LSM880 confocal microscope. Mutation of T37 to phospho-
mutant or mimetic does not affect JIMJD7 localisation in HeLa cells. n=3
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Figure 4.2 b) JMJD7 WT or mutants tagged with either a FLAG- or HA-
epitope tag were transfected into HEK293T cells and over expressed for 48
hours. Cells were lysed for proteins and immunoprecipitated over night with
FLAG. Bound proteins were boiled off the beads using Laemmli buffer and
analysed by western blot. JMJD7 T37 phosphorylation does not affect its
ability to dimerise. n=2 ¢) HEK293T cells with doxycycline inducible pTIPZ
vectors containing FLAG-JMJD7 WT or T37A were seeded and allowed to
grow using “leaky” JMJD7 expression. 15 hours before lysis, DMOG was
added to cells. Lysates were FLAG-immunoprecipitated overnight, eluted by
boiling and analysed for the presence of pathway components by western
blot. Mutation of T37 to alanine does not significantly effect JMJD7 binding to
its substrates, DRG1 and DRG2, or their binding partners, DFRP1 and
DFRP2, respectively. n=3
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4.3 JMJD7 T37 phosphorylation does not affect DRG2 hydroxylation

Since substrate binding does not always reflect enzyme activity and substrate
modification it remains possible that T37 phosphorylation regulates the intrinsic
hydroxylase activity of JMJD7. Therefore, we next sought to explore this directly by
measuring the hydroxylation status of DRG1 and DRG2 using mass spectrometry.
We chose to use HEK293T as a model because endogenous DRG1 and DRG2
hydroxylation levels had previously been measured in these cells (Markolovic et al.,
2018): Dr Qingin Zhuang demonstrated that DRG1/2 hydroxylation at K22/K21
(respectively) was incomplete, and that it could respond to JMJD7 knockdown and
overexpression. We rationalised therefore that this might be a good context in which
to observe potential increases or decreases in JMJD7 activity. Using the HEK293T
pTIPZ-JMJD7 cells described above, four 15cm plates of HEK293T cells with leaky
WT or T37A JMJD7 expression (Figure 4.3a) were seeded, and lysed when
confluent. Cell lysates were incubated with sepharose beads and anti-DRG1 (8ug) or
-DRG2 (4ug) primary antibodies (ProteinTech) overnight. Beads were washed and
proteins were eluted by boiling and electrophoresis on a 12% SDS polyacrylamide
gel before coomassie staining overnight (Figure 4.3b). Figure 4.3b shows that
proteins corresponding to the anticipated sizes of endogenous DRG1 (yellow arrow),
DFRP1 (red arrow), DRG2 (orange arrow) and DFRP2 (purple arrow) were present in
the pulldown. The DRG1 and DRG2 bands were excised from the gel and sent for
trypsin digest and MS analyses (MSMS sequencing and hydroxylation assignment)
at the Advanced Oxford Proteomics Facility. Unfortunately, however, the MS
analyses of the DRG1 samples failed to identify the relevant K22-containing tryptic

peptides, possibly due to insufficient sample abundance (data not shown). In

~ 127 ~



contrast, MS analyses of the DRG2 samples reproducibly identified the tryptic
peptides containing unmodified and hydroxylated K21, as observed previously
(Markolovic et al.,, 2018). MS analyses of JMJD7-mediated hydroxylation is
complicated relative to other lysyl hydroxylases (e.g. JMJD4 or JMJD6) because the
modification is at the C3 carbon of the side chain (i.e. nearer to the ‘backbone’) (see
Figure 1.7) and partially inhibits the action of trypsin (Markolovic et al., 2018). The
result is that as the activity of JMUD7 changes, and the DRG hydroxylation level is
altered, the pattern of tryptic peptides for MS analysis changes. This makes it difficult
to make the type of quantitative measurements between samples used for other
projects (Feng et al., 2014). Rather, we previously published a qualitative approach
that monitors the shift between the abundance of hydroxylated and unhydroxylated
tryptic DRG peptides within a sample (Markolovic et al., 2018). Using this approach
we detected a range of hydroxylated and unmodified K21-containing peptides in the
DRG2 samples analysed (Figure 4.3c), where the abundance of hydroxylated
peptides make up around 25-30% of the K22-containing peptides species detected.
In Figure 4.3c the various hydroxylated DRG2 K21-containing peptides are shown in
various shades of red and pink, while the various unhydroxylated K21-containing
peptides are shown in multiple shades of blue. As expected, the overall abundance
of DRG2 K21-containing peptides that were hydroxylated was significantly increased
upon JMJD7 over expression (compare EV to WT). However, this remained
unchanged with the overexpressed phospho-mutant (compare WT to T37A). Overall,
this would suggest that T37 phosphorylation does not significantly affect JMJD7

activity, at least with respect to DRG2.
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Figure 4.3 A JMJD7 T37 phosphorylation site mutant does not alter activity
towards DRG2 K21. HEK293T cells containing a lentiviral inducible pTIPZ with or
without JMJD7 WT or T37A were seeded into four 15cm plates and left to grow for 4
days, until confluent. Cells were lysed for protein and subject to endogenous DRG2
and DRG1 IP overnight. The following day the beads were isolated and washed
before elution by FLAG peptide competition. a) shows western blot of the pre-IP
input samples confirming the presence of FLAG JMJD7. b) shows the coomassie gel
that was used to visualise the immunoprecipitated DRG1 and DRG2 which were
excised from the gels and sent for in-gel trypsin digest mass spectrometry. The
yellow and orange arrows indicate the DRG1 and DRG2 bands, respectively, that
were sent for analysis. Red arrow shows the presence of DFRP1 and Purple arrow
shows DFRP2. Heavy chain and light chain antibodies were also present in the
samples and are shown by the black dashed arrows. Parental HEK293T cells used
as negative control (-ve), EV (empty vector) indicates cells with pTIPZ alone.
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Figure 4.3 c) bar chart demonstrating the relative abundance (expressed as a % of
the total abundance of K21-containing peptides in each sample) of the various
hydroxylated vs unhydroxylated K21-containing peptides. Hydroxylated DRG2 is
seen in various shades of red/pink and unhydroxylated is seen with various shades
of blue. When JMJD7 was over expressed in cells, DRG2 hydroxylation (+15.99Da)
is significantly increased (compared to EV), as expected, but this remains
unchanged between WT and T37A JMJD7. n=1
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4.4 JMJD7 WT and T37E, but not T37A, are able to partially rescue JMJD7
knockdown phenotype

In the work presented above we did not observe any significant effects of a
non-phosphorylatable T37 mutant on functions that might be considered
biochemically ‘proximal’ to JMJD7. Therefore, we considered testing a more ‘distal’
phenotype, such as the role of T37 phosphorylation in JMJD7-mediated growth
control (Chapter 2). To do so it was first necessary to develop a cell model in which it
was possible to restore JMJD7 (WT or T37A mutant) expression in a loss-of-function
model such as the shRNA knockdown system validated in Chapter 2 (Figure 2.9). We
generated ‘shRNA-resistant’ WT, T37A and T37E JMJD7 cDNA’s by cloning four
silent mutations within the relevant JMJD7 cDNA sequence targeted by shRNA#3
(see Figure 2.6b). These cDNAs were then cloned into the lentiviral vector pIPZ (a
derivative of pGIPZ, with the GFP cassette removed, for constitutive expression of
JMJD7) and termed plPZ-shRes_FLAG.-JMJD7WT, -T37A and -T37E (collectively
termed ‘plPZ-shRes J7’°). The plPZ-shRes_J7 vectors and an ‘empty’ plPZ (EV)
were used to generate lentiviral supernatants (see Methods) for infection of
HEK293T cells. Subsequently, a second lentiviral infection delivered the
doxycycline-inducible pZIP-JMJD7 shRNA#3 vector into plPZ-shRes_J7 cells (and
termed ‘shd7#3_plPZ-shRes_J7’). Given that both of the infected vectors contained a
puromycin selection cassette, the shRNA positive cells were selected for using
Fluorescence Assisted Cell Sorting (FACS). The top 15% of GFP expressing cells

were sorted and kept for further experiments (data not shown).

We tested whether JMJD7 T37 mutation effects the role of JMJD7 in cell growth as
follows. Two 10cm plates of each shd7#3 plPZ-shRes —EV, -WT, -T37A and —-T37E

cell line were seeded. After 1 day, one plate of each cell line was either treated or
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untreated with doxycycline to induce shRNA and cause knockdown of JMJD7. After
120 hours the cells were reseeded in the presence or absence of doxycycline to
measure cell proliferation using an MTS assay (as in Chapter 2, Figure 2.9b) over 5
days. Parallel samples were lysed for either protein or RNA. Western blot analyses of
protein lysates harvested on Day 0 (day of reseeding for MTS) shows the presence
of JMJD7 both with and without doxycycline (Figure 4.4a), thus confirming the
shRNA-resistance of the exogenous cDNA. Unfortunately, we were unable to test for
endogenous JMJD7 protein knockdown in plPZ-shRes J7 cells by anti-JMJD7
western blot because the chemiluminescence signal from the exogenous
FLAG-JMJD7 overexpression confounded that of the endogenous protein (data not
shown). Therefore, to accurately measure the amount of endogenous JMJD7
knockdown in this context we turned to qPCR analysis. Two SYBR green gPCR
primers were designed to target the 3’ untranslated region (UTR) of JMJD7 (which is

absent in the exogenous cDNA, and in the PLA2G4B-JMJD7 readthrough transcript).

Using this approach, we determined that doxycycline treatment induced
approximately 50% knockdown of endogenous JMJD7 mRNA (Figure 4.4b) and
similar results were obtained at day 5 (Figure 4.4d). Under these conditions of partial
JMJD7 knockdown, our MTS analyses (Figure 4.4c) confirmed delayed growth of EV
cells compared to the same cells in the absence of doxycycline. Importantly, and
consistent with an ‘on-target’ effect of ShRNA#3, reconstitution with FLAG-JMJD7 WT
partially restored the growth defect induced by JMJD7 knockdown (Figure 4.4e and
4.4f). Furthermore, reconstitution with FLAG-JMJD7 T37E restored growth to a
similar extent to FLAG-JMJD7 WT. Interestingly, however, reconstitution with

FLAG-JMJD7 T37A was completely unable to rescue the shRNA knockdown
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phenotype (Figure 4.4c and 4.4d). Overall, these preliminary results suggested that
JMJD7-mediated growth control may require T37 phosphorylation. However, there

were some limitations in the experimental validation that suggested the system may

require further optimisation (discussed and explored below).
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Figure 4.4 Re-expression of JMJD7 WT, but not T37A, can partially
rescue the JMJD7 shRNA knockdown phenotype. HEK293T -cells
lentivirally infected with control pIPZ (EV) or plPZ-shRes_J7-WT, -T37A or —
T37E and JMJD7 shRN#3 (shd7#3_plPZ-shRes -WT, -T37A or -T37E)
followed by GFP FACS sorting to generate a homogenous pool of JMJD7-
shRNA#3 cells. Two plates for each cell line were seeded and one from each
was subject to 1ug/ml of doxycycline treatment for 120 hours before
reseeding for MTS cell proliferation assay. a) shows the western blot of
JMJD7 in the treated and untreated cells at the day of reseeding indicating
shRNA resistant JMJD7 expression. b) shows SYBR Green qPCR validation
of endogenous JMJD7 knockdown in all of the doxycycline-treated cell lines.
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Figure 4.4 (c) Western blot shows reduced exogenous JMJD7 in the +dox
cells compared to the —dox cells at day 5 after seeding. d) SYBR Green
gPCR analysis shows endogenous JMJD7 knockdown is still present on the
5™ day of the MTS assay, albeit to a lesser extent than day 0.
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Figure 4.4 e) shows MTS cell proliferation curve. Re-expression of JMJD7
WT and T37E is able to partially rescue the JMJD7 knockdown phenotype.
The histogram in f) represents the absorbance values of all cell lines at day
5, again highlighting the partial rescue phenotype shown in JMJD7-WT and —
T37E cell lines with endogenous JMJD7 knockdown. n=3
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4.5 Troubleshooting the shRNA resistant JMJD7 ‘rescue’ cell model

The work presented in Figure 4.4 suggested a potential role for T37 in
JMJD7-mediated growth control. However, the results were poorly reproducible (data
not shown) and were not strongly conclusive (i.e. inefficient knockdown and
incomplete phenotype ‘rescue’), partly because of some apparent limitations in how

well the system performed, which we discuss below.

The knockdown phenotype shown by the EV samples did not represent the expected
level of growth delay compared to previous observations (Figures 2.7b, 2.8b and
2.9b), perhaps consistent with poor knockdown efficiency (Figure 4.4b and 4.4d). We
considered several hypotheses to account for the inefficient knockdown. For
example, we considered whether ineffective doxycycline treatment could be
responsible, although fresh doxycycline aliquots were used for each new experiment.
Selection against the shRNA vector was considered a likely explanation given that

the pIPZ plasmid was also puromycin resistant.

The reduced expression with the reconstituted JMJD7 suggested that this aspect of
the model might also be a problem. One explanation for the reduced expression
might be that our exogenous JMJD7 may not be fully shRNA resistant. However, two
silent mutations are probably sufficient to ensure siRNA resistance (Jiang and Price
(2004) and our constructs have four silent mutations in the sequence targeted by
shRNA#3 and are expressed (Figure 4.4a and 4.4c). An alternative explanation might
be that the JMJD7 expression vector is selected against during the course of the
growth assay, which is potentially possible because it has the same antibiotic

resistance cassette as the pIPZ vector (as discussed above).
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An additional problem was the incomplete rescue observed in Figure 4.4e, where
reconstituted JMJD7 was unable to fully restore normal growth to JMJD7 knockdown
cells. One possibility was that some of the growth delay previously observed was due
to off-target effects of the shRNA used. However, similar results were seen using
multiple shRNA sequences (Figures 2.7, 2.8 and 2.9) and alternative knockdown
approaches (see below, Figure 4.8). An alternative explanation could be that the
FLAG-tag could be interfering with JMJD7 function in some way. However, data from
both this thesis (Figure 4.3c) and Dr Zhuang (Markolovic et al. (2018) suggest that a
FLAG-tagged JMJD7 is able to hydroxylate DRG1 and DRG2. Specifically,
Markolovic et al. (2018) reported that FLAG-JMJD7 over expression in HEK293T
cells can drive the hydroxylation of DRG1 and DRG2 from 20 to 98% and 7 to 63%,
respectively. Therefore, although possible, impaired activity of JMJD7 due to epitope
tagging appears unlikely to fully account for incomplete phenotype rescue. Finally,
incomplete rescue could potentially be explained by the knockdown and
reconstitution occurring in distinct or partially over-lapping populations within the
culture, as a result of sub-optimal antibiotic selection (again, both vectors were

puromycin resistant).

Overall, several of the limitations discussed above could perhaps be explained by a
technical limitation of the system which meant that both lentiviral vectors could not
simultaneously be maintained in the target cells. This could result in a heterogeneous
population of cells, that although all puromycin resistant, express either plPZ
FLAG-JMJD7, pZIP shRNA, or both. To test this, we first investigated whether
FLAG-JMJD7 was uniformly  expressed in the each of the

shd7#3 plPZ-shRes -WT, -T37A or —T37E cell lines derived above. Initially, we
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aimed to measure FLAG-JMJD7 expression in cells in the absence of endogenous
JMJD7 knockdown (i.e. in the absence of doxycycline): Figure 4.5a shows confocal
microscopy after shd7#3_plPZ-shRes -WT, -T37A and —T37E cells were seeded onto
cover slips, fixed and stained. The pink arrows show regions of cells which do not
appear to have any FLAG-JMJD7 expressed when compared to the presence of
DAPI, confirming that these cell lines do not homogenously express the reconstituted
FLAG-JMJD7 vectors. Next, we explored this in the context of endogenous JMJD7
knockdown following doxycycline-mediated expression of shRNA#3: Figure 4.5b
shows confocal microscopy after shd7#3 plPZ-shRes -WT, -T37A and —T37E cells
were seeded onto cover slips, treated with doxycycline for 120 hours, fixed and
stained. Again, purple arrows indicate cell ‘colonies’ where FLAG-JMJD7 appears not
to be expressed. Furthermore, white arrows highlight cell colonies which appear not
to express GFP and which are unlikely therefore to express shJMJD7#3. Taken
together, these imaging analyses would suggest that the ‘rescue’ model presented in
Figure 4.4 was sub-optimal, partly due to the inability to maintain the selection of both

lentiviral constructs in every cell.
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Figure 4.5 Confocal microscopy of shJ7#3_plPZ-shRes -WT, -T37A and
-T37E cells with and without doxycycline indicates heterogeneous
populations. The previously described HEK293T sh#3 plPZ-shRes J7-WT,
-T37A or —T37E were tested for the presence of JIMUD7 shRNA #3 and over
expressed JMJD7 in the absence (a) or presence (b) of 1ug/ml of
doxycycline. In both a) an observed loss of exogenous JMJD7 is seen in all
cell lines, and in b) a more striking loss of over expressed JMJD7 and the
induced JMJD7 shRNA #3. Pink arrows highlight cells which are not
expressing shJMJD7, white arrows indicate cells without FLAG-JMJD7 over
expression. n=1
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4.6 Further attempts to development a JMJD7 rescue model: FLAG-tagged
JMJD7 WT and T37E, but not T37A, are able to partially rescue the JMJD7
knockdown growth phenotype

To attempt to eliminate the issues identified above with sub-optimal co-selection of
expression vectors, the FLAG-JMJD7 cDNA sequences were re-cloned into a
retroviral plasmid, pWZL, which contains a hygromycin selection cassette. HEK293T
cells were infected with retrovirus encoding either pWZL-shRes FLAG.JMJD7
(PWZL-J7) -WT, -T37A, —T37E, or an empty pWZL control (EV), and subjected to
antibiotic selection with hygromycin. Subsequently, hygromycin-resistant cell lines
were infected with lentivirus encoding either shControl or shJMJD7#3
(shCon_pWZL-J7 or  shJ7_pWZL-J7). Following  puromycin  selection,
hygromycin/puromycin-resistant cell lines were seeded into 10cm plates and treated
with doxycycline for 120 hours before reseeding for MTS cell proliferation assay in
the presence of doxycycline, as described above. The remaining cells were lysed for
either protein for analysis of the presence of FLAG-JMJD7 by western blot
(Figure 4.6a), or lysed for RNA and analysed for the presence of JMJD7 endogenous
knockdown by SYBR green gPCR (Figure 4.6b). Western blot data shows that
although JMJD7 is more equally expressed in these samples than Figure 4.4a, there
may be a slight reduction of FLAG-JMJD7 in shJMJD7#3 compared to control.
Similar to the previous model, qPCR of endogenous JMJD7 cDNA indicated relatively
poor knockdown efficiency (Figure 4.6). That being said, MTS growth curves were
more in line with what we might expect (Figure 4.6c), considering previous
observations in Figure 2.9. We previously observed that JMJD7 knockdown cells
grew approximately one third less than control cells on day 6. Here, in Figure 4.6c

and 4.6d we can see that JMJUD7 knockdown cells grow at approximately half the rate
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of control knockdown cells by day 5, which is a marked improvement on that seen
from Figure 4.4e. However, consistent with previous observations, WT JMJD7 was
only able to partially rescue the knockdown phenotype. Importantly however, T37E
rescued the phenotype to the same extent as WT, but T37A unable to rescue to the
same extent, showing a growth delay equivalent to EV cells. Although more repeats
would need to be conducted to prove statistical significance, this data indicates that
the phospho-mutant, T37A, was unable to rescue the growth defect, as observed

previously.

Although some of the apparent limitations in the shRNA/FLAG-JMJD?7 ‘rescue’ model
appear to persist despite engineering new FLAG-JMJD7 expression vectors with
alternative antibiotic selection, the growth results appear to be consistent. Overall,
the data presented above support that a mutation that blocks JMJD7 T37A
phosphorylation is unable to alleviate the growth defects caused by JMJD7
knockdown. However, considering our concerns around the performance of these

cell models we still sought to obtain further evidence using an alternative approach.
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Figure 4.6 JMJD7 WT and T37E, but not EV or T37A, is able to partially
rescue the growth phenotype of JMJD7 knockdown. HEK293T cells were
retrovirally infected with pWZL plasmid either alone (EV) or with
shRes FLAG.J7-WT, -T37A or —T37E, followed by lentiviral infection of JMJD7
shRNA#3 or control shRNA into each. One 10cm plate of each cell line was
seeded and doxycycline treated (1pug/ml) for 120 hours prior to reseeding for
MTS cell proliferation assay in the presence of doxycycline. After seeding for
MTS assay, the remaining cells were analysed by western blot (a) or gPCR
(b). a) shows the presence of FLAG-JMJD7 in these cells on the day of

reseeding.
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Figure 4.6 b) HEK293T cells were retrovirally infected with pWZL plasmid
either alone or with shRes FLAG.J7-WT, -T37A or —T37E, followed by
lentiviral infection of JIMJD7 shRNA#3 or control shRNA into each. One 10cm

plate of each cell line was seeded and doxycycline treated for 120 hours

prior to reseeding for MTS cell proliferation assay in the presence of

doxycycline. After seeding for MTS assay, the remaining cells were analysed

by western blot or gPCR. b) qPCR results confirming endogenous JMJD7

knockdown in the shRNA containing cell lines.
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Figure 4.6 c) and d) shows MTS cell proliferation curve over 5 days. Dashed

lines represent shControl cells and solid lines are shJMJD7#3 cell lines.
Control knockdown does not affect cell growth, whereas JMJD7 knockdown
without re-expression grew significantly slower, similar to JMJD7-T37A cells.
Cells rescued with WT or T37E were able to partially rescue the JMJD7

knockdown phenotype. n=2
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4.7 JMJD7 T37A mutation inhibits normal growth control by JMJD7

To continue to explore if T37 phosphorylation is necessary for JMJD7’s function in
growth, we developed an independent ‘rescue’ model based on JMJD7
loss-of-function using an siRNA sequence that targets the 3’'UTR of the endogenous
mMRNA (validated by Dr Zhuang). HEK293T pTIPZ-JMJD7 cells were subject to two
rounds of control or JMJD7 siRNA Lipofectamine™ transfection over a period of 120
hours prior to reseeding for MTS proliferation assay. Figure 4.7a shows western blot
validation of knockdown of endogenous JMJD7 and confirmation of the presence of
over-expressed FLAG-JMJD7. Analysis of endogenous JMJD7 mRNA expression
was not necessary in this case due to successful confirmation of protein knockdown
by western blot. Interestingly, under the conditions of this model we observed very
efficient knockdown of endogenous JMJD7 protein, and equal expression of the
reconstituted FLAG-JMJD7 cDNAs in both control and JMJD7 siRNA samples.
Consistent with the shRNA data above, JMJD7 siRNA caused a slight growth delay
(as expected) that was completely restored by re-expression of WT but not T37A
JMJD7. The histogram in Figure 4.7c displays the MTS values at Day 6 only, clearly
demonstrating that WT FLAG-JMJD7 expression rescued the delayed growth
phenotype observed in JMJD7 siRNA-treated T37A and EV cells to growth levels

observed with control siRNA treatment.

Overall, the results presented in the ‘rescue’ cell models presented above clearly
demonstrate a consistent effect of T37A mutation on JMJD7-mediated cell growth
control. Considering the fact that the T37E mutation behaves as WT JMJD?7 in these
models, we propose that these effects are consistent with a role of JMJD7 T37

phosphorylation rather than mutation per se.
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Figure 4.7 Re-expression of JMJD7 WT, but not T37A, can rescue the reduced
growth phenotype observed following JMJD7 siRNA knockdown. HEK293T
cells with lentiviral pTIPZ alone (EV) or with JMJD7 WT or T37A were subject to
treatment with JMJD7 (Dharmacon, Cat No: J-187551-06) or control (SIGMA, Cat
No: SIC001) siRNA for 120 hours. Knockdown cells were analysed for growth
against control via MTS assay. a) cells were lysed for protein and analysed by
western blot for protein expression. Green arrows show endogenous JMJD7, Red
arrows indicate over-expressed FLAG-JMJD7. Densitometry of endogenous JMJD7
was calculated as a relative ratio of expression to control. b) MTS cell proliferations
assay after knockdown shows that EV and JMJD7 T37A were unable to rescue the
knockdown phenotype, whereas WT JMJD7 was able to.
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Figure 4.7. C) histogram representing absorbance values of all cell lines on day 6.
The control cells are around 0.85-0.95, whereas only the JMJD7 WT sample

presents within the range of absorbance values in the knockdown group. The EV
and T37A were significantly less. n=2
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Discussion

Here in this Chapter we have confirmed using MS that JMJD7 is phosphorylated at a
highly conserved residue at the N-terminus proximal to the dimerisation interface. We
show, using blocking mutants and a predicted phospho-mimetic mutant, that
phosphorylation is unlikely to significantly alter JMJD7 localisation, dimerisation,
substrate binding, or activity. However, we do show that T37 phosphorylation may

positively contribute to the role of JMJD?7 in cell proliferation identified in Chapter 2.

Although further work is required to identify the kinase responsible, and the exact
functional consequences of phosphorylation, the work described in this Chapter is of
interest because there is almost nothing known about regulation of 20G oxygenases
by PTMs, or whether they act in signalling pathways. Recently, Ortmann et al. (2016)
found that the HIF hydroxylase PHD1 is phosphorylated on S130 by CDK2, CDK4
and CDK®6. Phosphorylation of PHD1 did not affect the overall hydroxylase activity of
PHD1 in vitro but was found to reduce HIF1a hydroxylation and promote Cep192
inhibitory hydroxylation during the cell cycle. Furthermore, PHD2 has also been
highlighted as a target for regulation by phosphorylation (Di Conza et al., 2017).
Alternatively, phosphorylation is used as an ‘on/off’ switch on the lysine demethylase,
PHF2: Baba et al. (2011) showed that PKA mediated phosphorylation of S1056 on
PHF2 promotes the formation of PHF2/ARID5B complex. In turn, ARID5B binds to

DNA and supports PHF2 demethylase activity.

In all the cases mentioned above 20G oxygenase phosphorylation is thought to play
a regulatory role. However, MS of purified endogenous DRG2 did not highlight any
significant increase or decrease in hydroxylation in cells that expressed a T37A

JMJD7 mutant. Although this might indicate that T37 phosphorylation does not
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regulate JMJD7 activity towards DRG2, or that phosphorylation of JMJD7 may be
redirecting substrate specificity between DRGs and alternative substrates (similar to
the function of CDK1 mediated PHD1 phosphorylation (Ortmann et al., 2016)), further
work is required to address the limitations in the experiment presented. Firstly,
although endogenous DRG1 was successfully purified and identified by MS (data not
shown), the abundance was insufficient to successfully quantify the relevant peptides
covering the JMJD7 hydroxylation site. This leaves open the question of whether T37
phosphorylation might function to switch the specificity of JMJD7 between its two
substrates. Interestingly, we did observe a slight increase in DRG1 binding to the
JMJD7 T37A mutant (in the context of reduced DRG1 levels in the ‘input’, this effect
may even be underestimated). Secondly, comparing the blocking T37A mutant to
wildtype JMJD7 may only be relevant if the wildtype enzyme is significantly
phosphorylated. Further work should focus on developing a quantitative MS assay of
measuring the stoichiometric levels of JMJD7 phosphorylation, and methods to

manipulate (or mimic, e.g. T37E) its levels.

In the absence of identifying the molecular function of JMJD7 phosphorylation, we
turned to asking whether it regulated the function of ‘gross’ phenotypes, particularly
growth control. We showed in Chapter 2 that shRNA depletion of endogenous
JMJD7 delayed cellular proliferation. Therefore, we tested whether T37 mutants were
able to alter growth after endogenous JMJD7 knockdown. To do so we first
attempted to develop a cDNA ‘rescue’ system in the shRNA model presented in
Chapter 2. The initial rescue models highlighted some technical limitations: confocal
microscopy of these cells in the presence and absence of doxycycline identified a

heterogenous population, likely due to inappropriate antibiotic selection. Overall
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however, the shRNA rescue work indicated that JMJD7 T37 phosphorylation is likely
having a positive impact on JMJD7’s role in growth control, which was further
confirmed using an siRNA model. The mechanism of how JMJD7 phosphorylation
may be involved in growth is still to be elucidated and would be interesting to
investigate further. Considering the critical role of DRGs in protein synthesis,
development and cell growth (Daugeron et al., 2011, Francis et al., 2012, Kumar et
al., 1993, Wei et al., 2004), exploring if JMJD7 phosphorylation participates in the

role of DRG1 and DRG2 in these processes would also be of interest.

The experiments presented here have highlighted a potential discourse between the
positive role of T37 phosphorylation in growth and lack of function in dimerisation,
localisation and activity. Importantly, this might indicate an activity-independent
function of JMJD7, which is entirely possible. However, considering that thus far the
only known function of JmjC-only 20G oxygenases is as protein hydroxylases
(consistent with them lacking other obvious functional domains), other explanations
are also worth considering. In particular, further work is required to determine the
effect of T37 phosphorylation on DRG1 hydroxylation, and whether DRG1 and/or

DRG2 are involved downstream of JMJD7 in growth control.

Although there are many outstanding questions from the work presented, we felt that
the observation that T37 mutation significantly impaired JMJD7 function (in growth)
was sufficient to warrant further studies. In particular, we felt that understanding the
role of JMJD7 phosphorylation would be supported by identifying the kinase

responsible. Work related to this is presented in the Chapter that follows.
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Chapter 5

Characterisation of the
JMJD7 T37 Kinase
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Introduction

In the previous Chapter we presented data supporting that JMJD7 is phosphorylated
on an N-terminal threonine residue that is highly conserved and which resides within
a cancer mutation hot-spot identified in Chapter 2. We went on to explore the
function of T37 phosphorylation and identified a potential role in JMJD7-mediated cell
growth control. These studies focussed on the use of T37 mutants rather than
manipulating kinase activity because the identity of JMJD7 T37 kinase was not

known.

Identification of the JMJD7 T37 kinase would be informative for three main reasons.
Firstly, it would allow modulation of kinase activity (e.g. inhibitors) to regulate the
phosphorylation state of JMJD7 without the use of mutants. Secondly, it might help
uncover novel JMJD7 functions in unexpected cellular processes. For example, ATM
is serine/threonine kinase that is an important regulator of the DNA damage
response, and novel ATM substrates have subsequently been implicated in the
cellular response to DNA damage (Bensimon et al., 2011, Cheng and Chen, 2010,
Gatei et al., 2000, Kennedy and D'Andrea, 2005). Thirdly, identification of the JMJD7
T37 kinase could identify signalling pathways that couple an unexpected cellular
process to JMJD7/DRG pathways. An analogy would be substrates of the
cyclin-dependent kinases (CDKs), which are cell cycle-associated kinases essential
for proper transition between cell cycle phases (Malumbres, 2014): The
phosphorylation of CDK substrates has been shown to couple cell cycle phases to
the regulation of diverse cellular processes including autophagy, senescence,
transcription and translation (Rubinsztein, 2010, Mullers et al., 2017, Albert et al.,

2014, Kanakkanthara et al., 2016) .
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Here in this Chapter we develop an anti-phospho-T37 antibody and use it to

characterise JMJD7 T37 kinase activity.

5.1 Generation and validation of an anti-phospho-T37 specific antibody

To facilitate the characterisation of JMJD7 T37 phosphorylation we commissioned
the production of a phospho-specific antibody by a commercial company (Abgent).
The rabbit polyclonal antibody was raised against a phospho-T37 peptide
corresponding to the sequence NH,-CLDKPP[pThr]PLHFYRD—-CONH.,. To begin to
test the purified antibody we first used it in western blots to detected over-expressed
JMJD7 WT and T37A. The previously described HEK293T cells with doxycycline
inducible pTIPZ JMJD7 were grown for 2 days, lysed for protein and
immunoprecipitated with anti-FLAG antibody overnight. FLAG beads were washed
and protein was eluted by boiling in Laemmli buffer followed by western blot analysis.
The newly generated phospho-specific antibody (phT37) specifically recognised a
band at the correct size for FLAG-tagged JMJD7, and only in cells over-expressing
JMJD7 (Figure 5.1a). Consistent with this species being JMJD7, the signal was
increased following enrichment of JMJD7 by anti-FLAG IP. Importantly, the signal
was completely blocked by T37A mutation, suggesting that the antigen recognised
corresponds to the peptide sequence immunised. However, these initial results do
not prove the specificity of the antibody to phosphorylated versus unphosphorylated

T37.

To test whether this new reagent was indeed a phospho-specific JMJD7 T37
antibody we developed a peptide competition assay (Figure 5.1b). The method
involved western blotting cell lysates from the EV and JMJD7 WT samples, as

follows. Three identical membranes were probed using the newly generated
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anti-phT37 antibody. The first membrane was incubated with anti-phT37 antibody in
TBST-BSA solution as normal, with no additional peptide. The second membrane
was incubated with the anti-phT37 antibody solution but with the phosphorylated
JMJD7 T37 peptide used to generate the antibody. The third membrane was
incubated with the anti-phT37 antibody solution, but with the unphosphorylated
peptide. If the phT37 antibody was specific, the “free” phosphorylated peptide
incubated with the second western blot should be able to compete with the
phosphorylated JMJD7 on the membrane for binding to the anti-phT37 antibody,
therefore leaving the membrane blank. On the other hand, the third membrane with
the unphosphorylated peptide should be unable to compete for binding to the
phospho-specific antibody, and would display similar reactivity to the no peptide
control. Reassuringly, we observed that the membrane incubated with the
unphosphorylated peptide displayed similar antibody reactivity to the no peptide
control. Importantly, no signal was detected on the membrane incubated with the
phosphorylated peptide (Figure 5.1c). Taken together, these results suggest that the

anti-phT37 antibody specifically recognises JMJD7 when phosphorylated at T37.

Because our future investigation of JMJD7 phosphorylation will likely involve the use
of different N-terminally epitope tagged constructs, and the phosphorylation site in
question is in the proximity of these tags, we next tested whether epitope tagging
affected JMJD7 phosphorylation. Plasmids encoding JMJD7 with or without a HA- or
FLAG-tag were transfected into HEK293T cells for 48 hours prior to lysis and
analysis by western blot. Figure 5.1d shows no difference between the

phosphorylation status of untagged, HA- or FLAG-tagged JMJD?7.
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Figure 5.1 Validation of an antibody specific to phospho-T37 JMJD7. A
customised polyclonal phospho-specific antibody (phT37) was generated
against the sequence NH,-CLDKPP[pThr]PLHFYRD-CONH, by Abgent. a)
The phT37 antibody was tested against the phospho-mutant, T37A.
HEK293T cells were transfected with JMJD7 WT or T37A, after two days
cells were lysed and analysed by western blot. phT37 antibody binds to WT
but not the T37A mutant. n=3. b) A peptide competition assay was developed
to test the antibody specificity towards phosphorylated T37. In brief,
HEK293T cells with over expressed pcDNA3 alone or FLAG JMJD7 were
immunoprecipitated using anti-FLAG and analysed by western blot using
phT37 antibody. Three membranes were incubated with the phT37 antibody
and either no peptide (left), a phosphorylated JMJD7 peptide (middle), or an
unphosphorylated peptide (right).
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Figure 5.1 c) shows that after incubation with the phosphorylated peptide the
anti-phT37 antibody was competed away from the phT37 JMJD7 on the
membrane, but was not after incubation without a peptide or with the
unphosphorylated peptide, confirming the specificity of the antibody. n=3. d)
HEK293T cells were transiently transfected with JMJD7 with no tag, with a
FLAG tag, or a HA tag, allowed to express for 48 hours before lysing for
protein and analysing by western blot. JMJD7 phosphorylation is not affected

by different epitope tags. n=2.
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Figure 5.1 e) Hela cells were subject to transfection with either siRNA (left)
or untagged-JMJD7 pcDNA3 plasmid (right). (Left) JMJD7 Novus and St.
John’s antibody confirmed knockdown of the endogenous JMJD7 whereas
no change was seen using the phT37 antibody. (Right) Over expression of
JMJD7 confirmed using all antibodies. phT37 is therefore suitable for use
with  overexpressed JMJD7. (siRNA from Sigma, Cat no.
SASI_Hs02_00326704, SASI_Hs02_00326705). f) phT37 western blot of
parental HEK293T protein lysate.
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5.2 JMJD7 phosphorylation can be regulated by mitogens
Having developed and validated a reagent for the detection of phT37 JMJD7 we

sought to perform some basic characterisation of this modification in cells. Since
many phosphorylation events are stimulated by stress signals or environmental
stimuli, we tested whether we could manipulate JMJD7 phosphorylation by various
cell stresses and treatments. Firstly, we tested to see if cell confluence could
moderate JMJD7 phT37. Leaky expressing HEK293T pTIPZ FLAG-JMJD7 cells were
seeded into a 6 well plate at three different seeding densities. After 2 days the cells
were lysed for protein and FLAG-immunoprecipitated overnight. Western blot
analysis (Figure 5.2a) showed that phT37 levels did not significantly change

compared to total JIMJD?7.

An important physiological stimulus and pathological condition involves reduced
availability of oxygen, often termed ‘hypoxia’. As introduced in Chapter 1, oxygen is a
co-factor of 20G oxygenases and interestingly, the expression level of some 20G
oxygenases is regulated by hypoxia (Pollard et al, 2008). Therefore, we considered
that graded hypoxia might be a relevant stimulus in which to monitor JMJD7
phosphorylation. HEK293T cells with ‘leaky’ pTIPZ FLAG-JMJD7 were incubated at
21%, 1%, or 0.3% oxygen for 48 hours prior to lysis and immunoprecipitation. FLAG
JMJD7 was eluted by boiling in Laemmli buffer and analysed by western blot.
Figure 5.2b shows that, total JMJD7 levels are reduced with decreasing oxygen
tensions, and that JMJD7 T37 phosphorylation changes in line with it suggesting that
hypoxia is not a significant regulator of JMJD7 phosphorylation, at least under the

conditions tested.
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The cellular response to DNA damage is regulated at multiple levels by
phosphorylation (Gatei et al., 2000, Sharma et al., 2012, Cheng and Chen, 2010,
Bensimon et al.,, 2011), and some 20G oxygenases have been implicated in the
DNA damage response (Kafer et al., 2016, Falnes et al.,, 2002, Amendola et al.,
2017, Khoury-Haddad et al., 2015). Since a proportion of JMJD7 is nuclear-localised
(Chapter 2), and JMJD7 may be altered in cancer (Chapter 3), a hallmark of which is
genome instability (Hanahan and Weinberg, 2011), we sought to test whether DNA
damage can regulate JMJD7 phosphorylation. As a pilot experiment we first tested
whether a widely used DNA damaging agent, etoposide, regulates JMJD7 T37
phosphorylation. Etoposide is a cancer therapeutic that acts upon DNA
topoisomerase |l to induce DNA double strand breaks (Montecucco et al., 2015).
HEK293T pTIPZ JMJD7 cells were seeded for 3 days and used with leaky
expression. On the third day, the cells were treated with or without etoposide for 6
hours prior to lysis. Cell lysates were subject to FLAG immunoprecipitation and
eluted by boiling in Laemmli buffer before western blot. Figure 5.2c shows that

etoposide treatment did not affect JIMJD7 total protein or T37 phosphorylation levels.

Mitogens are powerful stimuli of cell signal transduction pathways, which commonly
centre around kinases and are important regulators of cell growth and division. In
Chapter 2, we implicated JMJD7 in normal growth control using an shRNA
loss-of-function model. Therefore, we next tested whether JMJD7 phosphorylation is
regulated by mitogens, as follows. Initially, HEK293T pTIPZ FLAG-JMJD7 cells were
seeded in the standard concentration of serum (10% v/v). After 48 hours, the growth
media on one plate was replaced with 0.2% v/v FCS growth media. After a further 24

hours all plates were lysed for protein followed by immunopreciptiation, elution by
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boiling in Laemmli buffer, and analysed by western blot. Figure 5.2d shows that after
24 hours of 0.2% serum, phT37 JMJD7 levels are significantly reduced compared to

total JMJD7. This suggests that JMJD7 phosphorylation is dependent on mitogens.

Mitogens stimulate quiescent cells to enter the cell cycle in order to replicate their
genome and undergo mitosis and cell division. We hypothesised therefore that the
observed mitogen stimulation of JMJD7 T37 phosphorylation could be associated
with cell cycle progression, which we explore further below. Beforehand, we provide

a brief overview of the cell cycle and its associated kinases.

~ 162 ~



Input IP

a)
JMJD7 JMJD7
EV 0.25 2.5 25 EV 025 2.5 25 X108
phT37 | T = - - .. — a— e
FLAG
(JMJD7) - - - e o
B-actin | . s —
b)
Input IP
EV JMJD7 EV JMJD7
21 21 1 6.3 2 21 1 03 O.(%)
phT37 w - -
FLAG —_ o
(JMJDT) -
B'actin — — —

Figure 5.2 Regulation of JMJD7 T37 phosphorylation by cellular stimuli.
HEK293T pTIPZ FLAG-JMJD7 cells were subject to various cell stresses. a)
Western blot after immunoprecipitation of cells that were seeded at three
different confluences (increasing by a factor of 10). Confluence did not affect
JMJD7 phosphorylation. n=2. b) Western blot after immunoprecipitation of
cells which were subject to treatment with oxygen tensions at 21%, 1% and
0.3% for 48 hours. Oxygen tension did not affect JMJD7 phosphorylation.

n=1.
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Figure 5.2 Regulation of JMJD7 T37 phosphorylation by cellular stimuli.
HEK293T pTIPZ FLAG-JMJD7 cells were subject to various cell stresses. c)
Western blot after immunoprecipitation of cells which were subject to
treatment with or without 10uM etoposide for 6 hours. Etoposide treatment
did not regulate JMJD7 T37 phosphorylation. n=2. d) Western blot after
immunoprecipitation of cells treated with 10% (+ serum) or 0.2% (- serum)
v/v FCS for 24 hours. Cells grown in reduced serum show significantly less
JMJD7 T37 phosphorylation. n=2.
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5.3 The Cell Cycle

One full cell cycle requires four stages to be sequentially transitioned; Gap 1 (G1),
Synthesis (S), Gap 2 (G2) and Mitosis (M) (Figure 5.3a). The onset of G1 is generally
controlled by extra-cellular signals and mitogens. For example, cells that become
contact inhibited upon confluence will not re-enter G1 after division (Duronio and
Xiong, 2013). During G1 CDK4 and CDKG6 are activated via upregulation of Cyclin D.
Active CDK/CyclinD complexes enable the release of E2F transcription factors from
Retinoblastoma protein (Rb), therefore preparing the cell for S-phase (Kato et al.,
1993). During S-phase the genome is replicated and DNA repackaged around
histones ready to pass on to daughter cells (Duronio and Xiong, 2013). Once DNA
synthesis is complete, the cell transitions into the G2 phase which is associated with
increased protein synthesis and cell growth (Diril et al., 2012). Together, these three
phases, G1, S and G2 are known as Interphase. The final phase of the cell cycle is
Mitosis, during which the nuclear envelope breaks down and chromatids divide
(Gavet and Pines, 2010). Cell cycle transitions are typically controlled by CDKs and
their activating cyclins (Figure 5.3). Specifically, CDK4 and CDK6 control G1, CDK2
is most active during S-phase and G2, whereas CDK1 is famously the regulator of

the G2/M transition and progression through mitosis (Malumbres, 2014).
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Figure 5.3 Schematic diagram of the major CDK/Cyclin complex involved in
cell cycle transitioning. a) The transition into the cell cycle is initiated by extra-
cellular signals. Rho G-proteins are stimulated by receptor signalling on the cell
membrane, in turn they activate downstream MAPKKKs which promotes
phosphorylation and activation of the MAPKKs, MKK4 and MKKY7. Upon
activation of the MAP Kinase, c-Jun N-terminal Kinase (JNK), by MAPKKs JNK
translocates to the nucleus and subsequently phosphorylates the AP1
transcription factor, c-Jun. c-Jun forms a heterodimeric complex with c-FOS and
localises to an AP1 consensus sequence on the promoter of Cyclin D for basal
expression . Translated Cyclin D associates with and activates its respective
CDK (CDK4 or CDK6). The CDK/CycD kinase complex promotes the inhibitory
phosphorylation of Retinoblastoma protein (Rb), thereby releasing E2F
transcription factors from Rb-mediated inactivation. E2F transcription factors
promote the upregulation of Cyclin D in a positive feedback mechanism, CDK2-
associated E-type cyclins to fully inactivate Rb and thereby promote the
transcription of genes involved in G1/S transition and DNA synthesis. During S-
phase CDK2/CycA phosphorylates a multitude of proteins involved in
transcription and translation. Once DNA has been fully replicated S/G2 transition
is initiated. The CDK1/CycA complex ensures re-replication does not take place,
and with the help of CDK2/CycA prepares the cell for mitosis. CDK1/CycB is the
major regulator of the G2/M boundary and progression through mitosis. Figure
modified from Figure 1, (Lutful Kabir et al., 2015). b) Highlights where thymidine,

RO-3306 and nocodazole act in the cell cycle.
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5.4 JMJD7 phosphorylation is increased during S-phase of the cell cycle.

To test potential cell cycle dependent regulation of JMJD7 phosphorylation we first
aimed to synchronise cells in S-phase of the cell cycle. Thymidine is a thymine
analogue which acts as a G1/S phase synchronisation tool by inhibiting DNA
synthesis. A single use of thymidine will block the cell population throughout all
stages of S-phase. Therefore, to generate an entirely G1/S synchronous population
the cells need to be released back into the cell cycle after the first S-phase block to
then allowed to transition out of S-phase before treatment for a second time to
ensure G1/S synchronisation (Figure 5.3) (Ma and Poon, 2011). Leaky expressing
HEK293T pTIPZ FLAG-JMJD7 cells were seeded into 15cm plates, and the following
day treated with thymidine. After 18 hours the cells were washed thoroughly and
incubated in fresh media before another thymidine treatment (16 hours). After the
second thymidine treatment the cells were washed in PBS again and released back
into the cell cycle by incubation with fresh media. Cell cycle profiling was performed
using Fluorescence Assisted Cell Sorting (FACS): DNA content was measured by
Propidium lodide (PI) staining cells and quantified using a Cyan B Flow Cytometer,
with data analysed using Summit 4.3 software. One plate was lysed for protein and
FACS every hour over 9 hours. Since thymidine blocks DNA replication, and FACS
analysis of the cell cycle using Pl works by staining total DNA content, cells in early
S-phase that are analysed using this method may be observed as G1, due to having
not started DNA replication. This likely explains the increased proportion of G1 cells
at 0 hours of release, relative to untreated (asynchronous) cells (Figure 5.4a). As
expected, cells appeared not to be immediately released from the thymidine-block,

taking up to 3 hours before the proportion of S and G2/M cells begins to increase. By
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hour 5 the majority of the cells are in S-phase, and by 9 hours after release the
majority of cells have transitioned through G2 and mitosis into G1. Having validated a
successful synchronisation and release in this model, we moved on to analysing
phT37 JMJD7 levels in the corresponding cell lysates: Figure 5.4b shows a
representative western blot. Interestingly, a significant spike in phT37 JMJD7 levels
are observed at 4-5 hours after release, time points that correspond to when the
maximum number of cells were in S-phase. As the cells transition out of S-phase,
T37 phosphorylation is reduced (hours 6-7). Interestingly, T37 phosphorylation levels
seem to modestly increase again after 8-9 hours of release, which may be consistent
with entry or passage through G2 or mitosis. The other pathway components were
also analysed by western blot however, with the exception of DRG2 there was no
significant change in their expression. Interestingly, DRG2 expression increase
correlated with JMJD7 phT37 4-5 hours. Overall, the data suggest that JMJD7 T37
phosphorylation is cell cycle regulated, and that JMJD7 kinase activity peaks at least

once, in S-phase, with a possible second wave of activity later in the cell cycle.

To take a closer look at the potential regulation of JMJD7 phosphorylation during the

G2/M transition we next used an established G2/M synchronisation protocol.
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Figure 5.4 Double thymidine block indicates JMJD7 phosphorylation
may be regulated during S-phase. HEK293T pTIPZ JMJD7 cells were
subject to 2.5 mM thymidine treatment for 18 hours, release in fresh media
followed by another thymidine block (2.5mM) for 16 hours. After second
thymidine treatment cells were washed thoroughly and released into fresh
DMEM. Protein and FACS samples were taken at O hours and every hour
for 9 hours. a) FACS data shows thymidine block was successful.
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Figure 5.4 b) representative western blots suggest that JMJD7
phosphorylation may be upregulated during mid to late S-phase (Upper
band, shown with purple arrow). Note that a non-specific band is seen at a
similar molecular weight to the FLAG-JMJD7 band and which is regulated
similarly (see lane 1). Therefore, we cannot rule out that this signal might
contribute to the regulation assigned to FLAG-JMJD7. Given that this
phospho-specific antibody recognises another protein that is regulated
similarly it is possible that it may be phosphorylated by the same kinase.
JMJD7 siRNA knockdown indicated that this non-specific band was not
endogenous JMJD7 (data not shown). Other blots of pathway components,
DRG1, DFRP1 and DRFRP2 did not show any significant change in
protein expression over the course of the experiment. Expression of
DRG2, however, correlated with the observed increase in phT37 at 4-5
hours and 9 hours. n=2.
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5.5 JMJD7 phosphorylation may be regulated during G2/M-phases of the cell
cycle

RO-3306 is a useful tool for blocking cells at the G2/M boundary as it inhibits CDK1
activity, which is required for the transition from G2 into mitosis (Vassilev, 2006). In
order to efficiently synchronise cells in G2/M using RO-3306, cells are often first
synchronised in S-phase using thymidine. Therefore, HEK293T pTIPZ FLAG-JMJD7
cells were seeded into 15cm plates and grown for 2 days prior to treatment with
thymidine for 18 hours. Following thymidine treatment, cells were ‘released’ in fresh
media for 3 hours before treating with RO-3306 for 16 hours. Cell cycle analysis by
FACS indicated that, under the conditions used here, this RO-3306 synchronisation
experiment actually appeared to block cells in late S-phase (Figure 5.5a). Thirty
minutes after release the majority of cells were in G2/M and succinctly transitioned
into G1 over the remaining time points. Figure 5.5b presents western blot analyses of
the corresponding cell lysates. A clear reduction in JMJD7 T37 phosphorylation is
seen at 0 minutes of release (i.e. during RO-3306 treatment), which is gradually
restored within 45 minutes post-release, corresponding to late S- into G2/M-phases
of the cell cycle. Based on the FACS analyses, the reduction in JMJD7 T37
phosphorylation at 0 hours of RO-3306 release may correlate with the reduced
phosphorylation observed in the double thymidine block at 6-7 hours (Figure 5.4b),
suggesting that JMJD7 phosphorylation oscillates during S-phase and G2/M. As
seen in Figure 5.5b, no significant difference was observed in the protein expression

of DRG1, DFRP1, DRG2 and DFRP2.
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Figure 5.5 RO-3306 synchronisation indicates JMJD7 phosphorylation
may be regulated during G2/M. HEK293T pTIPZ JMJD7 cells were subject
to 2.5 mM thymidine treatment for 18 hours, release in fresh media followed
by block with 6uM RO-3306 for 16 hours. After RO-3306 treatment cells were
washed thoroughly and released into fresh DMEM. Protein and FACS
samples were taken at 0 minutes and 15 minutes for 90 minutes. a) FACS
data shows RO-3306 block was successful at pausing cells at late S — G2/M

phase.
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Figure 5.5. b) Representative western blots suggest that JMJD7
phosphorylation may be downregulated at late S-phase, or early G2/M, and

induced during the G2/M transition. No difference observed in the expression
of DRG1, DFRP1, DRG2 or DFRP2. n=2.
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5.6 JMJD7 phosphorylation may be regulated during mitosis.

To explore the potential regulation of JMJD7 T37 phosphorylation during G2/M
phases in more detail, we synchronised and released cells from mitosis using an
independent protocol based on treatment with nocodazole. Nocodazole is an inhibitor
of mitotic spindle formation and therefore effectively pauses cells in early metaphase.
However, it has been shown that if cells are left with nocodazole for long periods of
time they are able to break through the M phase pause and continue cycling. To
avoid keeping the cell population in nocodazole for too long an initial thymidine
treatment was performed before nocodazole blocking. Leaky expressing HEK293T
pTIPZ FLAG-JMJD7 cells were seeded into 15cm plates and after 2 days the cells
were treated with thymidine for 18 hours. Cells were then washed and incubated in
fresh media for 3 hours before treatment with nocodazole. After 12 hours the cells
were released into fresh DMEM and samples were taken every hour for 8 hours to
observe the cells in metaphase and G1 phase of the cell cycle. Cell cycle stages
were confirmed by staining ethanol fixed cells with Pl. As seen in Figure 5.6a,
blockage of cells in mitosis was very effective. Unfortunately, however, the
subsequent transition through G1 was slower than expected, suggesting either
incomplete nocodazole wash-out, a delay in recovery, or perhaps other factors such

as cell stress.

Interestingly however, we did observe a marked increase in signal with the JMJD7
phT37 antibody in cells treated with nocodazole, which was rapidly reversed (within 2
hours) following release (Figure 5.6b). This increase in JMJD7 T37 phosphorylation
corresponds to G2/M according to the FACS data, which could be consistent with the

increases in JMJD7 kinase activity observed in Figures 5.4 and 5.5. However, due to
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our inability to completely resolve phT37 FLAG-JMJD7 from the background band
present in the control (EV) cells in this experiment, we cannot rule out that increase
in anti-phT37 reactivity observed at 0-1 hours is a result of increase phosphorylation
of the background band as opposed to JMJD7. Figure 5.6b also shows the protein
expression of the pathway components throughout G1 phase. Interestingly, while
DRG1, DFRP1 and DRG2 did not significantly change, DFRP2 protein expression
gradually decreased from 2 hours after release and as the cell progressed through
G1, with a slight increase at 8 hours. Perhaps indicative of upregulation of DFRP2 at

G1/S phase.

Overall, the data presented in this section are consistent with JMJD7 T37
phosphorylation being catalysed by a cell cycle regulated kinase (or kinases), with
activities that potentially peak in S- and G2/M-phases. However, the identity of these

kinase(s) remains unclear.
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Figure 5.6 Nocodazole block confirms that JMJD7 phosphorylation may
also be regulated during G2/M. HEK293T pTIPZ FLAG-JMJD7 cells were
subject to 2.5mM thymidine treatment for 18 hours, release in fresh media
followed by block with nocodazole for 12 hours. After (100ng/ml) nocodazole
treatment cells were washed thoroughly and released into fresh DMEM.
Protein and FACS samples were taken at 0 hours and every hour for 8 hours.
a) FACS data shows cells were paused at G2/M and the observed “ball-like”
structures from the microscope indicate a successful mitotic pause, but
possibly slow release from spindle assembly stress after release.
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Figure 5.6 b) representative western blots suggest that JMJD7
phosphorylation may be upregulated during mitosis (hour 0-1) but not during
G1. DRG1, DFRP1 and DRG2 showed not significant change. DFRP2 blots
indicate reduced protein expression throughout G1 and possible increase at

8 hours, correlating with the least number of cells in G1. n=1.
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5.7 JMJD7 can be phosphorylated by CMGC kinases in vitro.

Having undertaken some preliminary characterisation of the JMJD7 T37 kinase
activity we next aimed to directly investigate the identity of the kinase(s) involved.
Unfortunately however, the identification of the physiologically relevant kinase for a
given phosphorylated substrate protein, such as JMJD7, is a notoriously difficult
biological problem. Although chemical biology and proteomics approaches have
been developed that can efficiently identify the substrates of a known kinase (Muller
et al., 2016, Xue and Tao, 2013, Dephoure et al., 2005), approaches addressing the
reverse biological problem are not readily available. To try and address this problem
in the context of JMJD7, we proposed a combined approach involving bioinformatics,

in vitro peptide screening, kinase inhibitor analyses, and cellular proteomic screens.

First, the kinase responsible for JMJD7 T37 phosphorylation was predicted based on
known kinase recognition motifs (Figure 5.7a) (www.phosphonet.ca). Interestingly,
several mitogen and cell cycle relevant kinases were identified within the list of top
hits, including members of the Mitogen-Activated Protein Kinase (MAPK), Cyclin
Dependent Kinase -Like (CDKL) kinase and Cyclin Dependent Kinase (CDK)

families.

Next we commissioned an unbiased in vitro kinase screen (performed by ProQinase,
Germany) in which 245 kinases were incubated with a 20mer peptide spanning the
T37 phosphorylation site using a radioactive assay (Figure 5.7b, full data in Appendix
ii). Interestingly, the top ranking kinases included members of the DYRK, MAPK,
CDK or LIM family of kinases, all of which are members of the wider branch of CMGC
kinases (CDK, MAPK, glycogen synthase kinases (GSK), CDKL). The identification

of CMGC kinases appears to be largely consistent with the Phosphonet
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bioinformatics analysis above. There are a total of 62 CMGC kinases, the largest and
most well studied families being the CDK and the MAPK families (Varjosalo 2013). In
general, CMGC kinases are responsible for cell signalling, cell-cycle regulation, cell
communication and growth, perhaps consistent with the data in Chapter 4, and that

presented above (Ardito et al., 2017, Varjosalo et al., 2013).
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ERK1 P27361
JNK1 (MAPKS) P45983
JNK3 (MAPK10) P53779
ERK2 (MAPK1) P28482

p38a MAPK (MAPK14) Q16539
JNK2 (MAPK9) P45984
CDKLA4 (AAB26859) Q5MAIS
CDK3 Q00526
CDK2 P24941

p38b MAPK (MAPK11) Q15759
CDK1 (CDC2) P06493
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CPM normalised to ng/well
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DYRK1A DYRK4 CDKg/CycK DYRK2 HIPK2 LIMKA1 MEK2

Figure 5.7. JMJD7 T37 may be the target of a CMGC kinase. a) JMJD7
kinase prediction: The Phosphonet database was searched with the JMJD7
T37 site (www.phosphonet.ca). Among the top hits were families from the
CMGC group of kinases. b) A 20mer peptide spanning the T37
phosphorylation site was sent to ProQinase, to be screened against 245
recombinant kinases in vitro. The top hits were all members from the DYRK,
MAPK, CDK and LIM family of kinases. Measured in Counts Per Million

(CPM) and corrected to amount of kinase in the reaction. n=1.

~ 181 ~



5.8 Regulation of JMJD7 T37 phosphorylation by CDK inhibitors

Having identified a sub-family of kinases with potential to support JMJD7 T37 kinase
activity in vitro, we sought to use this information to help identify the JMJD7 kinase in
vivo. We collated a panel of small molecule inhibitors with specificity towards the
kinases (and closely related enzymes) identified in Figure 5.7 (see Table 5.1 for
inhibitor specificities), and used these to treat cells and monitor JMJD7 T37
phosphorylation. HEK293T and HelLa cells were transfected with FLAG-JMJD7 and
allowed to express for either 24 or 48 hours before treatment with the indicated
inhibitors. Treatment at two different time points post-transfection was tested in order
to take into account any potential effects of cell confluence (in light of the data
presented above). After 15 hours of treatment with the inhibitors the cells were lysed
for protein and analysed by western blot. Densitometry was calculated by correcting
for FLAG expression, where 1 is the equivalent to the average of the two DMSO
controls. HEK293T and Hela cells treated after 48 hours of JMJD7 over expression
showed most significant reduction in T37 phosphorylation using the inhibitors
Flavopiridol, Harmine and INDY, which target either DYRKs or CDKs (Figure 5.8a
and 5.8b). Similarly, the most significant reduction in HelLa cells treated after 24
hours of over expression was observed with the same three inhibitors (Figure 5.8c).
On the other hand, only Flavopiridol was effective at inhibiting phosphorylation after
24 hours of JMJD7 over expression in HEK293T cells (Figure 5.8d). Overall
therefore, the most consistent inhibitor of JMJD7 T37 phosphorylation in cells was
Flavopiridol, potentially indicating that JMJD7 T37 phosphorylation is CDK-
dependent. Interestingly, there is evidence suggesting that Harmine is not completely

specific for DYRKs, and can also inhibit CDK1 and CDK2 (Song et al., 2004b). Taken
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together, these inhibitor experiments suggest a role for CDK activity in supporting
JMJD7 T37 phosphorylation. Considering this preliminary assignment, we next
provide a more detailed overview of cell cycle control by CDKs, prior to presenting

more detailed analyses of the role of CDKs in JMJD7 T37 phosphorylation.

Cell Cycle Control by CDKs

The CDK family consists of 20 members that can generally be sub-divided into two
functional groups, those involved in cell cycle control and those involved in

transcription control.

Cell cycle associated CDKs are thought to have evolved from CDK1, otherwise
known as CDC2, the master regulator of the cell cycle (Doree and Hunt, 2002). Cell
cycle control by CDK enzymes involves four main enzymes — CDK1, CDK2, CDK4
and CDKG6 (Figure 5.3a). CDK4 and CDKG6 are the major regulators of G1, and transit
through G1 towards S-phase. In the case of all CDKs, their activity and substrate
specificity is dictated by their association with specific proteins called ‘cyclins’ (Cyc)
(Higashi et al., 1995). CDK4- and CDK6-associated cyclins, cyclin D1-3, are
upregulated by extra-cellular signalling pathways at the initiation of G1 which, in turn,
promotes CDK4 and CDKG6 activity (Duronio and Xiong, 2013). Progression through
G1 is driven by the gradual inactivating phosphorylation of retinoblastoma protein
(RB1) catalysed by CDK4 (Kato et al., 1993). Complete RB1 inactivation by
CDK2/CycE releases E2F transcription factors to promote the transcription of genes
involved in S-phase progression (Dyson, 1998). During S-phase the CDK2/CycE and
CDK2/CycA2 kinase complexes phosphorylate multiple targets to promote chromatin
duplication and protein synthesis. CDK2/CycA2 activity is increased again during

mid-G2 phase which in turn promotes CDK1/CycB1 activity (De Boer et al., 2008).
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Cyclin A2 is also able to bind to CDK1, and this complex (among other functions)
stops cells re-replicating their DNA in G2 (Diril et al., 2012). Preparation for mitosis,
including cytoskeletal

reorganisation, are predominantly controlled by CDK2

complexes, and progression through Mitosis is predominantly regulated by

CDK1/CycB1 (Diril et al., 2012, Malumbres and Barbacid, 2001). Another cell cycle
associated protein, CDK3, associates with CycC to promote G1 progression after GO

(Ren and Rollins, 2004).

Table 5. 1 The kinase inhibitors used to characterise JMJD7 kinase activity.

Inhibitor Conc Target family Reference

Alisertib 2.4nM Aurora Kinase A (Qi and Zhang,
(Non-CMGC negative control) 2015)

BMS-5 2uM Lim Kinase (Park et al., 2014)

Flavopiridol | 200nM Cyclin Dependant Kinases (CDKs) (Liu et al., 2011)

Harmine 10uM Dual-Specificity Tyrosine Regulated | (Ogawa et al.,
Kinases (DYRKSs) 2010)

INDY 10uM Dual-Specificity Tyrosine Regulated (Ogawa et al.,
Kinases 2010)

TBID 20uM Homeodomain-Interacting Protein | (Cozza et al.,
Kinase 2 2014)

Trametinib | 0.4uM Mitogen Activated Protein Kinases | (Flaherty et al.,
(MAPK) 2012)
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Figure 5.8. JMJD7 phosphorylation can be consistently inhibited by
Flavopiridol. HEK293T and HelLa cells were transfected with FLAG-JMJD7
and treated with inhibitors that target members of the DYRK, LIMK, CDK and
MAPK family. Western blots of a) HEK293T and b) HelLa cells treated with
drugs after 48 hours of JMJD7 over expression. Flavopiridol and Harmine
consistently reduce JMJD7 T37 phosphorylation. Phosphorylated JMJD7
expression ratios were calculated by correcting for FLAG. 1 represents the
relative difference between FLAG and phT37 averaged from the two DMSO

controls. n=3.
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Figure 5.8. Western blot of cells treated with drugs after 24 hours of JMJD7 over

expression in HEK293T (c) and HelLa (d) cells. Flavopiridol significantly and

consistently inhibits JMJD7 T37 phosphorylation. Densitometry was analysed

using the Evolution Capture software. Phosphorylated JMJD7 expression ratios

were calculated by correcting for FLAG. 1 represents the relative difference
between FLAG and phT37 averaged from the two DMSO controls. n=3.
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Figure 5.9. JMJD7 contains a conserved RxL cyclin binding motif. a)
sequence alignment of this motif demonstrates that both the arginine and the
Leucine are evolutionarily conserved. b) Structural analysis of JMJD7 shows that
the signature cyclin binding RxL motif (green) protrudes from the surface of the
dimer and is solvent exposed. JMJD7 modelled on Chimera (Pettersen et al.,
2004)
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5.9 The N-terminus of JMJD7 contains a conserved motif with similarity to
known cyclin binding sites.

We postulated that if JMJD7 were a direct target of one or more CDKs, it might
contain a cyclin binding site, analogous to other CDK substrates (Wohlschlegel et al.,
2001). Cell cycle associated cyclins (CycD1-3, CycA, CycB and CycE) bind to an
“‘RxL” (or Cy) matif in their CDK targets, located approximately 12-18 residues either
C- or N-terminal from the site of phosphorylation (Malumbres, 2014, Takeda et al.,
2001, Chen et al., 1996, Ferrero et al., 2011). The cyclin binding site facilitates
binding to a hydrophobic patch on the associated cyclin (Archambault et al., 2005).
Interestingly, JMJD7 residues 21 to 23 contain an RxL motif 14 residues N-terminal
to T37 (Figure 5.9a). Figure 5.9b shows the JMJD7 crystal structure of JMJD?7,
highlighting in yellow that the RxL motif is located in the N-terminal dimerisation
domain, is solvent exposed, and potentially therefore available for cyclin binding.
Importantly, sequence alignment between higher eukaryotes (Figure 5.9a) shows
that the RxL motif is evolutionarily conserved. Taken together, this supports a role for

cell cycle associated cyclins in JMJD7 T37 phosphorylation.
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5.10 CDK1/2 specific inhibitors, RO-3306 and SNS032, are able to reduce
JMJD7 phosphorylation in HEK293T and HelLa cells.

To continue to investigate the kinase responsible for JMJD7 T37 phosphorylation a
series of inhibitors targeting specific members of the CDK family were tested in cells
using the same approach as previously presented (see Table 5.2). Densitometry was
calculated by correcting for FLAG expression, where 1 is the equivalent to the
average of the two DMSO controls. As expected, Flavopiridol inhibited JMJD7
phosphorylation in both cell lines and at both time points (Figures 5.10). Interestingly,
RO-3306 and SNS032, which target CDK2 or CDK1 and CDK2, respectively, were
the most effective inhibitors of JMJD7 T37 phosphorylation in HEK293T (Figure
5.10a) and HelLa (Figure 5.10b) cells when treated 48 hours after JMJD7
transfection. Figure 5.10c and 5.10d show western blots of HEK293T and Hela cells
treated 24 hours after JIMJUD7 transfection, respectively. As anticipated, Flavopiridol,
RO-3306 and SNS032 were again able to reduce JMJD7 T37 phosphorylation in

both cell lines, consistent with Figure 5.10a and 5.10b.

Table 5. 2 The CDK specific inhibitors used to identify JMJD7 kinase.

Inhibitor Conc. Target family Reference

BMS265246 | 5uM CDK1 and CDK2 (Misra et al., 2004)

Flavopiridol | 200nM Pan inhibitor (positive control) | (Liu et al., 2011)

LDC000067 | 10uM CDK9 (Albert et al., 2014)
PD 0332991 | 250nM CDK4 and CDK6 (Finn et al., 2009)
RO-3306 5uM CDK1 and CDK2 (Vassilev et al., 2006)
SNS032 5uM CDK2 (Misra et al., 2004)
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Figure 5.10. JMJD7 phosphorylation is consistently inhibited by CDK1 and
CDK2 inhibitors, RO-3306 and SNS032. HEK293T and Hela cells were
transfected with FLAG-JMJD7 and treated with inhibitors that target members of
the CDK family of kinases. Western blots of a) HEK293T and b) HelLa cells
treated with drugs after 48 hours of JMJD7 over expression. Flavopiridol,
RO-3306 and SNS032 consistently reduce JMJD7 T37 phosphorylation.
Densitometry was analysed using the Evolution Capture software.
Phosphorylated JMJD7 expression ratios were calculated by correcting for
FLAG. 1 represents the relative difference between FLAG and phT37 averaged

from the two DMSO controls. n=2.
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Figure 5.10. Western blot of cells treated with drugs after 24 hours of JMJD7
over expression in HEK293T (c) and HelLa (d) cells. Flavopiridol, RO-3306
and SNS032 significantly and consistently inhibit JMJD7 T37
phosphorylation. Densitometry was analysed using the Evolution Capture
software. Phosphorylated JMJD7 expression ratios were calculated by
correcting for FLAG. 1 represents the relative difference between FLAG and

phT37 averaged from the two DMSO controls. n=2.
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5.11 The inhibition of RO-3306 is specific and reversible.

Although the kinase inhibitor experiments presented above are consistent with the
possibility that CDK1/2 (or related kinases) target JMJD7 T37, the relatively long
treatment times also raise the possibility that reduced phosphorylation is due to
indirect effects (Vassilev, 2006). We reasoned that a kinase inhibitor that rapidly
reduced JMJD7 T37 phosphorylation was more likely acting directly on the kinase
responsible. We tested this hypothesis using RO-3306, which is reported to be a
specific and reversible CDK1 inhibitor that can also target CDK2 (albeit with 10-fold
less efficacy in vitro) (Vassilev, 2006, Vassilev et al., 2006). Inhibition of substrate
phosphorylation using RO-3306 has been demonstrated in as little as 2-4 hours
(Yang et al., 2013, Marceaux et al., 2018). Therefore, to check whether JMJD7 T37
phosphorylation could be inhibited after shorter treatment times with RO-3306, a time
course experiment was performed. HEK293T cells transfected with JMJD7 for 36
hours before treated with RO-3306 over a timecourse of 2-15 hours. The western blot
seen in Figure 5.11a shows that after 2 hours with drug JMJD7 phosphorylation was
decreased, and this continued to reduce over the 15 hour timecourse, suggesting a
specific and rapid response to RO-3306 treatments. These time points were further
refined in a 1-4 hour timecourse. HEK293T cells were transfected with FLAG-JMJD7
for 48 hours prior to treatment with RO-3306. Figure 5.11b shows that JMJD7
phosphorylation can be reduced at all time points. However, the 4 hour time point
was less effective, suggesting a possible issue with this treatment. Taken together,
Figure 5.11a and 511b show that the effect of RO-3306 is likely a direct inhibition of
RO-3306 with CDK1 and/or CDK2, rather than an indirect effect of pausing of the cell

cycle. Further evidence for a direct effect, would be if phosphorylation was very
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rapidly restored after reversing kinase inhibition. Initial evidence supporting this
possibility was observed in Figure 5.5b where thymidine/RO-3306 block and release
showed JMJD7 T37 phosphorylation was inhibited with RO-3306 treatment and
restored after release. To test the recovery of JMJD7 T37 phosphorylation without
potentially confounding effects of thymidine treatment, we performed an “R0O-3306
only” block and release experiment. JMJD7 was over-expressed in HEK293T cells for
36 hours before RO-3306 treatment for 16 hours and subsequent washout with PBS
and incubation with fresh media. Samples were taken at 0 hours and then every 15
minutes for 2 hours. Figure 5.11c confirms that JMJD7 T37 phosphorylation was
inhibited after incubation with RO-3306, and could be rapidly restored by replacing
with fresh media. Interestingly, full phosphorylation was restored after just 45 minutes
in fresh medium, perhaps consistent with JMJD7 phosphorylation being catalysed by

a kinase sensitive to RO-3306.
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Figure 5.11. RO-3306-mediated inhibition of JMJD7 phosphorylation is
rapid and reversible. a) Western blot after HEK293T cells were transfected
with JMJD7 and grown for 36 hours before treatment of RO3306 over a 15-
hour time course. Western blots show JMJD7 phosphorylation is inhibited by
RO-3306 after 2 hours. n=2. b) Western blot after HEK293T cells were
transfected with JMJD7 and grown for 36 hours before first treatment of
RO3306 for a 2-hour time course. JMJD7 T37 phosphorylation is inhibited
after 1 hour of treatment with RO-3306, suggesting the inhibition is a direct
result of RO3306 activity. n=2.
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Figure 5.11. ¢c) HEK293T cells were transfected with JMJD7 and grown for
36 hours before treatment with RO3306. After 16 hours the cells were
released back into fresh media and samples taken every 15 minutes for 120
minutes. Western blot shows that phosphorylation is significantly reduced, as

expected, but is readily reinstated within 45 minutes of release. n=2.
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5.12 An unbiased proteomic screen to identify kinases interacting with JMJD7
in an RO3306-dependent manner

Strategies for unbiased identification of novel protein:protein interactions include
large-scale purification of epitope-tagged ‘bait’ proteins followed by MS-based protein
sequencing of interactomes (Abu-Farha et al., 2008). Such proteomic approaches
can be applied to a wide variety of experimental questions, including the identification
of stimulus-induced protein:protein interactions. Having taken a largely ‘candidate’
approach to the identification of the JMJD7 kinase thus far, (i.e. cell cycle analyses
and kinase inhibitors) we considered the project would benefit from an unbiased
approach. The Coleman lab regularly apply MS proteomics to successfully identify
novel protein complexes and enzyme:substrate interactions (Markolovic et al., 2018,
Feng et al., 2014). Therefore, we designed a proteomic approach based around our
observations on the dynamic regulation of T37 phosphorylation by RO-3306
treatment and release, to attempt to identify relevant kinases interacting with JMJD?7.
Figure 5.12a illustrates the concept behind the experimental design. Essentially,
Figure 5.12a (i) represents a cell population treated with RO-3306. Echalier et al.
(2012) have reported that conformational changes occur when some ATP
competitors bind to CDK2. Comparison of the crystal structure of CDK2 bound to
either RO-3306 or ATP found changes occur in the substrate binding domain of
CDK2 which may inhibit substrate binding and therefore, JMJD7 is seen
unphosphorylated. After release, in Figure 5.12a (ii), RO-3306 is removed from the
media and, in turn, kinase conformation returns to an ATP-bound active state. As
such, the kinase is able to bind and phosphorylate its substrates, including JMJD7
T37. Since JMJD7 phosphorylation is rapidly restored shortly after release from

RO-3306 treatment, we reasoned that maximal kinase-substrate interaction would
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occur in the lead up to this, and that this event might be detectable by MS proteomics
(Figure 5.12a (iii)). To test this hypothesis, parental HEK293T cells were seeded into
15cm plates and the following day FLAG-JMJD7 was transfected and allowed to over
express for 36 hours before treating with RO-3306. After 16 hours with drug, cells
were washed with PBS, released back into fresh media and samples were taken
every 15 minutes. The cell lysates were FLAG-immunoprecipitated for 4 hours and
bound proteins were competed from the beads into solution using FLAG peptide.
Figure 5.12b shows the western blot of the release over 30 minutes demonstrating
an increase in phosphorylation 30 minutes after release, as expected (although, to a
lesser extent than that seen in Figure 5.11c). The resulting IP eluants were sent for
MS analysis to identify proteins specifically bound to JMJD7. Controls included an IP
sample with no JMJD7 expressed (EV) and a solvent control for RO-3306 treatment
(DMSO) (Figure 5.12b). The resulting MS data was first filtered for proteins only
bound to JMJD7 (and not in the EV sample). Importantly, successful purification of
JMJD7 complexes was validated by the presence of DRG2, which was only detected
in the control DMSO sample. Although DRG1 was readily detected in the JMJD7
pulldowns, it was also detected in the EV sample (albeit at reduced levels). Having
confirmed the specificity of the IP, we filtered the JMJD7 interactome data to identify
kinases, and specifically, kinases that, according to the MRC inhibitor database
(http://www.kinase-screen.mrc.ac.uk), can be inhibited by RO-3306. Figure 5.12c
shows that the kinases that met all these criteria were CDK2 and Aurora Kinase B

(AurkB) (Also see Appendix iii).

Importantly, CDK2 was identified as a candidate JMJD7 kinase through the

bioinformatics and inhibitor approaches above. As discussed, CDK2 activity is
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highest throughout S-phase and G2 (Hu et al., 2001). However, AurkB is also cell
cycle regulated, with activity mainly restricted to mitosis, where it regulates spindle
assembly (Giet and Glover, 2001). The upregulation of JMJD7 T37 phosphorylation
in S, G2 and Mitosis might perhaps be more consistent with the identification of
CDK2 as a candidate, rather than AukB. Furthermore, CDK2 is more potently

inhibited by RO-3306 in vitro (Figure 5.12c).

To independently test the proteomic results and to explore the RO-3306-dependent
interaction of JMJD7 with CDK2, the block and release experiment was repeated
exactly as described above and eluants analysed by western blot. This preliminary
analysis confirmed increased binding of CDK2 to JMJD7 after treatment with
RO-3306 (Figure 5.12d). Overall, these data indicate that JMJD7 interacts with CDK2
in cells, and that this interaction increases after release from RO-3306 treatment in
parallel with increased T37 phosphorylation. Next we sought to develop an in vitro
JMJD7 kinase assay to test the ability of CDK2 and other kinases to phosphorylate

JMJD7 T37.

~ 198 ~



)
Release from
RO-3306:
Increasing JMJD7-
Kinase activit
ﬁ \ y

)

Release from
RO-3306:
Maximal JMJD7-
Kinase activity

~ 199 ~



b)

JMJD7
EV DMSO 0 15 39  Minutes
after release
phT37 g —
FLAS —_—————

(JMJDT)

B-actin| - — — - —

Figure 5.12. Identification of RO-3306 sensitive kinases whose
interaction with JMJD7 increases following release from RO-3306
treatment. a) cartoon illustration demonstrating the concept behind the
kinase capture experiment. In brief, after 15 hours of RO-3306 (shown by “R”
in figure) exposure, activity of the T37 kinase is inhibited. Crystalographic
studies of CDK2 in complex with RO-3306 or ATP have shown that the
binding of RO-3306 alters the substrate binding domain enough to block
substrate binding (Echalier et al., 2012). After release into fresh media RO-
3306 is released from the kinase, replaced with ATP (seen as “A” in figure)
and returns to being in an active conformation. In turn, the kinase activity
upon JMJD?7 is increased over time, and therefore JMJD7 phosphorylation is
also increased. IP of FLAG-JMJD7 during this time may capture the T37
kinase. b) the kinase capture experiment in practice. HEK293T cells were
transfected with FLAG-JMJD7 over 36 hours. After RO-3306 treatment for 16
hours cells were lysed for protein and immunoprecipitated before sending for
MS. Western blot shows reduction of JMJD7 T37 phosphorylation after
RO3306 incubation and gradual increase in kinase activity over 30 minutes,

as expected.
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Figure 5.12. c) Results of MS analyses after filtering data for kinases
specifically bound to JMJD7 which can be inhibited by RO-3306 (according
to MRC kinase inhibitor database). Exponentially Modified Protein
Abundance Index (emPAl) is a measure of protein abundance in large scale
proteomic studies (Ishihama et al., 2005). n=1. d) Western blot validation of
MS data. Protocol was repeated exactly as (b) except IP samples were
analysed by western blot and tested for the presence of CDK2. CDK2 was
found bound to JMJD7 upon RO-3306 release. n=1.
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5.13 CDK1 and CDK2 can phosphorylate JMJD7 T37 in vitro.

In light of the combined bioinformatics, inhibitor, and proteomics results presented
above we aimed to test whether CDK2 can support the phosphorylation of JMJD7
T37 by developing an in vitro JMJD7 kinase assay. This assay is based on the use of
commercially available purified kinases (in complex with cyclins in the case of CDKSs)
and recombinant JMJD7 (Figure 5.13a; kindly provided by our collaborator Dr S.
Markolovic, Oxford). We considered it worthwhile to compare CDK2 to other
candidate CDKs identified previously, including CDK1 and AurkB. Since CDK2 was
commercially available in multiple different cyclin complexes (CDK2/CycA1,
CDK2/CycA2, CDK2/CycE, CDK2/CycQ) and cyclins are important determinants of
CDK substrate specificity (Lee et al., 2007), we also included these different forms of
CDK2 in our experimental design. Figure 5.13b shows a 12% polyacrylamide SDS
gel stained with coomassie blue to highlight the different Cyclin/CDK combinations.
The recombinant JMJD7 protein shown in Figure 5.13a was incubated in ‘kinase
assay buffer’ (see Methods) with and without the kinases in the presence or absence
of phosphatase inhibitor (‘Halt’, to address the potential for contaminating
phosphatases carried over from insect cell purifications) for 10 minutes at 30°C.
Figure 5.13c shows the western blot and validation coomassie gel after the kinase
assay. As expected, we did not detect any JMJD7 T37 phosphorylation in samples
not treated with kinase (lane 1). Importantly, treatment with CDK2/CycO or AurkB did
not induce any detectable T37 phosphorylation (lanes 6 and 7, respectively) (despite
being confirmed as active by Thermo quality control), highlighting the specificity of
the assay, and suggesting that these kinase complexes are unlikely to be

physiologically relevant JMJD7 kinases. In contrast, CDK1/CycB1, CDK2/CycA1,
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CDK2/CycA2, and CDK2/CycE all catalysed detectable JMJD7 T37 phosphorylation.
Interestingly, the most effective kinase combinations inducing JMJD7 T37
phosphorylation were CDK2/CycA2, followed by CDK1/CycB1. Although we cannot
rule out these differences being explained by intrinsic differences in the specific
kinase activities of the complexes tested, the results could be consistent with
relatively strict requirements for specific CDK/cyclin combinations. Perhaps
consistent with the cell cycle analyses (Figure 5.4b, 5.5b and 5.6b), CDK2/CycA2 is
an S-phase associated kinase complex and CDK1/CycB1 is essential for mitosis and

proper division of cells.

Having further implicated CDK1/2 as JMJD7 T37 kinases we wanted to compare the
JMJD7 T37 phosphorylation ‘motif to that of known CDK substrates. Using the
“substrate” option on PhosphositePlus (Hornbeck et al., 2015), the substrate
recognition logos of CDK1 and CDK2 were aligned with the JMJD7 sequence. As
expected, the CDK1 and CDK2 minimum recognition motif [S/T]-P is consistent
between the sequence logo and JMJD7 (Figure 5.13d). Higashi et al. (1995)
published a CDK recognition sequence P-X-[S/T]-P-X-B-X-X, where B is any basic
residue, which may be consistent with the histidine found at H40 (T37+3) on JMJD7.
Other studies have since identified modified versions of this sequence: P-X-[S/T]-P-
X-Y-Y-Y, where Y is either K or R; or P-X-[S/T]-P-X-Z-Z-Z, where at least one residue
in the Z position must be either K or R (Higashi et al., 1995, Stevenson-Lindert et al.,
2003, Suzuki et al.,, 2015). We next dissected the CDK1 and CDK2 substrate
information on PhosphositePlus to investigate whether the H40 could be sufficient to
support the basic residue requirements of a CDK-substrate interaction. Figure 3.13e

shows the alignment of the known substrates of CDK1 and CDK2 in which a Histidine
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is found at +3 position but no arginine or lysine in the proceeding 5 residues from the
point of phosphorylation. Interestingly, bona fide CDK1/CycB substrate, SIRT1,
displays a very similar sequence to that found on JMJD7 (Sasaki et al., 2008).
Together, the results presented in this Chapter suggest that specific CDK1/2/Cyclin

complexes may be involved in directly targeting JMJD7 T37 phosphorylation in cells.
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Figure 5.13. CDK1/2 complexes can phosphorylate JMJD7 T37 in vitro.
a) Coomassie gel showing the recombinant Hisg-tagged JMJD7 protein
donated by Dr. Malkolovic, Oxford University. The protein fractions marked by
the blue box were pooled for use in kinase assays. b) coomassie gel of
recombinant kinases purchased from Thermo. Kinase concentrations were

equalised for future experiments.
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Figure 5.13. CDK1/2 complexes can phosphorylate JMJD7 T37 in vitro.
c) Western blot after kinase assay. “Kinase only” coomassie gel shows equal
loading of kinases, it was run alongside kinase assay sample without JMJD7
because the JMJD7 protein confounded the kinase bands. Hisg-JMJD7 was
incubated in kinase assay buffer with or without recombinant kinases. The
samples were split into two, one set with phosphatase inhibitor, and one set
without and then incubated at 30°C for 10 minutes. Western blot shows that
CDK1/CycB, CDK2/CycA1, CDK2/CycA2 and CDK2/CycE are able to
catalyse JMJD7 T37 phosphorylation in vitro with CDK1/CycB and
CDK2/CycA2 displaying highest activity. Halt was used as a phosphatase

inhibitor as the recombinant kinases were all grown in insect cells. n=2.
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Figure 5.13. d) JMJD7 T37 sequence compared with CDK1 and CDK2
recognition sequences generated by PhosphositePlus (Hornbeck et al.,
2015). e) The CDK1 and CDK2 substrates with a Histidine at +3 without any

other lysine or arginine residues within 5 residues C-terminal. SIRT1 T530 is

the most similar to JMJD7 and is phosphorylated by CDK1/CycB in vivo and
in vitro (Sasaki et al., 2008).
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Discussion

Within this chapter, we have investigated a role for JMJD7 within the cell cycle. We
found that while T37 phosphorylation levels did not respond to other cell stresses,
serum starvation was able to significantly reduce phosphorylation. Consistently, T37
phosphorylation was regulated throughout various stages of the cell cycle. We then
began to explore what the upstream kinases might be through experimental
approaches including kinase inhibitors, kinase assays (both in house and external)
and mass spectrometry. Here, we have determined candidate kinases within the

CDK family of kinases and corroborated our findings with bioinformatic analysis.

To explore how JMJD7 phosphorylation was regulated we first commissioned the
production of a T37 phospho-specific antibody. We found that although the antibody
works well with over expressed JMJD7, the limits of detection were reached when
using endogenous JMJD7. There may be several reasons for the lack of sensitivity of
the phT37 towards endogenous JMJDY7. Firstly, the affinity of the phT37 antibody to
the antigen could be lower for JMJD7 than that of other “non-specific” bands seen in
the western blots. Second, if endogenous JMJD7 is not expressed as highly as the
cross-reactive bands this would interfere with sensitivity and detection. Furthermore,
the total amount of endogenous JMJD7 that is phosphorylated in cells is unknown: If
total JMJD7 expression is low and phT37 is minimal under ‘basal’ conditions this
could also account for issues with sensitivity. While exploring how JMJD7 is
phosphorylated during the cell cycle this background band was also observed. In
Figures 5.5b and 5.6b it is possible that the background band is partly causing the

apparent increase or reduction in phosphorylation. Therefore, any future experiments
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should include an immunoprecipitation of the overexpressed JMJD7 to dissect the

over expressed from any endogenous bands.

Although proteins cross-reacting with the phT37 antibody were problematic, they
were of interest because they were often regulated similarly (e.g. Figure 5.4, and
data not shown). We hypothesise that these proteins may in fact be targeted by the
same kinase that modifies JMJD7 T37, which might be consistent with an abundant
kinase with multiple substrates. Although we attempted to identify these
cross-reacting proteins and their phosphorylation site by mass spectrometry, the

phT37 antibody did not work well enough for immunoprecipitation.

Cell cycle analysis indicated that JMJD7 phT37 is upregulated at around early to mid
S-phase, down regulated at late S and then potentially upregulated again in G2/M.
Kinase inhibitor profiling experiments and an unbiased proteomic screen suggested
the JMJD7 T37 kinase was related to a CDK, particularly CDK2. CDK2 activity is cell
cycle regulated, and can be found associated with CycE towards the end of G1 and
into early/mid S phase (Dyson, 1998). The CDK/CycA2 complex forms during
mid-S-phase and is active until the early stages of Mitosis (De Boer et al., 2008).
Consistent with this, we found that CDK2/CycA2 was able to phosphorylate JMJD7 in
vitro. Furthermore, we also observed CDK1/CycB1 activity towards phT37,
highlighting that JMJD7 could perhaps be phosphorylated by multiple CDK/Cyclin
complexes, similar to other bona fide CDK1/CDK2 substrates (Zeng et al., 2011,
Errico et al., 2010). Indeed, this may also be indicative of functional compensation by

different CDK1/2 complexes, as previously demonstrated (L'ltalien et al., 2006).
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Although our studies in this Chapter have focussed on characterising the JMJD7 T37
kinase, our findings might have implications for our understanding of JMJD7 biology.
For example, the observation that phT37 levels oscillate during S-, G2- and M- phase
of the cell cycle could suggest that the JMJD7 pathway is linked to the cell cycle for
some reason. Interestingly, both JMJD7 substrates, DRG1 and DRG2, have been
implicated in the cell cycle (Jang et al., 2016, Lu et al., 2016, Schellhaus et al., 2017).
DRG1 knockdown is reported to cause a G2/M phase cell cycle arrest due to altered
microtubule stability (Lu et al., 2016, Schellhaus et al., 2017). Furthermore, DRG2
protein expression is upregulated during G2/M and DRG2 knockdown causes a
G2/M arrest (Song et al., 2004a). Consistently, DRG2 upregulation was observed
after double thymidine block in line with phT37 regulation in mid S-phase and G2/M
phase (Figure 5.4b). The mechanisms by which DRG2 might regulate the cell cycle
are not yet fully understood, though it is has been proposed to function upstream of
the CDK1/CycB1 inhibitors, p21, Wee1 and Myt1 to regulate CDK1/CycB1-mediated

progression through mitosis (Jang et al., 2016).

Although the work presented here points towards CDK1/2 activity being involved in
catalysing JMJD7 T37 phosphorylation the experiments come with some limitations
that will need to be addressed in future work. Firstly, one of the major flaws of
inhibitor studies is specificity. In the case presented here, although SNS032 and
RO-3306 were able to significantly inhibit JMJD7 phosphorylation, an alternative
CDK2 inhibitor, BMS265246, did not recapitulate this in the conditions tested. While it
is possible that BMS265246 is not targeting CDK2 or CDK1, it is also possible that
both RO-3306 and SNS032 are targeting different kinases that are responsible for

JMJD7 phosphorylation. Indeed, lack of specificity is an accepted problem with
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kinase inhibitors, including for CDKs (Asghar et al., 2015). That being said, we did
test RO-3306 under conditions which are considered appropriate for CDK1-specific

inhibition (Yang et al., 2013, Marceaux et al., 2018).

Time course experiments involving RO-3306 highlighted that JMJD7 T37
phosphorylation might be very dynamically regulated. For example, T37
phosphorylation was rapidly restored following the removal of RO-3306
(Figure 5.11c). Likewise, T37 phosphorylation was rapidly lost following treatment
with RO-3306 (Figure 5.11a and 5.11b). One possible explanation for such a rapid
loss of JMJD7 phosphorylation following RO-3306 treatment is that the modification
is rapidly reversed. This raises the possibility that there is an as yet unidentified
JMJD7 phospho-T37 phosphatase. The importance of protein phosphatases in cell
cycle control is widely accepted (Barr et al., 2011). The tight balance between
phosphorylation and dephosphorylation on cell cycle associated proteins keeps
enzyme activation and proper transition under control (Asghar et al., 2015, Hunter,
1995). Furthermore, positive and negative feedback loops involving kinases and
phosphatase are seen throughout cell cycle biology. Of note, CDK1/CycB1 is
predominantly regulated by two positive feedback loops in preparation for mitosis
(Lindqvist et al., 2009). The inhibitory phosphorylation of CDK1 on T14 and Y15 is
catalysed by kinases Wee1 and Myt1. Simultaneously, T14 and Y15 are
dephosphorylated by Cdc25. Active CDK1/CycB1 mediates the inactivating
phosphorylation of both Wee1 and Myt1, which in turn reduces CDK1/CycB1
inhibitory phosphorylation. Moreover, active CDK1/CycB1 targets Cdc25 which

promotes its activity, and in turn, decreases CDK1/CycB1 phosphorylation (O'Farrell,
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2001). It might be interesting in light of the data and discussion above to test whether

Cdc25 is able to dephosphorylate JMJD7 T37.

In the absence of a validated proteomic method to identify upstream kinases of a
novel phospho-protein, we adapted an RO-3306 treatment and release protocol to try
and identify ‘stimulus’-induced JMJD7 kinases. The RO-3306 MS identified two
potential kinases bound to JMJD7 whose binding was increased upon release (CDK2
and AurkB) that, according to the MRC inhibitor database, are effectively inhibited by
RO-3306. Although the approach might be valid, it was not without limitations. For
example, on this occasion the release from RO-3306 was sub-optimal, possibly
owing to ineffective wash out or loss of phosphorylation after lysis. Furthermore,
given that all CDKs require cyclins for substrate recognition and activity (Swaffer et
al., 2016), it was anticipated that a cyclin would be detected in complex with the
CDK2 that was co-purified with JMJD7. However, no cyclin was detected specifically
bound to JMJD7. Due to the transient and dynamic nature of kinase/substrate
interactions it could be that the cyclin was lost during lysis or IP. Furthermore, high
background binding of CDK1 to the “Empty vector” control sample may have
confounded any specific detection of cyclin binding to JMJD7 in this screen (data not
shown). Future work should focus on optimising the release and investigating the

presence of cyclins and CDK1 by IP-western blotting.

Finally, we confirmed the activity of recombinant CDK2/CycA2 and CDK1/CycB1
towards phT37 in an in vitro kinase assay and compared the recognition motifs of
other CDK substrates and JMJD7. The amino acid sequence spanning JMJD7 T37
fits with the previously described recognition motif P-X-Tph-P-X-B-X-X (where B is a

basic amino acid), further strengthening evidence that JMJD7 may be
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phosphorylated by CDK1 and/or CDK2 (Higashi et al., 1995). Interestingly, there is
significant crossover found between CDK1 and CDK2 targets, perhaps consistent
with JMJD7 being phosphorylated by both CDK1 and CDK2 at different stages of the
cell cycle, or under different contexts. However, we cannot rule out Aurora kinase B
as having kinase activity on JMJD7. Similar to other enzymes described within this
thesis, AurkB is regulated by upstream modification. To the best of our knowledge all
recombinant kinases purchased herein were active (shown by activity assay on
ThermoFisher datasheet). However, activation and substrate specificity of AurkB is
dependent upon its modification (Petsalaki et al., 2011, Pike et al., 2016), therefore, if

AurkB was insufficiently modified prior to use it could have caused a false negative.

Future experiments could include over-expression of candidate kinases to identify
those that are sufficient to promote JMJD7 phosphorylation. However, caution should
be taken with interpretation of overexpression data as it is possible for a kinase to
overcome specificity stringency and become delocalised when over-expressed
(Moriya, 2015). Importantly, loss-of-function approaches targeting endogenous CDK1
and CDK2 levels will be critical for confirming the identity of the JMJD7 T37 kinase.
Such experiments are not without their own caveats however, as CDK1 or CDK2
knockdown cause cell cycle arrest (Long et al.,, 2010, Satyanarayana and Kaldis,
2009), and CDK1 and CDK2 can compensate for each other, both of which could

complicate interpretation of the results.
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Chapter 6

Final Discussion
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6. Overview

The overall objective of this Thesis was to contribute to our understanding of the
regulation and function of the poorly characterised lysyl hydroxylase, JMJD7. In
Chapter 2 we defined the cellular localisation and oligomerisation state of JMJD7,
explored its functional conservation, and demonstrated that it is required for cellular
growth control. Chapter 3 presented bioinformatic analyses of online cancer
databases which, although complex, highlighted a potential role for JMJD7, DRG1
and DFRP1 as novel tumour suppressors. Analysis of JMJD7 cancer mutants
highlighted a potential N-terminal regulatory domain in which we identified and
characterised a novel phosphorylation site: In Chapter 4 we showed that mutation of
this phosphorylation site inhibits the role of JMJD7 in growth. This led us to explore
the regulation of JMJD7 T37 phosphorylation in Chapter 5, and to investigate the
kinase responsible. Our results suggested that JMJD7 phosphorylation is likely
mediated by CDK1 and/or CDK2 (or related) complexes and at multiple stages of the
cell cycle. Here in this Final Discussion we discuss potential limitations of the work,

suggest future directions, and explore the wider implications of our findings.

6.1 JMJD7 in Growth Control

In Chapter 2 we showed that shRNA knockdown of JMJD7 slowed the proliferation of
multiple different cell lines, indicating that JMJD?7 is required for growth control. This
observation may be consistent with the findings of others. Recently, Liu et al. (2017a)
reported that CRISPR-mediated knockout of JMJD7 resulted in fewer colonies in a
soft agar assay. Furthermore, Ding et al. (2013) previously observed, in an siRNA
screen for histone modifiers regulating metastasis, that JMJD7 was required for the

invasion of squamous cell carcinoma cells. How JMJD7 might support cell
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proliferation and whether such mechanisms are also involved in supporting cell
invasion and 3D growth is unclear. However, since the only clear function of JMJD7
thus far is as a protein lysyl hydroxylase, one hypothesis is that these JMJD7-
associated phenotypes may be mediated by its substrates, DRG1 and DRG2.
Interestingly, both DRG1 and DRG2 have both been associated with growth control
via links with mitosis and the G2/M checkpoint of the cell cycle (Lu et al., 2016, Jang
et al.,, 2016). Furthermore, over-expression of DRG1 is able to promote cell
transformation by the Ras and Myc oncogenes (Mahajan et al., 1996), and high
expression correlates with poor survival in hepatocellular carcinoma (Jiang et al.
(2016). These reports would suggest that JMJD7 substrates may be good
candidates acting downstream of JMJD7 in growth control. However, it is not yet
clear whether the role of JMJD7 in growth in our cell models is ‘activity-dependent’,
which would be necessary to support the hypothesis that DRG1/2 modification is
involved. Future work could address this question using the type of ‘rescue’ models
developed in Chapter 4. Such work would complement future efforts to more
exhaustively investigate the role of T37 phosphorylation in DRG1 versus DRG2

hydroxylation (discussed further below).

6.2 Paradox? JMJD7 supports cell growth but may be a tumour suppressor

In Chapter 3 we explored a role for JMJD7 in cancer. Using a bioinformatics
approach we interrogated publically available databases to identify any associations
between altered expression of JMJD7 pathway components and the prognosis of
gastric cancer patients and collated data on genetic alterations across cancer types.
Unsurprisingly perhaps, considering the difference in tumour genetics between

cancer types (Vogelstein et al., 2013), and the heterogeneity of tumours even within
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a single cancer (Hanahan and Weinberg, 2011), the findings were not clear cut. That
being said, the available evidence may support a role for IMJD7, DRG1 and DFRP1
as tumour suppressors. We observed reduced mRNA expression in patients with
worse prognosis, and a variety of missense mutations that were distributed
throughout the genes in a pattern that might indicate functional significance.
Preliminary analyses indicated that a significant proportion of JMJD7 cancer mutants

prevent the normal expression of the JMJD7 protein.

Our data supporting a potential tumour suppressor role of JMJD7 may appear at
odds with observations highlighting that JMJD?7 is required for growth, consistent with
a more oncogenic role. Likewise, any potential involvement of DRG1/DFRP1
downstream of JMJD7 may appear to be in conflict with the role of this complex in
supporting growth and promoting transformation (see above). A simple explanation
for these apparent contradictions might be that these genes have complex and
context-dependent roles in different tumours and cancer types. Although this is
almost certainly true, it is also possible that this apparent paradox is a reflection of
the biological function of JMJD7 and the DRG1/DFRP1 versus DRG2/DFRP2
pathways, and the consequence of their deregulation. Next we will explore potential
scenarios that could account for the paradoxical roles of the JMJD7 pathway in

cancer.

In the first example, a cancer-associated gene functions in a cell process that
supports growth, but partial loss of function can initiate tumourigenesis in some
contexts due to deregulation of other fundamental cellular processes, such as
genome stability. For example, DNA Polymerase Delta (POLD) is part of the

machinery responsible for DNA replication and repair, and is therefore required for
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normal cell division (Nicolas et al., 2016, Song et al., 2015). However, because of its
critical role in DNA replication and repair, loss of POLD1 (the catalytic subunit of
POLD) is associated with genome instability and cancer progression (Albert et al.,
2014, Nicolas et al., 2016, Song et al., 2015, Tumini et al., 2016, Prindle and Loeb,

2012).

In the second scenario, a cancer-associated gene regulates two or more downstream
pathways, some of which have opposing roles in tumourigenesis. For example, one
pathway might be oncogenic, whilst another pathway is tumour suppressive: In
different contexts or tissue types one pathway could be more dominant than another.
For example, E2F1 is a transcription factor involved in cell cycle progression, DNA
synthesis, checkpoint control, apoptosis, DNA repair, metabolism and development
(Johnson and Degregori, 2006, Poppy Roworth et al., 2015). Evidence has shown
that inactivation of E2F, in different contexts and different tissue types can have
varying effects on tumorigenesis due to the activation and inactivation of specific
downstream pathways that operate in a context-dependent manner (Johnson, 2000,
Johnson and Degregori, 2006, Pierce et al., 1999, Poppy Roworth et al.,, 2015,
Dubrez, 2017). As such, inactivation of E2F1 can suppress lymphoma development,
while in squamous epithelial cells E2F1 inactivation accelerates tumorigenesis

(Baudino et al., 2003, Rounbehler et al., 2002).

The possibility that such scenarios could be relevant to the apparent paradoxical
roles of the JMJD7 pathway in cancer may be supported by similar observations on
closely related protein hydroxylases. For example, the arginyl hydroxylase JMJDS
has been implicated in tumour progression and suppression (Chen et al., 2014,

Zhang et al., 2015). Perhaps similar to the POLD1 example presented above, JMJD5
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functions in homologous recombination and genome integrity (Amendola et al., 2017,
Suzuki et al., 2006), and is also required for normal cell growth and development
(Ishimura et al., 2012, Oh and Janknecht, 2012). The histidyl hydroxylase MINA53 is
reported to be required for tumour cell proliferation, yet has also been implicated as a
tumour suppressor gene (TSG) that suppresses metastasis (Yu et al., 2014, Teye et
al., 2004, Tsuneoka et al., 2004, Tsuneoka et al., 2002). It has been proposed that
the pro-growth role of MINAS53 is explained by a role for its activity in ribosome
biogenesis, whereas the tumour suppressor function is explained by a different
substrate with a function in the epithelial-mesenchymal transition (EMT) pathway

(Geng et al., 2017, Yu et al., 2014) (M. Coleman, personal communication).

Can the biological functions of DRG1 and DRG2 potentially explain the paradoxical
role of the JMJD7 pathway in cancer? Which of the two scenarios above could
explain this paradox? Although these are important questions, further consideration
could require a more detailed understanding of the precise functions of DRG1 and
DRG2. In general, the available DRG literature assumes that DRG1 and DRG2 are
highly-related and -conserved homologs that are functionally redundant (Daugeron et
al., 2011, Li and Trueb, 2000). Human DRG1 and DRG2 show similar sequence
identity (57%), and their yeast orthologues are both associated with the translating
ribosome, with at least one study reporting functional redundancy (Li and Trueb,
2000, Francis et al., 2012, Daugeron et al., 2011). Whether DRG1 and DRG2 are
functionally redundant in higher eukaryotes is unclear however, although our own
observations might suggest that independent biological roles might (also) exist. For
example, we showed differential sub-cellular localisation of DRG1 and DRG2 in

Chapter 2: Although both proteins were expressed in the cytoplasm (perhaps
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consistent with a role in translation), DRG1 and DFRP1 were also detected in the
nucleus, possibly indicating an additional function. To explore the function of DRG1
and DRG2 in an unbiased manner (for the first time), Dr Qinqin Zhuang (Coleman
group) performed a proteomic screen using FLAG-tagged DRG1 or DRG2 as bait.
Interestingly, he identified that DRG1 and DRG2 have very different interactomes
that are largely non-overlapping, again consistent with non-redundant functions of
these JMJD7 substrates. Specifically, Dr Zhuang found that DRG1 associates with
components of a nuclear histone chaperone complex involved in DNA replication,
transcriptional elongation, and cell proliferation. In contrast, DRG2 was found to
associate with components of a cytoplasmic translation factor complex that is
essential for cell growth and protein synthesis. The exact roles of DRG1 and DRG2
in these respective complexes are still being investigated. However, we hypothesise
that JMJD7’s role in cancer may fit with a model similar to the scenarios described
above. We propose that JMJD7-mediated hydroxylation of DRG1 and DRG2
supports their pro-growth roles in histone chaperone activity (DRG1) and protein
translation (DRGZ2). However, in some contexts, inactivation of JMJD7 or
DRG1/DFRP1 could limit the activity of the nuclear histone chaperone pathway,
potentially leading to replication and/or transcription ‘stress’, processes now heavily
implicated in causing DNA damage and genome instability in cancer (Hanahan and

Weinberg, 2011, Silvera et al., 2010).

6.3 JMJD7 mutation and phosphorylation

Our cancer bioinformatics analyses identified recurrent and ‘hot-spot’ missense
mutations in JMJD7 and downstream pathway components. Such mutational

patterns are often indicative of functional consequences that provide a selective
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advantage (Miller et al., 2015). As such, ‘driver mutations often occur in functional
domains and regulatory motifs. For example, p53 is a transcription factor whose
tumour suppressor functions are inactivated by recurrent and hot-spot missense
mutations that cluster in its DNA binding domain (Pavletich et al., 1993).
Furthermore, recent global analysis of single nucleotide variants has identified
mutational hot-spots in TSGs and oncogenes within regions regulated by
phosphorylation (Reimand et al., 2013). For example, Reimand et al. (2013) found
beta-catein (CTNNB1) was mutated 73 times in the region spanning the phosphosite,
S37, leading to constitutive activation and tumour progression. Therefore, identifying
enrichment of cancer mutations in poorly characterised cancer-associated genes
could help to highlight novel functional and regulatory domains. Indeed, we observed
mutation hot-spots in JMJD7 pathway components that fell outside of currently
assigned functional domains. One of these, at the very N-terminus of JMJD7, was of
particular interest because it was centred round a site that proteomic screens had
identified as being phosphorylated. We went on to confirm phosphorylation of JMJD7
T37 by mass spectrometry and antibody-based detection. To test the potential
function of T37 phosphorylation, in the absence of having identified the relevant
kinase(s), we focussed on the use of blocking (T37A) and mimetic (T37E) mutations.
We found that T37 mutation did not significantly affect dimerisation, subcellular
localisation, or DRG binding. Our MS analysis did not identify any difference between
the capacity of JMJD7 WT or T37A to hydroxylate DRG2. As previously discussed,
this assay presented limitations with respect to DRG1. Future work should focus on
quantification of DRG1 and DRG2 hydroxylation in the presence of JMJD7 WT, T37A

and T37E, possibly using epitope-tagged DRG expression constructs (to overcome
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problems of endogenous antibody-based DRG1 purification). Additionally, sensitive
(non-saturated) in vitro assays could be useful to identify any small differences in
JMJD7 activity. Overall, it remains possible that JMJD7 T37 phosphorylation controls
substrate specificity, regulating hydroxylation of a given DRG protein under specific
conditions. This possibility would be analogous to a report that phosphorylation of the
HIF prolyl hydroxylase PHD1 by CDK1 switches its specificity towards an alternative
substrate: PHD1-mediated hydroxylation of CEP192, an essential component of
centrosomal maturation machinery, is proposed to regulate CEP192 ubiquitination

and, in turn, degradation during interphase (Moser et al., 2013, Ortmann et al., 2016).

Generally, the approach taken in this Thesis, and discussed above, to study the
function of T37 phosphorylation has taken a ‘candidate’ approach: Testing
hypothesise based on existing knowledge of JMJD7 biochemistry. Future work could
be complemented by taking a more ‘unbiased’ approach, possibly using proteomics.
For example, MS-analyses of the interactomes of WT versus T37A and T37E JMJD7
might identify one or more proteins whose binding is regulated by T37
phosphorylation. Preliminary work in this area suggested that it might be a worthwhile

line of investigation in the future (data not shown).

In the absence of identifying a substantial role for T37 phosphorylation in regulating
functions ‘proximal’ to JMJD7 (e.g. activity, dimerisation etc), we turned our analyses
to investigating its role in the JMJD7-mediated growth control identified in Chapter 2.
We found that the expression of JMJD7 T37A was unable to rescue the reduced
growth phenotype of cells following endogenous JMJD7 knockdown. How T37
phosphorylation supports the function of JMJD7 in growth control is not yet clear, but

the simplest hypothesis might be that it is via effects on enzyme activity. As
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discussed above, a critical experiment for the future therefore would be to determine
the role of enzyme activity in JMJD7-mediated growth control, possibly by

reconstituting JMJD7 knockdown cells with an H178A inactive mutant.

The analysis of less proximal JMJD7 phenotypes such as growth was useful in order
to understand its potential importance. Therefore, it might be fruitful during future
investigation if the effect of T37 mutants are also tested in other similarly ‘global’
phenotypes. For example, because of the potential role of the JMJD7 pathway in
translational control it would be interesting to test the effect of reconstituting T37
mutants in JMJD7 loss-of-function models on protein synthesis. Our preliminary
experiments indeed confirmed that JMJD7 is positively regulating translation (data
not shown). However, due to time limitations we were unable to perform the

necessary biological replicates to pinpoint the effect of T37 mutation.

6.4 phT37 Kinase ldentification

Investigating the function of JMJD7 T37 phosphorylation will be greatly supported by
identification of the kinase involved, for two main reasons. Firstly, modulating
phosphorylation levels by up- and down-regulating kinase activity will allow functional
studies in the absence of JMJD7 mutation. Secondly, the identity of the kinase might
provide some further insight into the biological role of JMJD7 T37 phosphorylation,
which could help guide new lines of investigation. To this end, we took multiple
approaches to try and identify the T37 kinase, including an in vitro kinase screen,
focussed analyses of kinase inhibitors, and an unbiased proteomic screen. Overall,
our data suggested that CDK1 and/or CDK2 might be responsible for the
phosphorylation of JMJD7 T37 (many of the limitations and urgent future directions in

relation to these findings were already described in detail in the discussion of
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Chapter 5). The preliminary assignment of CDK1 is of particular interest with respect
to its role in regulating PHD1 activity (Ortmann et al., 2016). Together with the work
presented here, this raises the intriguing possibility that regulation of hydroxylase

function might be an emerging role of CDK1.

Our assignment of CDK1/2 as potential JMJD7 T37 kinases is also of interest with
respect to our other data on JMJD7 localisation and novel localisations and function
of DRG1 versus DRG2. Our data in Chapter 2 highlighted that JMJD7 is localised
predominantly within the cytoplasm, with a small amount present in the nucleus,
similar to DRG1. Interestingly, both of our candidate kinase complexes, CDK2/CycA
and CDK1/CycB can shuttle between the nucleus and the cytoplasm throughout
interphase until mitosis, when they are rapidly translocated into the nucleus
(Jackman et al., 2002). Neither CDK2 nor CyclinA2 has a consensus NLS and it is
predicted that they ‘piggy back’ into the nucleus via the NLS of binding proteins
(Jackman et al., 2002). In Chapter 4 we used bioinformatic prediction analysis to
determine if JMJD7 contained any NLS or NES sequences. Although, one potential
NES sequence was found proximal to T37 we did not observe any major effects of
T37 mutation of JMJD7 localisation. However, it would be interesting to identify
where in the cell JMJD7 T37 is being phosphorylated, perhaps using methods
available to block nuclear export and import (Bedard et al., 2007). It would be

interesting to integrate such studies with those on DRG binding and hydroxylation.

6.5 JMJD7 T37 phosphorylation and Cancer

Since T37 phosphorylation positively contributes to the role of JMJD7 in promoting
cell proliferation it could perhaps also play a role in supporting tumourigenesis. This

hypothesis might predict that JMJD7 T37 kinases were themselves pro-growth
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kinases with oncogene-like properties. Indeed, CDKs are essential for cell division
and are heavily implicated in tumourigenesis: CDKs and their regulatory proteins are
often deregulated in cancer (Canavese et al., 2012, Asghar et al., 2015, Hall and
Peters, 1996). Mechanisms of deregulation include ectopic localisation, gene over
expression, constitutive activation, and upstream regulator deregulation i.e. kinases,
phosphatases and cyclins. For example, high CDK1 activity correlated with poor
prognosis in colon cancer (Zeestraten et al., 2012). Interestingly, the association
between expression of CDK1 and CDK2 has been assessed in breast cancer
patients (Kim et al., 2008). Kim et al. (2008) showed that when the ratio of CDK2
activity is high compared to CDK1 the prognosis is poor, although the mechanisms
are unclear. Furthermore, the impact of individual CDK activity was also analysed in
patient prognosis and they found that high activity of both CDK1 and CDK2 were
unfavourable to survival (Kim et al., 2008). Similarly, the expression levels of the
CDK regulators CycA and CycB have also be assessed in the context of cancer
prognosis (Florenes et al., 2001, Fang et al., 2014, Nimeus-Malmstrom et al., 2010,
Zhou et al., 2014). For example, high CycB and CycA expression correlated with
poor prognosis breast cancer (Winters et al., 2001, Bukholm et al., 2001, Sun et al.,
2017). On the other hand, CycA siRNA depletion was associated with abnormal
spindle formation during mitosis, suggestive of opposing roles in this context (Li et
al., 2018a). As a result of their importance in cancer, CDKs have become attractive
targets for therapeutic intervention both alone and in combination with other
treatments (Ardito et al., 2017, Canavese et al., 2012, Garrett and Fattaey, 1999). As
such, there are 31 active clinical trials worldwide (www.clinicaltrials.gov) and three

FDA approved CDK inhibitors for the treatment of breast cancer (de Groot et al.,

~ 225~



2017). Of the CDK inhibitors screened in this Thesis flavopiridol, RO-3306 and
SNS032 were able to inhibit JMJD7 phosphorylation. Interestingly, flavopiridol was
the first CDK inhibitor to enter clinical trials and currently an orphan drug designation
by the FDA for the treatment of rare diseases (Wiernik, 2016). Furthermore
flavopiridol is in phase Il clinical trials for the treatment of various lymphomas (Tong
et al., 2010, Boffo et al., 2018). Similarly, SNS032 is also in clinical trial for multiple
myeloma and chronic lymphomatic leukemia and solid tumours
(www.clinicaltrials.gov) (Balakrishnan et al., 2016). It would be interesting to explore
what role altered JMJD7 T37 phosphorylation might play in the efficacy of such

inhibitors.

With respect to the potentially paradoxical roles of JMJD7 in cancer, it is also
interesting to consider the functional consequences of cancer mutations in the hot-
spot surrounding T37. For example, if T37 phosphorylation supports JMJD7 function
(as in growth), and loss of function promotes tumourigenesis, then one role of these
cancer mutations could be to prevent T37 phosphorylation. Future work should test

whether cancer mutations surrounding T37 inhibit phosphorylation by CDK1/2.

Taken together, we predict that JMJD7 is being phosphorylated at two distinct stages
of the cell cycle (Figure 7.1). A G1/S phase block with thymidine, and mitotic block
using nocodozole indicate that JMJD7 phosphorylation is increased at these stages.
This is consistent with our observation that CDK1/CycA2 and CDK1/CycB1
complexes can phosphorylate JMJD7 in vitro (Figure 7.1). Interestingly,
CDK2/CycA2 is a bona fide S-phase kinase complex with a multitude of substrates
involved in transcription and translation. Similarly, CDK1/CycB1 is known as the

master regulator of the cell cycle and is most active during G2/M and throughout
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mitosis. We hypothesise that this phosphorylation event could be acting as a
molecular switch to define substrate specificity between DRG1 and DRG2 (Figure
7.1). In turn, hydroxylation of DRG1 and DRG2 by JMJD7 is regulating their roles in
the cell cycle and transcription or translation, respectively (Figure 7.1). How

hydroxylation is regulating the role of the DRGs is yet unknown, but of interest.

CDK2/CycA2

N / Transcription

PO, DRGI
g CDK1/CycB

OH Mitosis

Translation
CN /
DRG?2

PO, \ G2/M

JMJD7/

Figure 6.1 A Model to Demonstrate Our JMJD7 Hypothesis. We
hypothesise that JMJD7 is phosphorylated during different phases of the
cells cycle, specifically that S phase kinase complex CDK2/CycinA2 and
G2/M kinase complex CDK1/CyclinB act upon JMJD7. This phosphorylation
event mediates JMJD7’s enzymatic activity towards DRG1 and DRG2,
thereby regulating the function of DRG1 and DRG2 in transcription or
translation, respectively, and their roles in the cell cycle.
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6.6 Conclusion

The work presented in this Thesis has contributed to the characterisation of JMJD7
as a novel lysyl-hydroxylase, explored its genetic alteration in cancer, and identified a
conserved phospho-threonine residue that is necessary for full JMJD7 function. We
show that JMJD7 T37 phosphorylation is mitogen- and cell cycle-regulated, and
potentially catalysed by cyclin-dependent kinases 1 and 2. Future efforts are
necessary to fully understand the mechanism(s) by which JMJD7 is controlling
growth, to clarify the effect of phosphorylation on JMJD7 hydroxylase activity, and to
confirm CDK1/2 as physiologically relevant JMJD7 T37 kinases. It will be of interest
to consider the findings in light of existing and emerging evidence that JMJD7 might

act in a novel tumour suppressor pathway.

~ 228 ~



Chapter 7

Materials and Methods
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7.1 Reagents

Where not specified, reagents were purchased from Sigma-Aldrich. Common
laboratory solvents (e.g. ethanol, methanol) were purchased from Thermo-Fisher-

Scientific.

7.1.1 Solutions

Phosphate Buffered Saline (PBS; 10X): 43 mM Na;HPO,4, 14 mM KH,POy4, 1.37 M
NaCl, 27 mM KCI, (ensure pH 7.4). This solution was diluted 1:10 with

ultrapure H,O to make 1x PBS

Phosphate Buffered Saline + Tween (PBST): 0.1% Tween20 (v/v) diluted in 1x PBS

Tris Buffered Saline (TBS): 20mM Tris, 150mM NaCl

Tris Buffered Saline + Tween (TBST): 20mM Tris, 150mM NaCl, 0.1% Tween20 (v/v)

SDS-PAGE Buffer: A 10x solution was purchased from GeneFlow (0.25M Tris, 1.92M
Glycine and 1% w/v SDS). The 10x solution was diluted 1:10 for

experimental use.

Western blot Transfer Buffer: A 10x solution was purchased from GeneFlow (0.25M
Tris, 1.92M Glycine). To make a 1L solution: 100ml of 10x buffer was

diluted with 200ml methanol and 700ml ultrapure H,O.

Tris-Borate-EDTA (TBE) Buffer: 10x solution was purchased from Thermofisher and
diluted 1:10 with ultrapure H,O to make 1x TBE solution with the final

concentration of 100mM Tris, 90mM boric acid, 1mM EDTA.

SDS-PAGE Resolving Gel Buffer (4X): 1.5M Tris-HCI pH 8.8, 0.4% (w/v) SDS.
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SDS-PAGE Stacking Gel Buffer (4X): 0.5M Tris-HCI pH 6.8, 0.4% (w/v) SDS.

Laemlli buffer (6X): 125mM Tris pH6.8, 6% W/V SDS, 50% glycerol, 225mM DTT

JIES Lysis Buffer: 100mM NaCl, 20mM TrisHcl pH7.4, 5mM MgCl,, 0.5% w/v Igepal

RIPA Buffer: 150mM NaCl, 5M EDTA, 1M Tris, 1% NP40, 0.5% NaDoxycholate,

0.1% SDS

3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt (MTS) solution: 42mg MTS powder in 21ml DPBS, pH6-6.5,

sterile filtered (0.2uM)

Phenazine methosulfate (PMS) solution: 0.92mg, 1ml DPBS, sterile filter (0.2uM)

Kinase assay buffer: 20 mM Tris (pH7.4), 10mM MgCl,, 100 uM ATP, 0.25x Halt

phosphatase inhibitor, 0.2 mM DTT, 1 pg 6-His JMJD7, 200 ng kinase.

7.1.2 Bacterial Reagents
Media and Reagents

Luria-Bertani media: 25gin 1L H,O
Ampicillin: 50mg/ml dissolved in EtOH
7.2 Methods

7.2.1 Extraction of Bioinformatic Data from Online Tools

Genetic Alteration Frequency Graphs
cBioportal was used to identify mutations of JMJD7, DRG1, DRG2, ZC3H15 in all

cancer types. The list was refined by cancer databases with more than 25 samples.

Kaplan Mayer Alteration Frequency Survival Graphs
Survival curves colorectal and lung adenocarcinoma were modified from online

database cBioPortal (Cerami et al., 2012, Gao et al., 2013).
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Kaplan Mayer High and Low Expression Survival Graphs
Survival curves in breast, lung, gastric and ovarian cancer were modified from online

database KM Plotter (kmplot.com).

Genetic Mutation Maps
Mutation data was collected from public online databases (cBioPortal, COSMIC and

COSMIC cell lines project) and extrapolated onto protein sequences downloaded
from Uniprot (www.uniprot.org) (Cerami et al., 2012, Gao et al., 2013, Forbes et al.,

2017).

7.2.2 Primer design
All custom primers generated by Sigma. For cloning primers the coding sequences

(CDS) were obtained from online database (NCBI Nucleotide database) and
analysed by NEB cutter online software to identify restriction enzymes that did not cut
within the sequence. Epitope tag (FLAG or HA) was inserted into the coding
sequence either after the initiating Methionine or before the stop codon. Each primer

was no more than 99 bp long.

For overlapping SDM primers the sequences were between 27-35 bp long with the
mutation in the middle of the primer. The primers were generated to be exactly
complimentary and therefore efficiency of PCR was lower due to primer dimers
forming. The primers were designed to have no more than a 60% GC content and a

melting temperature not exceeding 78°C and a G or C at the 3’ end.

Phusion Site-Directed Mutagenesis primers were designed between 24-30 bp long.
The mutation was in either the forward or the reverse primer close to the centre of

the sequence. Primers were designed so that the 3’ end of the reverse ends where
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the 5’ end of the forward starts with no overlap and no missing bases. See below for

all primer sequences.

7.2.3 Polymerase Chain Reaction (PCR) for Cloning into Plasmid
Cloning PCR was achieved using Phusion High-Fidelity DNA polymerase (NEB:

MO0530) with primers designed for the specific gene and cloning strategy (Custom
primers generated by Sigma). Annealing temperature of 58°C was applied as
standard. Extension times of 40 second per kb for cloning from cDNA, and 15
seconds per kb for less complex plasmid samples. The appropriate positive and

negative controls were used for each PCR reaction.

7.2.4 Site Directed Mutagenesis (SDM)
Two SDM protocols were applied in this thesis:

The first used short overlapping primers (see below for primer sequences). Phusion
High-fidelity polymerase standard protocol was used for PCR using 15 seconds
extension time per kb of DNA with and without 3% DMSO. Dpnl was used to digest
any contaminating plasmid DNA. The PCR product was then imaged on a 1%
agarose gel and subsequently PCR purified using the SIGMA GenElute™ PCR

Clean-up Kit (Cat no: NA1020) and eluted in 50pl of elution buffer.

The second SDM approach followed the methods for Phusion Site-Directed
Mutagenesis Kit (Thermofisher cat no: F541). The primers were HPLC purified and

phosphorylated by the manufacturer (Thermofisher).

7.2.5 Restriction Digest
Restriction digest was carried out using High Fidelity Restriction Endonucleases

(NEB) following manufacturer’s protocol on plasmid and insert. For plasmid alone

Calf Intestinal Phosphatase (NEB cat no: 0290S) digestion was done for 10 minutes
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at 37 °C. Negative control included an undigested plasmid and positive control was

plasmid cut with each enzyme alone.

7.2.6 Ligation
Insert was ligated into the plasmid using T4 DNA Ligase from NEB (cat no: M0202)

using the equation:

size of insert (kb) X ng of vector
size of plasmid (kb)

X Vector:insert ratio = ng of insert in reaction

A range of vector : insert ratios was used for each insert. Self-ligation control was a
ligation without insert, and positive control re-ligated the insert which was cut out of

the vector in the previous Restriction Digest step

7.2.7 Transformation
DH5a high competency E.coli (NEB Cat no: C2987) was thawed on ice and 10%

ligation or SDM mix was incubated with the bacteria for 30 minutes. Each tube was
then heat shocked in a water bath at 42°C for 30 seconds followed by recovery on ice
before adding SOC media and shaking at 37°C. After one hour the cultures were
spread on LB Agar plates containing 50ug/ml Ampicillin. Agar plates were left in a
bacterial incubator overnight at 37 ‘C. PUC19 plasmid is provided with NEB DH5a
High competency E.coli and was used as a positive control, E.coli with no plasmid

was used as a negative control.

7.2.8 Plasmid DNA lIsolation
Colonies were picked from LB agar plates using 5ul plastic inoculation loops,cultured

for approximately 16 hours in 10ml LB broth containing 50ug/ml ampicillin. Cultures
were then pelleted at 10,000 rpm in a bench top centrifuge for 10 minutes before
isolation of plasmid DNA using the Sigma GenElute™ Plasmid Miniprep Kit (Cat no:

PLN70) or, Sigma GenElute™ HP Plasmid Midiprep Kit (Cat no: NA0200).
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7.2.9 DNA Sequencing
All DNA sequencing was sent to SourceBioscience in 100 ng/pul sample

concentrations. Sequencing primers were provided by SourceBioscience, or plasmid

specific primers were used.

7.2.10 RNA extraction and cDNA Synthesis
RNA was isolated from whole cell extracts using the Sigma GenElute™ Mammalian

Total RNA Miniprep Kit (Cat no: RTN70). Sample was eluted in 50yl of elution buffer
as supplied and quantified. cDNA was synthesised used the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Cat.no: 4368814) using 1ug of RNA
starting material. A master mix was made of Reverse Transcriptase kit and added to
a T100 thermocycler (BioRad) with amplification conditions: 25°C (10 min), 37°C

(120 min), 85°C (5 min).

7.2.11 Real-Time Quantitative PCR (RT-gPCR)
SYBR® Green

gPCR primers were designed using the Eurofins Online Primer Design Tool
(www.eurofinsgenomics.eu/). The JMJD7 sequence (NM_001114632.1) was used to
target the 3’'UTR sequence of JMJD7 mRNA. The forward primer spanned exon 7
and 8 and the reverse was embedded into the 3'UTR sequence. Two separate
primer pairs were designed and after validation the best pair was chosen for
experimental use. Validation of primers was achieved using a primer concentration
titration PCR, a melt curve and agarose gel electrophoresis. SYBR® Green qPCR
reactions were completed using the Applied Biosystems Master Mix (Cat no.

4309155) following the manufacturer’s protocol.
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7.2.12 DNA/RNA Quantification

DNA and RNA quantification was measured using a tabletop Nanodrop (Thermo,

Nanodroplite Spectrophotometer) and the 260/280, 260/230 and ng/ul values were

calculated. For DNA the 260/280 ratios should be 1.80-2, and 2-2.2 for RNA.

7.2.13 Agarose Gel Electrophoresis

Agarose was purchased from (MercMillipore Cat no: 9012-36-6) and weighed out to

1% (w/v) in TBE buffer with 1:30,000 (v/v) SYBRsafe DNA stain (Invitrogen Cat no:

S33102). The solution was microwaved until agarose had completely dissolved and

left to set in a casting tray until completely solid. DNA samples were prepared in

loading dye (Thermo Scientific™ Cat no: B72) then electrophoresed at 100 V. Bands

were observed under UV light in a Vilba Lourmat FusionFX.

Table 7.1 Primers used throughout thesis

Name

Primer (5’-3’)

hJMJD7 A18V_F

CGAGAATTCCCGGTCGCTGCAAGGGAG

hJMJD7 A18V_R

CTCCCTTGCAGCGACCGGGAATTCTCG

hJMJD7 R43W_F

CTCCACTTCTACTGGGACTGGGTCTGC

hJMJD7 R43W_R

GCAGACCCAGTCCCAGTAGAAGTGGAG

hJMJD7 AG3V_F

CAGCACTGGCCGGTCCTCCAGAAGTGG

hJMJD7 AG3V_R

CCACTTCTGGAGGACCGGCCAGTGCTG

hJMJD7 W67R_F

CTCCAGAAGCGGTCCCTCCCCTATTTC

hJMJD7 W67R_R

GAAATAGGGGAGGGACCGCTTCTGGAG
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hJMJD7 P70S_F

GTGGTCCCTCTCCTATTTCAGAGCCAC

hJMJD7 P70S_R

GTGGCTCTGAAATAGGAGAGGGACCAC

hJMJD7 Y71C_F

GTGGTCCCTCCCCTGTTTCAGAGCCAC

hJMJD7 Y71C_R

GTGGCTCTGAAACAGGGGAGGGACCAC

hJMJD7 A103T_F

CTTCATGATGCCAACTGAGCGCCGCCTG

hJMJD7 A103T_R

CAGGCGGCGCTCAGTTGGCATCATGAAG

hJMJD7 R105C_F

GATGCCAGCTGAGTGCCGCCTGCCCCTG

hJMJD7 R105C_R

CAGGGGCAGGCGGCACTCAGCTGGCATC

hJMJD7 R106C_F

CCAGCTGAGCGCTGCCTGCCCCTGAGC

hJMJD7 R106C_R

GCTCAGGGGCAGGCAGCGCTCAGCTGG

hJMJD7 L135V_F

CAGTGCTCCAACCGGCCCAGCGAGCTG

hJMJD7 L135V_R

CAGCTCGCTGGGCCGGTTGGAGCACTG

hJMJD7 L143R_F

CTGCCCCAGCTGCGGCCTGATCTGGAATC

hJMJD7 L143R_R

GATTCCAGATCAGGCCGCAGCTGGGGCAG

hJMJD7 M160V_F

GCCCTGGGAAAGGTGCCCGATGCTGTG

hJMJD7 M160V_R

CACAGCATCGGGCACCTTTCCCAGGGC

hJMJD7 R203W_F

CCGCCCAGCGACTGGCCCTTCATCCCC

hJMJD7 R203W_R

GGGGATGAAGGGCCAGTCGCTGGGCGG
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hJMJD7 T223|_F

CTAACTGAAGAGGGCATCTTTAAGGTGGTG

hJMJD7 T223I_R

CACCACCTTAAAGATGCCCTCTTCAGTTAG

hJMJD7 R260C_F

GCCCAGGCCCTTTGCTGCACGGTGCGG

hJMJD7 R260C_R

CCGCACCGTGCAGCAAAGGGCCTGGGC

hJMJD7 R264W_F

CGCTGCACGGTGTGGGCCGGTGAGATG

hJMJD7 R264W_R

CATCTCACCGGCCCACACCGTGCAGCG

hJMJD7 E267K_F

GTGCGGGCCGGTAAGATGCTCTATCTG

hJMJD7 E267K_R

CAGATAGAGCATCTTACCGGCCCGCAC

hJMJD7 P272S_F

GATGCTCTATCTGTCGGCTCTGTGGTTC

hJMJD7 P272S_R

GAACCACAGAGCCGACAGATAGAGCATC

hJMJD7 C285W_F

CAGTCCCAGGGCTGGATCGCAGTGAATTTC

hJMJD7 C285W_R

GAAATTCACTGCGATCCAGCCCTGGGACTG

hJMJD7 D297N_F

GACATGGAATACAACCTCAAGTATAGTTAC

hJMJD7 D297N_R

GTAACTATACTTGAGGTTGTATTCCATGTC

hJMJD7 FLAG pIPZ_F

TTTATCATCGATATGGACTACAAAGACCATGATGGTGA
TTATAAAGATCATGACATTGATTACAAGGATGACGATG
ATAAGGCGGAGGCGGC

hJMJD7 pIPZ R

TGCATAGCGGCCGCTCAGTCAAGGCCTGAAG

hJMJD7_HA pcDNA3_F

GTCATTAAGCTTATGGATTACCCATACGATGTTCCAGA
TTACGCTGCGGAGGCGGCTTTG

hJMJD7_FLAG

GTCATTAAGCTTATGGACTACAAAGACCATGATGGTG
ATTATAAAGATCATGACATCGATTACAAGGATGACGAT
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pcDNA3_F

GATAAGGCGGAGGCGGCTTTG

hJMJD7 pcDNA3_R

TACGACGCGGCCGCTCAGTCAAGGCCTGAAGC

pWZL FLAG JMJD7_F

ttatcaGTCGACATGGACTACAAAGACCATGATG

pWZL NT JMJD7_F

ttatcaGTCGACATGGCGGAGGCGGCTTTGGAAG

pWZL JMJD7_R

ccattgaGTCGACTCAGTCAAGGCCTGAAGC

JMJD7 T37A_F

GACAAACCCCCAGCTCCGCTCCACTTCTACGGGGAC
TGGGTCTG

JMJD7 T37A_R

GAAGTGGAGCGGAGCTGGGGTTTGTCCAGGTAGGGG
CACAGC

JMJD7 T37E_F

GACAAACCCCCAGAACCGCTCCACTTCTACGGGGAC
TGGGTCTG

JMJD7 T37E_R

GAAGTGGAGCGGTTCTGGGGTTTGTCCAGGTAGGGG
CACAGC

SYBR Green gPCR, CTCTTCCAGCCTTCCTTCCT
B-actin_F
SYBR Green gPCR, GGATGTCCAGGTCACACTTC

B-actin_R

SYBR Green qPCR,

JMJD7-UTR_F

GCTGCATCGCAGTGAATTTCTG

SYBR Green gPCR,

JMJD7-UTR_F

CCTCCAAAGCTGATCTCAAGCC
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Mammalian Cell Culture Techniques

7.2.14 Cell Culture

All cell lines were purchased from the ATCC. HeLa and HEK293T cells were cultured
in Dulbecco’s Modified Eagles Medium (Gibco, Cat no: 41966), and AGS cells
cultured in RPMI medium (SIGMA, Cat no: R0883). All cell culture media was
supplemented with 10% Fetal Bovine Serum (Sigma, Catno: F7524) and 1%
penicillin/streptomycin (Gibco, Cat no: 15070063). Where applicable media was also
supplemented with puromycin (Gibco, Cat no: A1113803) at 2ug/uL (HeLa and
HEK293T) or 4ug/uL (AGS), or hygromycin (Gibco, Cat no: 10687010) at 100ug/ml.

Cells were split regularly and kept in a humidified incubator at 37°C, 5% CO..

7.2.15 Plasmid Transfection

Cells were seeded at either 2.5 x 10° cells /ml (5 X 10° cells/well, HEK293T) or
0.5 x 10° cells /ml (1 x 10° cells/well, HeLa) in one well of a six well plate (See table
7.4). For transfection, plasmid DNA (1ug) was mixed with 100ul Opti-MEM™ (Gibco,
Cat no: 31985070) and mixed thoroughly, after the addition of 3ul of FUGENE®
(Promega, Cat no: E2691) transfection reagent and vortex, the sample was
incubated for 30 minutes at room temperature before adding to 2ml of cells in a
6 well plate. The reaction was scaled appropriately for alternatively sized plates (See

Table 7.2).
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Table 7. 2 Table showing volumes of regent used for transfection protocol

Size of plate Volume of | Opti-MEM™ FUGENE® DNA (pg)
Media

12 well 1 ml 50 ul 1.5 pl 500 ng

6 well 2ml 100 pl 3 ul 1ug

15 cm 20 mi 1 mi 30 i 10 ug

7.2.16 siRNA mediated Knockdown

Knockdown of endogenous protein was achieved using Lipofectamine™ RNAimax
(Invitrogen, L3000008). The following protocol was used for one well of a 6 well plate
(2 ml). Two solutions were made, the first was siRNA at the stated concentrations
with 150ul of Opti-MEM. The second was 9ul of Lipofectamine™ RNAimax reagent
mixed with 150ul Opti-MEM. Each solution was incubated for 5 minutes at room
temperature before pooling, then incubated for another 15 minutes before adding to
cells. Mixture was incubated with cells for 4-6 hours before changing media. JMJD7
siRNA used: Sigma, Cat no. SASI_Hs02_00326704, SASI_Hs02_00326705 or Dharmacon

J-187551-06 as specified. Control siRNA: Sigma. Cat no: SIC001.

7.2.17 Cell Lysis

Cells were lysed when 90-100% confluent. For cells in one well of a 6-well plate, cells
were washed twice in cold PBS to remove traces of DMEM and lysed in either JIES
buffer or RIPA buffer, 400ul for HEK293Ts or 200ul for all other cells lines. Cells
lysed in RIPA buffer were sonicated for 10 seconds at 8 — and centrifuged in a bench
top centrifuge at 4°C, 14,000rpm, 5 minutes. Cells lysed in JIES were centrifuged at

4°C, 14,000rpm, 5 minutes. Lysates were kept at -80°C until required.
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7.2.18 Biochemical Sub-Cellular Fractionation

NE-PER Nuclear and Cytoplasmic Extraction Reagents kit was purchased from
Thermo Scientific (cat no. 78833). Protocol was altered to replace the nuclear
extraction buffer with RIPA buffer plus sonication to allow for better extraction of the
insoluble nuclear pellet. In addition, extra wash steps were added between extraction

steps to ensure a cleaner extraction.

7.2.19 MTS Cell Proliferation Assay

CellTiter 96 AQueous MTS Reagent Powder was purchased from Promega (cat no.
G1112) and Phenazine methosulfate (PMS) reagent was purchased from Sigma (cat
no. P9625). Both reagents were dissolved in PBS (Gibco™ Cat no: 14190144)
according to manufacturer’s protocol and stored at -20°C, protected from light until

further use.

Cells were seeded into 96 well plates in quadruplicates at stated seeding densities in
100ul culture medium. Media only control was used as a blank measurement. Every
day for the duration of the assay 100ul of PMS solution was added to 2ml of MTS
solution, mixed and 20ul of MTS+PMS solution was pipetted onto cells. To ensure a
homogeneous solution the plate was gently mixed, then left in a humidified sterile
tissue culture incubator at 37°C, at 5% CO,, protected from light. After one or two
hours (as stated), the plate was mixed again before measuring absorbance at 490nM

a (PerkinElmer EnSpire2300) plate reader.

7.2.20 Antibiotic Kill Curve

To optimise the antibiotic concentration used for each cell line. Target cells were

seeded at appropriate densities. Two days later a titration of antibiotic containing
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media (as stated) was added to cells cell viability was monitored visually over several

days.

7.2.21 Transduction of lenti-viral cell lines

On day 1 HEK293T cells were seeded at 2.5x10° cells/ml into a 6 well plate. The
following day lentivirus plasmids pMD2.G (150ng), psPAX2 (350ng) and gene of
interest (500ng), were transfected in the presence of Opti-MEM and FUGENE®. On
day 3 the host cells were seeded at 1x10° cells/ml for AGS, 0.5x10° cells/ml for HeLa,
and 2.5x10° cells/ml for HEK293Ts in a 6 well plate. The following day viral media
was removed from HEK293T cells and mixed with an equal volume of with fresh
media, filtered through a PES 0.45uM filter, put onto recipient cells then after 24
hours replaced with fresh medium. When recipient cells were 90-100% confluent they
were given antibiotic containing media (Puromycin: 1ug/ml HEK293T and Hela,
2ug/ml AGS). Control (non-viral) cell death was used as a marker of successful
transduction. For GFP selection, cells were expanded, seeded into 10cm plates and
treated with 1ug/ml doxycycline. 10 hours after treatment cells were resuspended in
MACs buffer (PBS with 2% FBS, 1 mM EDTA) and sorted through fluorescence
assisted cell sorting (FACS) (CyanB Flow Cytometer). 500,000 cells in the top 10% of

GFP expressing cells were selected.

7.2.22 Transduction of retro-viral cell lines

On day 1 HEK293T cells were seeded at 2.5x10° cells/ml into a 6 well plate. On the
following day retrovirus plasmids pMD2.G (250ng), GAG-POL (250ng) and gene of
interest (500ng), 1ug total, was transfected in the presence of Opti-MEM and
FUGENE® as described above. On day 3 the host cells were seeded 1x10° cells/ml

for AGS, 0.5x10° cells/ml for HeLa, and 2.5x10° cells/ml for HEK 293Ts. Day 4, viral
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media was removed from HEK293T cells and replaced with fresh media. The
virus-containing media was sterilised through a PES 0.45uM filter directly on to the
host cells, polybrene was added to a final concentration of 8ug/ml, 8 hours later the
polybrene-media solution was mixed with an equal volume of fresh DMEM and left
overnight. This process was repeated on the following day and the virus packaging
HEK293T cells were discarded. When the cells were ~80% confluent hygromycin
was added to media to initiate the selection process. The cells were observed until
the control (non-viral) cells died. When all control cells were dead the viral cells were

assumed to be carrying the gene of interest and grown up into cell culture.

7.2.23 Confocal Microscopy

HelLa cells were seeded onto cover slips in a 12 well plate at 0.3x10° cells/ml, 1ml/
well. For over-expression experiments the plasmid transfection protocol, as described
in Section 7.2.15, was used. Cells were fixed after 48 hours: Cover slips were
washed in PBS, fixed in 4% paraformaldehyde (PFA) (15 min, room temperature),
washed again and permeabilised in PBS with 0.1% (v/v) Tritonx100, (10 min, room
temperature). Cover slips were blocked in 1% BSA-PBS for 1 hour at room
temperature and primary antibodies were incubated either for 1 hour (room
temperature) or overnight (4°C) in 1%BSA-PBS solution. Cover slips were then
washed an additional 3 times in 1%BSA-PBS before probing with secondary
antibodies rabbit (Invitrogen™, Cat no: A27034) or mouse (Invitrogen™, Cat no:
A28180) for 1 hour at room temperature, shielded from light. Cover slips were
mounted onto slides using ProLong™ Gold Antifade Mountant (Invirogen™, Cat no:

P36930) and left to dry before sealing with clear nail varnish.
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Protein Techniques

7.2.24 Western Blotting

For all western blots 12% SDS page polyacrylamide gels were made in-house and a
semi-dry transfer method was performed. The PageRuler™ Prestained Protein
Ladder Plus was used as a molecular weight marker (ThermoFisher Scientific cat no:
26616). Absolute protein concentrations were calculated using the BioRad Pierce
600nm assay and all samples were normalised to the lowest concentrations and
diluted with 6x laemmli buffer. Protein samples were transferred onto 0.45um PVDF
membrane (GE Healthcare, Catno: 15289894) at 320mA, 25 minutes per
membrane. Membrane was Ponceau (SIGMA, Cat no: P7170) stained to check
accurate loading, washed and then blocked in either 5% skimmed milk in
PBS-Tween, or 5% BSA in TBS-Tween for 1 hour prior to incubation with primary
antibody. Membranes were either incubated with non-HRP tagged primary antibodies
overnight at 4°C followed by species specific HRP labelled secondary antibody.
Alternatively, the membranes were incubated with HRP-conjugated antibodies
recognising epitope tags (e.g. FLAG or HA) at room temperature for 1 hour.
Following antibody incubation the membranes were washed before reading.
Chemiluminescence substrate used was either Clarity™ Western ECL Substrate
(BioRad, Cat no: 1705061) or SuperSignal™ West Femto (BioRad, Cat no: 34095).
Imaged on a Vilba Lourmat FusionFX and densitometry analysis was done on

Evolution Capture software.
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Table 7. 3 List of catalogue numbers for all the antibodies used in this Thesis

Antigen Cat no: Source Dilution
JMJD7 NBP1-91110 Novus 1:500-1:200
JMJD7 STJ29545 St. John'’s 1:500

phT37 JMJD7 Custom Generon 1:1000-1:500
DRG1 13190-1-AP  ProteinTech 1:1,000-1:500
DRG2 14743-1-AP  ProteinTech 1:1,000
DFRP1 HPA031099  Sigma 1:1,000
DFRP2 GTX120331  Gene Tex 1:500
FLAG-HRP A8592 Sigma M2 1:10,000
HA-HRP 12CA5 Roche 1:5,000

HA MMS-101P BioLegend 1:1000
B-actin ab49900 Abcam 1:25,000
CDK2 E304 Abcam 1:1,1000
Anti rabbit 7074 NEB 1:2000

Anti mouse 7076 NEB 1:2000

7.2.25 Immunoprecipitation

Cells were lysed when 90-100% confluent. For cells in a 6 well plate, cells were lysed
in JIES buffer containing 1x protease inhibitors (Sigma, Cat no: S8820) and 1x Halt
phosphatase inhibitors (Thermo Scientific, Cat no: 87785) then centrifuged at
14,000rpm for 5 minutes, 4°C. For FLAG (Sigma, Cat no: M8823) and HA (Sigma,
Cat no: A2095) immunoprecipitation, 15ul of beads in slurry were transferred into
1.6ml microcentrifuge tubes and washed 3x in cold JIES buffer before addition of
protein lysate. The protein/bead solution was left at 4°C, overnight rotating on a daisy

wheel. The following day, the protein supernatant was discarded and beads were
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washed 5 times in JIES buffer containing 1x protease inhibitor (and phosphatase
inhibitors where necessary). Protein was eluted by either: FLAG peptide (Sigma, Cat
no: F4799) competition (25ug/ml FLAG peptide in TBS) at 21°C, shaking for 10

minutes; or, boiling in 1x laemmli buffer.

7.2.26 Kinase Assay

Kinase buffer was incubated with ATP, His-JMJD7 and recombinant kinase at 30 °C
for 15 minutes (additional no kinase control included), reaction was stopped by
addition of 6x laemmli buffer and boiled for 5 minutes. Samples were run on SDS
page polyacrylamide gel for immunoblotting and coomassie staining. CDK
recombinant kinases were purchased from Thermo (Cat nos: CDK1/CycB: PV3292,
CDK2/CycA1: PV6289, CDK2/CycA2: PV3267, CDK2/CycE:PV6295, CDK2/CycO:

PV6286, AurkB: PV6130).

7.2.27 Quantification of DRG Hydroxylation via MS

Eight 15cm plates of HEK 293T cell lines containing pTIPZ alone, or pTIPZ
containing WT or T37A JMJD7 (4 plates of parental HEK 293T cells for negative
control) were lysed in 4ml of RIPA buffer supplemented with protease inhibitor and
1:2000 TurboNuclease (Thermo, Cat no: T4330-50KU) per plate. After lysis the tubes
were left to rotate on a daisy wheel for 30 minutes prior to spinning in a pre-chilled
Hettich Rotanta 460R bench top centrifuge at 4,000 rom. The lysates were divided
into two 50 ml falcon tubes and incubated with 50ul protein A sepharose beads slurry
and either antibody for DRG1 (8ug) and DRG2 (4ug). The IPs were left to rotate on a
daisy wheel overnight at 4°C. The following day, the 50ml falcon tubes were spun at
1500rpm in a Hettich Rotanta 460R bench top centrifuge for 5 min at 4°C. After one

hour the supernatant was removed and the beads washed five times in JIES buffer +
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protease inhibitor. The washed beads were dried by pipetting and proteins were
eluted using 50ul 2x Laemmli buffer. IP eluate was run on 12% SDS-page gel and
stained for protein using coomassie (BioRad, Cat no: 161-0400). Bands were
allocated as DRG1, DFRP1, DRG2 and DFRP2 and cut out for trypsin digest before
sending to the Adanced Oxford Proteomics Facility for analysis by LC-MS/MS. A
Dionex Ultimate 3000 Ultra Performance Liquid Chromatography (UPLC) system
(Thermo-Fisher Scientific) was used as frontend separation. The MS/MS scan modes
were FT-ICR/Orbitrap, using an ESI (nanospray) ion source and CID/CAD
fragmentation mode. Data analysed using the PEAKS 7.0 software (Bioinformatics

Solutions).

Cell Cycle Techniques
7.2.29 RO-3306 block and release for Mass Spectrometry

HEK293T cells were seeded at 3.2 x 10° / ml into six 15cm plates in 20ml of DMEM.
The following day five plates were transfected with 15ng pcDNA3 FLAG JMJD7 WT +
15ng pcDNAS, the sixth plate was transfected with 30ng pcDNAS3 only (EV). Four of
the WT transfected plates were treated with 5uM RO-3306 when they reached ~60 %
confluence to ensure untreated cells weren'’t affected by cell cycle pausing due to
contact inhibition. The EV plate and one WT plate were treated with the same volume
of DMSO (Sigma, Cat no: D2650). 16 hours after treatment cells were washed twice
in 37°C PBS and fresh media was added. Cells were harvested by scraping into the
media to avoid loss of metaphase cells during washes. Samples were taken every 15

minutes from 0-45 minutes.
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7.2.30 Fluorescence Assisted Cell Sorting (FACS)

Cells used for FACS analysis of cell cycle were washed twice with PBS before fixing
in ice cold 70% ethanol for 15 minutes at -20 °C. Ethanol fixed cells were washed
twice more before treating with 1ug/ml RNase (Roche, Cat no: RNASEA-RO), then
stained with propidium iodide (Sigma, Cat no: P4864) in PBS at 37°C for 20 minutes.
FACS analysis was carried out on a CyanB flow cytometer and analysed using

Summit software.

Table 7. 4 Table presenting the number of cells used per plate for each cell line

Cell Line No Cells per ml No Cells per well | Plate Size
(/plate)
HEK293T 25x10° 5x10° 6 well
HEK293T 2 x 10* 2000 96 well
HEK293T 3.2x10° 6.4 x 10° 15 cm plate
HelLa 0.5x10° 1x10° 6 well
HelLa 0.3x10° 0.3x10° 12 well
Hela 1x10? 1000 96 well
AGS 1x10° 2x10° 6 well
AGS 1x 10* 1000 96 well
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Appendix i

Statistical Analysis for day 3-5 for MTS assay in AGS cells

Diﬁyliir;e - 95% Confidence Interval Day 3
() Cellline  (J) Cellline J) Std. Error Sig. Lower Bound | Upper Bound
1.00 2.00 29300 014584 000 2489 337
3.00 25700 01484 .0oo 2129 L3011
4.00 39250 01454 .000 3484 4366
2.00 1.00 -.29300° 014584 .00a -.337 -.2489
3.00 -.03600 01454 125 -.0801 0081
4.00 09950 01454 .000 0554 1436
3.00 1.00 -25700 01454 .00a 3011 -2129
2.00 03600 01454 125 -.0081 .0801
4.00 13550 014584 000 0914 17496
4.00 1.00 -39250° 01484 .00a - 4366 -.3484
2.00 -.09950° 01454 .000 - 1436 -.0554
3.00 -13550° 01454 .000 - 1796 -.0914

* The mean difference is significant atthe 0.05 level.

Diﬁgﬁair::e “ 95% Confidence Interval Day 4
i Cellline  (J) Cellline Jy Std. Error Sig. Lower Bound | Upper Bound
1.00 2.00 69150 03046 .0oo 59493 7832
3.00 70808 03280 .0on 6091 8071
4.00 97150 03046 .oon 8748 1.0632
2.00 1.00 69150 03046 .0oo -.7832 -.59498
3.00 01658 03280 Ha6 -.0824 11586
4.00 280007 03046 .0on 1883 37T
3.00 1.00 -70808 03290 .0oo -.8071 -.6091
2.00 -.01658 03280 8456 -11586 0824
4.00 26342 03280 .0on 644 3624
4.00 1.00 97180 03046 .0oo -1.0632 -.87498
2.00 -28000" 03046 .oon =37 -.1883
3.00 - 26342 03280 .0on -.3624 - 1644

* The mean difference is significant atthe 0.05 level.

Diﬁglzir;e - 95% Confidence Interval Day 5
i Cellline  (J) Cellline J) Std. Error Sig. Lower Bound | Upper Bound
1.00 2.00 54575 05410 .000 3851 7064
3.00 44500° 05410 .000 2854 6096
4.00 1.08625" 05410 .000 9256 1.2469
2.00 1.00 - 54575 05410 .000 - 7064 -.3851
3.00 - 09675 05410 325 -2574 0639
4.00 £4050° 05410 .000 3799 701
3.00 1.00 -.44500° 05410 .000 - 6096 -.2884
2.00 08675 05410 325 -.0639 2574
4.00 63725 05410 .000 ATRE 7879
4.00 1.00 -1.08625 05410 .000 -1.2469 - 9256
2.00 -54050° 05410 .000 -7011 -.379g
3.00 -63725 05410 .000 -7979 - AT66

* The mean difference is significant at the 0.05 level.
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Statistical Analysis for day 3-5 for MTS assay in Hela cells:

~Mean 95% Confidence Interval
Difference (-
() Cellline_(J) Cellline J) Std. Error | Sig. Lower Bound | Upper Bound
1.00 2.00 09175 01711 .00 0440 1395
3.00 50125 01711 .000 4535 5490
2.00 1.00 -09175 01711 001 -.1395 -.0440
3.00 40950" 01711 .000 3617 4573
3.00 1.00 -50125 0 000 -.54480 -.4535
2.00 -.40950" 0171 000 - 4573 -.3617
* The mean difference is significant at the 0.05 level.
~Mean 95% Confidence Interval
Difference (-
) Cellline  (J) Cellline J) Std. Error Sig. Lower Bound | Upper Bound
1.00 2.00 14450 03115 .0o3 (0575 2318
3.00 56050 03115 .0oo AT35 6475
2.00 1.00 - 14450 03115 .003 -2315 -.0575
3.00 41600 03115 .ooo 3290 5030
3.00 1.00 - 56050 03115 .0oo -.6475 - 4735
2.00 - 41600 03115 .000 -.5030 -.3290
* The mean difference is significant atthe 0.05 level.
_Mean 95% Confidence Interval
Difference (-
) Cellline () Cellline J) Stdl. Error Sig. Lower Bound | UpperBound
1.00 2.00 11050 02745 .008 .0339 A871
3.00 46525 02745 .000 3886 5418
2.00 1.00 -11050 02745 .ooa -1871 -.0339
3.00 35475 02745 .000 2781 4314
3.00 1.00 - 46525 02745 .000 -5419 -.3886
2.00 - 35475 02745 .000 -4314 -2781

* The mean difference is significant atthe 0.05 lavel.

Day 3

Day 4

Day 5
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Statistical Analysis for day 3-5 for MTS assay in Hela cells:

Diﬁglll%?::na - 95% Confidence Interval
() Cellline  {J) Cellline J) Std. Error | Sig. | LowerBound | Upper Bound
1.00 2.00 05975 017 004 .0230 0965
3.00 08025 01317 000 0435 1170
2.00 1.00 -05975 01317 004 -.0965 -.0230
3.00 02050 o017 312 -.0163 0573
3.00 1.00 -08025 01317 .0oa - 1170 -.0435
2.00 -.020580 017 312 -.0573 0163
* The mean difference is significant at the 0.05 level.
Diff:;dliir;e “ 95% Confidence Interval
(h Cellline ) Cellling J) Std Error | Sig. | LowerBound | UpperBound
1.00 2.00 279007 05219 .00 1333 4247
3.00 1828 05219 .oon 4725 4640
2.00 1.00 -.27800 05219 .00 - 4247 -.1333
3.00 034825 05219 740 - 1065 1850
3.00 1.00 -31g28 05219 .oon - 4640 -1725
2.00 -.034925 05219 740 -1850 1085
* The mean difference is significant at the 0.05 level.
Diﬁgdliir;e - 95% Confidence Interval
ih Cellline () Cellline J) Std. Error Sig. Lower Bound | Upper Bound
1.00 2.00 57250 04851 .ooo 4370 7080
3.00 591507 .04851 .0oo 4560 J270
2.00 1.00 572507 04851 .oon -.7080 -.4370
3.00 01900 04851 820 - 1165 1545
3.00 1.00 -59150 04851 .ooo -7270 -.4560
2.00 -.014900 04851 820 - 1545 1165

* The mean difference is significant at the 0.05 level.

Day 3

Day 4

Day 5
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Appendix ii

Full Proginase Screen Data

A B
Kinase (ProQinase Lot #) External Vendor = Enzyme, Activity Substrate-BG, Activity Normalised
Lot # ng/well raw values mean of values, to ng/well
n=1 3 singlicates corrected
(A-B)
DYRK1A (Lot002) INV_38993 10 1584 38 1546 154.60
DYRK4 (Lot002) INV_37361 50 4853 38 4815 96.30
CDK9/CycK (Lot001) INV_35774 40 2589 38 2551 63.78
DYRK2 (Lot001) CAR_09CBS- 4 251 38 213 53.25
1249B
HIPK2 (Lot001) INV_452552 20 893 38 855 42.75
LIMK1 (Lot001) INV_367810 50 1760 38 1722 34.44
MEK2 (Lot001) INV_32519 100 3465 38 3427 34.27
CAMKK1 (Lot001) INV_406782 30 782 38 744 24.80
DYRKS3 (Lot001) INV_290370 3 100 38 62 20.67
RPS6KA1 (Lot002) INV_386267 10 242 38 204 20.40
EEF2K (Lot001) INV_38185 8 151 38 113 14.13
IKK-alpha (Lot003) INV_447027 50 496 38 458 9.16
MAP3K9 (Lot002) INV_762486 15 169 38 131 8.73
HIPK1 (Lot001) INV_37497 20 209 38 171 8.55
Aurora-A (Lot004) 50 443 38 405 8.10
CAMK2D (Lot001) INV_31647 1 46 38 8 8.00
HIPK4 (Lot001) INV_719847 20 175 38 137 6.85
CLK4 (Lot001) INV_34379 100 600 38 562 5.62
CK1-gammaz2 (Lot001) INV_31770 10 93 38 55 5.50
CAMK2G (Lot001) MIL_D8NNO026U ) 64 38 26 5.20
MEKS (Lot005) 100 479 38 441 4.41
CDK1/CycA (Lot005) 15 100 38 62 4.13
HIPK3 (Lot001) INV_35332 20 108 38 70 3.50
CAMK1D (Lot001) INV_33214 100 341 38 303 3.03
NEK2 (Lot002) 50 178 38 140 2.80
MAP3K10 (Lot001) INV_34554 25 103 38 65 2.60
MAP3K11 (Lot001) INV_34029 25 100 38 62 2.48
CK1-alpha1 (Lot001) 100 280 38 242 242
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DNA-PK (Lot001) INV_727478 10 62 38 24 2.40

\
\

\

I I I
\

I I
\

I I
\

VRK2 (Lot001) CAR_08CBS- 20 38
0814

\
\

\
\
\

CK1-epsilon (Lot001) INV_31778 25 40 38 2 0.80

IRAK1 (Lot002)

MARK1 (Lot001)

ACV-R2A (Lot001)
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STK39 (Lot001) CAR_08CBS- 72 38 0.68
0864

I A

MYLK3 (Lot001)
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PCTAIRE1 (Lot004)

Aurora-B (Lot008)

CAMK4 (Lot001)

LIMK2 (Lot001)

PBK (Lot003)

TSK2 (Lot002)

DMPK (Lot001)

CDK8/CycC (Lot002)

PRKX (Lot001)

MLK4 (Lot002)

SLK (Lot001)

CAMKK2 (Lot001)

MAPKAPK2 (Lot004)

PAKS (Lot001)

PIM2 (Lot002)

PDK1 (Lot002)

GRK2 (Lot001)

TBK1 (Lot004)

400 104 38 66

I A
I I
I I
I I

I I
I I
I I N
I I
I O
I I
I O
I N I
I N
I I
I N N
I O
I N

0.17

0.15

0.15

0.12

0.10

0.08

0.05

0.04

-0.12
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ERK7 (Lot002) 50 28 38 -10 020

NEK11 (Lot001) INV_38163 25 13 38 -25
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TAOK2 (Lot001)

PHKG1 (Lot001)

ACV-RL1 (Lot002)

TSF1 (Lot002)

PKC-eta (Lot005)

1290

MAP4KS5 (Lot001)

ERK1 (Lot002)

PRK2 (Lot001)

MAP4K2 (Lot001)

CDC7/ASK (Lot001)

TGFB-R2 (Lot001)

PKC-zeta wt aa184-592
(Lot001)

JNK1 (Lot005)

PKA (Lot002)

MAPKAPK3 (Lot001)

DAPK3 (Lot001)

\
\
\
\
I N A N
\
I N O N

I I
\

I A

\

I I
\

U
\

CAR_10CBS- 10 13 38 -25
0119

CAR_09CBS- 10 13 38 -25
0960

10 11 38 =27

I O

D N N O

INV_33763

-1.05

-1.20

-1.30

-1.36

-1.50

-1.67

-1.90

-2.25

-2.50

-2.50

-2.70
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CDK3/CycE (Lot001)

EIF2AK2 (Lot001)

IRAK4 (Lot006)

NEK3 (Lot001)

TLK2 (Lot002)

PKC-beta1 (Lot004)

GRK4 (Lot002)

NEK9 (Lot001)

PKC-alpha (Lot005)

ROCK1 (Lot001)

LRRK G2019S (Lot001)

PIM3 (Lot001)

TTBK2 (Lot002)

GRK7 (Lot001)

MST1 (Lot002)

SNF1LK2 (Lot001)

NEK4 (Lot002)

ASK1 (Lot001)

\
\
\
\
\
\
I A
\
\
\
I O
\
\
\

CAR_08CBS- 5 38 -37 -7.40
1131

I O O

INV_666419 16 38 -22
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Appendix iii
Full RO-3306 Kinase Mass Spectrometry Screen Data
Relative binding to JMJD7

Appears in all samples except EV (DMSO, 0h and 15m) DMSO Oh 15m
JMJD7 12865.33 6735.16 4560.45
Tubulin beta-4A chain 0S=Homo sapiens GN=TUBB4A PE=1 31.62 73.3506958 98.2859361
Sv=2
Polyubiquitin-B (Fragment) OS=Homo sapiens GN=UBB PE=1 13.21  63.8571291 59.5809119
Sv=1
Isoform B of Phosphate carrier protein, mitochondrial 0S=Homo 11.99 22.9029907 | 33.8245802
sapiens GN=SLC25A3
Elongation factor 1-alpha 1 OS=Homo sapiens GN=EEF1A1 PE=1 10.33  32.6257782 35.7146943
Sv=1
T-cell receptor alpha joining 56 (Fragment) OS=Homo sapiens 5.64 10.7733834 15.9108117
GN=TRAJ56 PE=4 SV=1
Mitochondrial carrier homolog 2 OS=Homo sapiens GN=MTCH2 5.05 6.85752598 12.0459514
PE=1 SV=1

8.85814694

Very-long-chain enoyl-CoA reductase OS=Homo sapiens 3.72 3.45741561
GN=TECR PE=1 SV=1

Non-histone chromosomal protein HMG-17 OS=Homo sapiens 3.32 | 1.20340985 | 4.65475874
GN=HMGN2 PE=1 SV=3
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Eukaryotic translation initiation factor 1A, Y-chromosomal
OS=Homo sapiens GN=EIF1AY PE=1 SV=4

Isoform 2 of Polymerase delta-interacting protein 3 OS=Homo
sapiens GN=POLDIP3

Isoform 2 of Programmed cell death protein 6 OS=Homo sapiens
GN=PDCD6

3.09

2.72

2.64

5.9024388 5.89602774

10.3531451 4.73939072

3.68663653 2.56716997

Signal recognition particle receptor subunit beta OS=Homo
sapiens GN=SRPRB PE=1 SV=3

Mitochondrial glutamate carrier 1 OS=Homo sapiens
GN=SLC25A22 PE=1 SV=1

Complex | assembly factor TIMMDC1, mitochondrial OS=Homo
sapiens GN=TIMMDC1 PE=1 SV=2

Derlin OS=Homo sapiens GN=DERL1 PE=1 SV=1

Serine/threonine-protein phosphatase 2A catalytic subunit beta
isoform OS=Homo sapiens GN=PPP2CB PE=1 SV=1

Isoform CNPI of 2',3'-cyclic-nucleotide 3'-phosphodiesterase
OS=Homo sapiens GN=CNP

Calcium-binding mitochondrial carrier protein Aralari OS=Homo
sapiens GN=SLC25A12 PE=1 SV=2

Protein pelota homolog OS=Homo sapiens GN=PELO PE=1 SV=2

Keratin, type | cytoskeletal 19 OS=Homo sapiens GN=KRT19
PE=1 SV=4

High mobility group protein B1 OS=Homo sapiens GN=HMGB1

2.52

2.37

2.2

1.98
1.84

1.82

1.73

1.64
1.62

1.55

1.68095344 4.42907347

5.46309869 2.70822327

5.17657254 1.55158625

1.39442729 ‘ 0.87453043
2.2731075 1.35411163

0.97418893 0.64884516

3.64843304 1.83369284

1.73825868 ‘ 1.52337559
4.27879059 | 4.57012676

2.96077027 ‘ 4.37265215
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PE=1 SV=3

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 1.49 1.10790113 | 0.73347713
assembly factor 3 OS=Homo sapiens GN=NDUFAF3 PE=1 SV=1

Mitochondrial fission process protein 1 OS=Homo sapiens 1.44 1.54724124 | 0.98737307
GN=MTFP1 PE=1 SV=1

Isoform 2 of Ubiquitin-conjugating enzyme E2 G2 OS=Homo 1.43 0.64945929 0.95916241
sapiens GN=UBE2G2

E3 ubiquitin-protein ligase RNF5 OS=Homo sapiens GN=RNF5 1.42 1.06969765 | 1.57979691
PE=1 SV=1

Secretory carrier-associated membrane protein 3 OS=Homo 1.35 3.15178771 | 3.04675118
sapiens GN=SCAMP3 PE=1 SV=3

Protein S100-A8 OS=Homo sapiens GN=S100A8 PE=1 SV=1 1.34 1.01239242 ‘ 1.49516493
Heat shock protein HSP 90-alpha A2 OS=Homo sapiens 1.31  2.00568309 | 2.31327404
GN=HSP90AA2P PE=1 SV=2

Monocarboxylate transporter 1 OS=Homo sapiens GN=SLC16A1 1.18 1.03149416 | 2.8210659
PE=1 SV=3

Sideroflexin-2 OS=Homo sapiens GN=SFXN2 PE=1 SV=2 1.17 1.27981683 1.32590097
Leucine-rich repeat-containing protein 40 OS=Homo sapiens 1.13 1.39442729 | 1.15663702
GN=LRRC40 PE=1 SV=1

Acyl-Coenzyme A dehydrogenase, C-4 to C-12 straight chain, 1.1 1.41352903 0.90274109
isoform CRA_a OS=Homo sapiens GN=ACADM PE=1 SV=1

60S ribosomal protein L30 (Fragment) OS=Homo sapiens 1.07 3.76304351 1.241269

GN=RPL30 PE=1 SV=1
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Selenoprotein H OS=Homo sapiens GN=SELENOH PE=1 SV=1

Developmentally-regulated GTP-binding protein 2 OS=Homo
sapiens GN=DRG2 PE=1 SV=1

1.01
0.99

1.92927611 1.18484768
0.80227323 2.79285524

Histone H2A type 1 OS=Homo sapiens GN=HIST1H2AG PE=1
Sv=2

0.93

1.77646216  2.62359129

DNA-directed RNA polymerases | and lll subunit RPAC1
(Fragment) OS=Homo sapiens GN=POLR1C PE=1 SV=1

Prefoldin subunit 6 OS=Homo sapiens GN=PFDN6 PE=1 SV=1

0.92

0.9

0.744968 0.95916241

0.93598544 1.07200504

Isoform 2 of Pyruvate dehydrogenase E1 component subunit
beta, mitochondrial OS=Homo sapiens GN=PDHB

Solute carrier family 35 member E1 (Fragment) OS=Homo
sapiens GN=SLC35E1 PE=1 SV=2

0.87

0.84

0.24832267 2.45432734

1.60454647 0.36673857

Isoform 2 of Phosphatidylglycerophosphatase and protein-
tyrosine phosphatase 1 OS=Homo sapiens GN=PTPMT1

Cytochrome c oxidase assembly factor 3 homolog, mitochondrial

0OS=Homo sapiens GN=COA3 PE=1 SV=1

Mitochondrial ornithine transporter 1 OS=Homo sapiens
GN=SLC25A15 PE=1 SV=1

Dehydrogenase/reductase SDR family member 7B OS=Homo
sapiens GN=DHRS7B PE=1 SV=1

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit

9, mitochondrial OS=Homo sapiens GN=NDUFA9 PE=1 SV=2

0.81

0.8

0.76

0.75

0.74

1.54724124 0.95916241

1.52813949 3.38527908

2.55963365 0.42315989

1.43263078 0.90274109

0.744968 0.33852791
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Tetratricopeptide repeat protein 19, mitochondrial 0S=Homo
sapiens GN=TTC19 PE=1 SV=4

Isoform 2 of Ubiquitin carboxyl-terminal hydrolase 15 OS=Homo
sapiens GN=USP15

Helicase-like transcription factor OS=Homo sapiens GN=HLTF
PE=1 SV=1

0.74

0.72

0.71

1.79556391  0.33852791

0.89778195 1.89011416

0.4393401 1.1002157

Transmembrane protein 165 OS=Homo sapiens GN=TMEM165
PE=1 SV=1

Small integral membrane protein 4 OS=Homo sapiens GN=SMIM4
PE=1 SV=2

Cytochrome c oxidase subunit 6C OS=Homo sapiens GN=COX6C
PE=1 SV=2

Isoform 5 of Minor histocompatibility antigen H13 OS=Homo
sapiens GN=HM13

Estradiol 17-beta-dehydrogenase 11 OS=Homo sapiens
GN=HSD17B11 PE=1 SV=2

COP9 constitutive photomorphogenic-like protein subunit 4
isoform 2 OS=Homo sapiens GN=COPS4 PE=1 SV=1

Isoform 2 of Eukaryotic translation initiation factor 4E OS=Homo
sapiens GN=EIF4E - Other versions in EV

MICOS complex subunit OS=Homo sapiens GN=APOOL PE=1
Sv=1

Oligosaccharyltransferase complex subunit OSTC OS=Homo

0.71

0.7

0.69

0.66

0.64

0.63

0.63

0.63

0.63

1.83376739 1.41053295

1.33712206 1.97474613

1.31802031 1.94653547

0.89778195 0.39494923

1.2225116 1.80548218

0.19101744 0.28210659

0.72586626 0.50779186

1.73825868 1.77727152

1.20340985 1.77727152
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sapiens GN=OSTC PE=1 SV=1

Sideroflexin-4 OS=Homo sapiens GN=SFXN4 PE=1 SV=1

0.63

1.2225116 0.78989845

Isoform 2 of Cyclin-dependent kinase 2 OS=Homo sapiens 0.6 1.6618517 1.69263954
GN=CDK2

Isoform 2 of Calcium-binding mitochondrial carrier protein 0.58  0.84047672 0.28210659
SCaMC-1 OS=Homo sapiens GN=SLC25A24

Long-chain fatty acid transport protein 4 OS=Homo sapiens 0.57 0.9168837 1.32590097
GN=SLC27A4 PE=1 SV=1

Protein RER1 (Fragment) OS=Homo sapiens GN=RER1 PE=1 0.56  1.06969765 0.70526648
Sv=1

Serine palmitoyltransferase 1 OS=Homo sapiens GN=SPTLC1 0.56 1.64274996 0.53600252
PE=1 SV=1

Small ubiquitin-related modifier 4 OS=Homo sapiens GN=SUMO4 0.54 | 1.03149416 | 1.52337559
PE=1 SV=2

Isoform 2 of Endoplasmic reticulum-Golgi intermediate 0.52 1.68095344 1.46695427
compartment protein 1 OS=Homo sapiens GN=ERGIC1

Sigma intracellular receptor 2 OS=Homo sapiens GN=TMEM97 0.52 | 0.99329067 | 1.46695427
PE=1 SV=1

Isoform Short of Ancient ubiquitous protein 1 OS=Homo sapiens 0.5 0.21011918 0.31031725
GN=AUP1

Stromal cell-derived factor 2-like protein 1 OS=Homo sapiens 0.48 0.42023836 | 0.6206345

GN=SDF2L1 PE=1 SV=2
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Exportin-T OS=Homo sapiens GN=XPOT PE=1 SV=2

Pachytene checkpoint protein 2 homolog OS=Homo sapiens
GN=TRIP13 PE=1 SV=2

0.47
0.47

0.55395057 0.25389593
0.40113662 0.95916241

Cytochrome c oxidase subunit 2 OS=Homo sapiens GN=MT-CO2
PE=1 SV=1

0.44

1.39442729 0.56421318

Isoform 2 of TRPM8 channel-associated factor 1 OS=Homo
sapiens GN=TCAF1

Isoform 3 of Lysophospholipid acyltransferase 7 OS=Homo
sapiens GN=MBOAT7

Prolactin regulatory element-binding protein OS=Homo sapiens
GN=PREB PE=1 SV=1

0.44

0.44

0.43

0.09550872  0.1410533

1.18430811 0.76168779

0.51574708 0.36673857

Transmembrane 9 superfamily member 3 OS=Homo sapiens
GN=TM9SF3 PE=1 SV=2

Isoform 2 of Extended synaptotagmin-2 OS=Homo sapiens
GN=ESYT2

Large neutral amino acids transporter small subunit 1 0OS=Homo
sapiens GN=SLC7A5 PE=1 SV=2

Probable glutamate--tRNA ligase, mitochondrial OS=Homo
sapiens GN=EARS2 PE=1 SV=1

Isoform 2 of Adenosine 3'-phospho 5'-phosphosulfate transporter
1 OS=Homo sapiens GN=SLC35B2

Isoform 2 of Cytochrome ¢ oxidase assembly protein COX15
homolog OS=Homo sapiens GN=COX15

0.41

0.4

0.4

0.39

0.38

0.38

0.28652616 0.42315989

0.28652616 0.59242384

0.55395057 0.25389593

0.34383139  0.25389593

0.21011918 0.31031725

0.72586626 0.67705582
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Isoform 2 of Transmembrane and TPR repeat-containing protein
3 OS=Homo sapiens GN=TMTC3

DnaJ (Hsp40) homolog, subfamily B, member 12, isoform CRA_c
OS=Homo sapiens GN=DNAJB12 PE=1 SV=1

Sulfhydryl oxidase 2 OS=Homo sapiens GN=QS0OX2 PE=1 SV=3

0.37

0.36

0.35

0.70676452 0.1410533

0.68766277 0.31031725

0.24832267 0.56421318

Isoform 2 of 2-amino-3-ketobutyrate coenzyme A ligase,
mitochondrial O0S=Homo sapiens GN=GCAT

Protein-S-isoprenylcysteine O-methyltransferase OS=Homo
sapiens GN=ICMT PE=1 SV=1

Delta(24)-sterol reductase OS=Homo sapiens GN=Nbla03646
PE=1 SV=1

0.34

0.34

0.33

1.18430811  0.59242384

0.3056279 0.45137054

0.87868021 0.28210659

Isoform 2 of Mitochondrial 2-oxodicarboxylate carrier OS=Homo
sapiens GN=SLC25A21

Protein cornichon homolog 4 OS=Homo sapiens GN=CNIH4 PE=1
Sv=1

Chitobiosyldiphosphodolichol beta-mannosyltransferase
OS=Homo sapiens GN=ALG1 PE=1 SV=2

Solute carrier family 2, facilitated glucose transporter member 1
OS=Homo sapiens GN=SLC2A1 PE=1 SV=2

Isoform 2 of YTH domain-containing family protein 2 OS=Homo
sapiens GN=YTHDF2

Succinate dehydrogenase [ubiquinone] flavoprotein subunit,
mitochondrial OS=Homo sapiens GN=SDHA PE=1 SV=1

0.33

0.33

0.3

0.3

0.28

0.28

0.63035754 0.42315989

0.63035754 0.93095175

0.36293313 0.53600252

0.57305231  0.25389593

0.53484882 0.50779186

0.53484882 0.25389593
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Mitochondrial import inner membrane translocase subunit 0.26 0.49664534 | 0.73347713
Tim17-B OS=Homo sapiens GN=TIMM17B PE=1 SV=1

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex 0.26 | 1.10790113 | 1.63621822
assembly factor 4 OS=Homo sapiens GN=NDUFAF4 PE=1 SV=1

Protein spinster homolog 1 OS=Homo sapiens GN=SPNS1 PE=1 0.26 0.15281395 | 0.22568527
Sv=1

Armadillo repeat-containing X-linked protein 3 OS=Homo sapiens 0.25 | 0.22922092 0.33852791
GN=ARMCX3 PE=1 SV=1

Cisplatin resistance related protein CRR9p, isoform CRA_c 0.24 0.21011918 | 0.31031725
0OS=Homo sapiens GN=CLPTM1L PE=1 SV=1

Aurora kinase B (Fragment) OS=Homo sapiens GN=AURKB PE=1 0.18  1.81466565 1.21305834
Sv=1

Dimethyladenosine transferase 2, mitochondrial O0S=Homo 0.23 0.68766277 0.31031725
sapiens GN=TFB2M PE=1 SV=1

Isoform 2 of Melanoma-associated antigen D1 OS=Homo sapiens 0.23  0.21011918 0.31031725
GN=MAGED1

Serine/threonine-protein kinase PLK1 OS=Homo sapiens 0.23 0.13371221 | 0.19747461
GN=PLK1 PE=1 SV=1

Bifunctional methylenetetrahydrofolate 0.22  0.42023836 1.35411163
dehydrogenase/cyclohydrolase, mitochondrial OS=Homo

sapiens GN=MTHFD2 PE=1 SV=1

ATP synthase subunit a OS=Homo sapiens GN=MT-ATP6 PE=1 0.21 0.40113662 0.59242384

Sv=1
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Glycerol-3-phosphate acyltransferase 4 OS=Homo sapiens 0.2 | 0.59215405 | 0.25389593
GN=GPAT4 PE=1 SV=1

Zinc finger BED domain-containing protein 1 OS=Homo sapiens 0.2 0.82137498 0.16926395
GN=ZBED1 PE=1 SV=1

mRNA turnover protein 4 homolog OS=Homo sapiens 0.19 | 0.36293313 | 0.53600252
GN=MRTO4 PE=1 SV=2

Isoform 3 of Atypical kinase COQ8A, mitochondrial 0S=Homo 0.24 0.28652616 0.67705582
sapiens GN=COQ8A

Splicing factor U2AF 35 kDa subunit-like protein OS=Homo 0.18 1 0.34383139 1.1002157
sapiens GN=U2AF1L5 PE=1 SV=1

Protein SCO2 homolog, mitochondrial OS=Homo sapiens 0.17 0.70676452 0.4795812
GN=SCO2 PE=1 SV=3

Pyrroline-5-carboxylate reductase OS=Homo sapiens GN=PYCR3 0.17 1 0.32472964 0.4795812
PE=1 SV=1

Nitric oxide synthase-interacting protein OS=Homo sapiens 0.15 0.28652616 0.42315989
GN=NOSIP PE=1 SV=1

Isoform 2 of Nucleoporin NUP188 homolog OS=Homo sapiens 0.14 | 0.09550872 | 0.08463198
GN=NUP188

Isoform 2 of Short/branched chain specific acyl-CoA 0.14 0.26742441 0.39494923
dehydrogenase, mitochondrial OS=Homo sapiens GN=ACADSB

Isoform 2 of UDP-glucose:glycoprotein glucosyltransferase 1 0.14 1 0.15281395 0.08463198
OS=Homo sapiens GN=UGGT1

Isoform 2 of Lipase maturation factor 2 OS=Homo sapiens 0.13

0.11461046 ‘ 0.16926395
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GN=LMF2
Isoform 2 of Nucleoporin NDC1 OS=Homo sapiens GN=NDC1

0.13

0.53484882 0.16926395

Acyl-CoA desaturase OS=Homo sapiens GN=SCD PE=1 SV=2

0.12

1.08879939 0.70526648

Isoform 2 of Mannose-1-phosphate guanyltransferase beta
0OS=Homo sapiens GN=GMPPB

0.11

0.21011918  0.31031725

Isoform 2 of Probable ATP-dependent RNA helicase DDX47 0.11 0.4393401 | 0.31031725
OS=Homo sapiens GN=DDX47

Isoleucine--tRNA ligase, mitochondrial OS=Homo sapiens 0.09 | 0.17191569 | 0.25389593
GN=IARS2 PE=1 SV=2

Isoform 2 of ATP-binding cassette sub-family D member 3 0.08 0.15281395 0.22568527
OS=Homo sapiens GN=ABCD3

Isoform 2 of Eukaryotic translation initiation factor 3 subunit D 0.08 | 0.15281395 | 0.22568527
OS=Homo sapiens GN=EIF3D - isoform 3 in EV

Isoform 2 of E3 UFM1-protein ligase 1 OS=Homo sapiens 0.06 0.22922092 | 0.53600252
GN=UFL1

DNA mismatch repair protein OS=Homo sapiens GN=MSH2 PE=1 0.05 | 0.09550872 | 0.28210659
Sv=1

KIAA0368 OS=Homo sapiens GN=KIAA0368 PE=1 SV=1 0.04

0.24832267 ‘ 0.05642132
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The Jumonji-C oxygenase JMJD7 catalyzes
(35)-lysyl hydroxylation of TRAFAC GTPases

Suzana Markolovic'”, Qingin Zhuang?”, Sarah E. Wilkins', Charlotte D. Eaton?, Martine |. Abboud @,
Maximiliano J. Katz?, Helen E. McNeil?, Robert K. Legniak’, Charlotte Hall?, Weston B. Struwe’,
Rebecca Konietzny?, Simon Davis 04, Ming Yang*s, Wei Ge(®", Justin L. P. Benesch®,

Benedikt M. Kessler©4, Pater J. Ratcliffe 25, Matthew E. Cockman 4%, Roman Fischer(24,

Pablo Wappner®, Rasheduzzaman Chowdhury'**, Mathew L. Coleman®®* and Christopher J. Schofield"®*

Blochemical, structural and cellular studies reveal Jumonji-C (Jm|C) domain-containing 7 (JMJD7) to be a 2-oxoglutarate
(20G)-dependent oxygenase that catalyzes (35)-lysyl hydroxylation. Crystallographic analyses reveal JMID7 to be more
closely related to the Jm|C hydroxylases than to the Jm|C demethylases. Blophysical and mutation studies show that JMIDT has
a unigue dimerization mede, with interactions between monomers involving both N- and C-terminal regions and disulfide bond
formation. A proteomic approach ldentinies two related members of the translation factor (TRAFAC) family of GTPases, devel-
opmentally regulated GTP-binding proteins 1and 2 (DRG1/2), as activity-dependent JMJD7 Interactors. Mass spectrometric
analyses demonstrate that JMJD7 catalyzes Fe(n)- and 20G-dependent hydroxylation of a highly conserved lysine residue in
DRG1/2; amino-acld analyses reveal that JMJD7 catalyzes (35)-lysyl hydroxylation. The tunctional assignment of JMIDT will

enable future studles to define the role of DRG hydroxylation In cell growth and disaase.

ollowing their initial identification as pro-collagen prolyl
and lvsyl hydroxylases, Fe{n)- and 2-oxoglutarate (20G)-
dependent oxygenases have emerged as widespread regulators
of protein biosynthesis'?. The hypoxia-inducible factor (HIF) pro-
I¥l and asparaginyl hydroxylases regulate the levels and transcrip-
tional activity of the af-HIFs. Prolyl hydroxylation, by the prolvl
hydroxylase domain oxygenases (PHDs; also known as EGLNs],
regulates HIF-a subunit levels by signaling for degradation, while
asparaginyl hydroxylation (catalyzed by factor inhibiting hypoosia-
inducible factor, FIH) regulates HIF transcriptional activity; the
sensitivity of the PHDs and FIH catalysis to cellular oxygen avail-
ability enable them to act as hypoxia sensors’. FIH, but not the
PHDs, is @ member of the Jumonji-C {JmjC) subfamily of 200G
oxygenases’, other members of which regulate transcription via
demethylation of the three histone lysine Ne-methylation states.
Jmj i histone demethylase (K.DM) catalysis proceeds via hydrooyl-
ation to give a hemiaminal intermediate, which fragments to give
the demethylated product and formaldehvde’. There are about six
human JmjC KDM subfamilies, which are being studied due to
their roles in transcription and links to cancer and genetic disor-
ders resulting from their mutation®. 2000 oxvgenases are current
therapeutic targets with compounds being developed for clinical
applications in cancer (for example, KDMS inhibitors)” and ane-
mia (FHD inhibitors)®.
With the exception of FIH, there are limited reports on the
- 10 human JmjC oxygenases that catalyze the formation of sta-
ble alcohol products (‘JmjC hydroxylases’), which are less well
studied than the ImjC KDMs. In additionto HIF-aisoforms, FIH

catalyzes modification of ankyrin repeat domains®, and Jumonji
domain-containing & (JM]D6) catalyres hydroxylation of splic-
ing regulatory proteins'. JmjC hydroxylases also have ancient
roles in the regulation of protein bicsynthesis by modify-
ing the translational machinery''. The ribosomal oxygenases
MYC-induced nuclear antigen {MINAS3) and nucleolar pro-
tein &6 {NO&6) catalyze histidinyl hydroxylation of Rpl27a and
Rpl8, respectively'®. Transfer RMA yW-synthesizing enzyvme
5 (TYWS) is a tRNA hydroxylase", and Jumonji domain-
containing 4 (IM]D4) catalyzes hydroxylation of eukaryotic
release factor 1 (eRF1), a reaction increasing stop codon rec-
ognition efficiency'. In eukaryotes ranging from veasts to
humans, a 200G oxygenase that is not a [mjC protein {(human:
OGFOD; Drosophila: Sudestadal), but which is related to the
HIF PHDs, catalyzes hydroxylation of a prolyl residue in close
contact with messenger RNA in ribosomes"™. Ovwerall, these
results indicate that multiple 200G oxyvgenases are involved in
the regulation of protein synthesis at both the transcriptional
and translational levels®=.

Jumonji domain-containing 7 (IMJD7) is one of the few
remaining biochemically uncharacterized human JmjC oxypen-
ases; structure-based bioinformatics predicts that it is an Fef{u)-
and 20G-dependent oxygenase containing a JmjC catalytic
domain (Supplementary Fig. 1). We report biochernical, crystal-
lographic and cellular studies revealing [M] 137 to be a structurally
distinct ImjC hydroxylase that catalvres (35)-lysyl hydroxylation
in two related members of the translation factor (TRAFAC)
GTPase family. The results will enable future work to elucidate

'Chemistry Research Laboratory, Department of Chemistry, University of Cecford, Oxfard, UK. “Institute of Cancer and Genomic Sclences, University of
Birmingham, Birmingham, UK. ZInstituto Ledoir, Buencs Adres, Argentina. *Target Discovery Institute, University of Cuford, Oxford, UK. *The Francis Crick
Inestitute, London, UE. “Present address: Department of Molecular and Cellular Physiology. Stanford University School of Medicine, Clark Centar,
Stanford, CA, USA. "These authors contributed equally: Suzana Markolovic, Qingin Zhuang. *These authors jointly supervisad this work: Mathew L.
Coleman, Christopher I. Schofield. “e-mall: rashed chowdhuryg@stanford edu; m.oolemangbham.ac uk; christopher schofleldigchem .o ac.uk
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the binlogical roles of MDY in protein synthesis, the regulation
of cell growth and disease.

Results

IMID? suppresses cell growth in Drosophila. In an RMAi-based
screen for variations in the size of the Drosophila posterior wing
com nt, we observed that knockdown of CG 10133 mBMA, the
Dresophila orthologue of human JMID? (dm]M]D¥7, 45% sequence
identity), correlates with increased posterior wing compartment
size, probably through an increase in cell size (Supplementary
Fig. 2). Among human [mjC proteins, structure-based bioinformat-
ics predicts that IMJD7 is most closely related to FIH®, TYW5S,
Jumonji domain-containing 5 (IMJD5)* and the ribosomal oxy-
genases MINASS and NOs6', all of which are ImjiC hydroxylases
with roles in protein biosynthesis regulation (in some cases. they are
also reported to have KIIM activities). As the catalytic activities and
structures of the ImjC oxypenases can relate to their physiological
roles”, we undertook biochemical studies on IMID7.

IMIDT is structurally similar to ImjC hydroxylases. Analysis
of the activity of recombinant [MJD7 using 'H NMR reveals slow
Fe{u)-stimulated conversion of 204G to succinate in the zhsence of a
substrate (Supplementary Fig. 3). As observed for some other 206G
oxygenases, this conversion was reduced by the broad-spectrum
inhibitor N-oxalvighcine (NOG)'™ alanine substitution of one of
the predicted Fe(u)-binding residues (His 178) also reduces 200G
turnover (Supplementary Figs. 1 and ¥hc). To support the bio-
chemical characterization of [MJD7 and to investigate whether it
functions as a hydroxylase andfor KIDDM, we then worked to solve
crystal structures for human IMID7.

A structure of full-length His,-tagged [MID7 complexed with
204G and Mn{u), an inert Felu) substitute, was solved by molecular
replacement (Fig. 1). We obtained a higher-resolution (2.2 A) struc-
ture of a [MJD7 variant arising from a missense mutation (R260C)
present in endometrial cancer” and autism® (Supplementary
Fig. 1), the fold of which is very similar to the wild type (0.35A Ca
r.m.s. deviation; Supplementary Fig. 4 and Supplementary Table 1).
IMID7 crystallizes as an oligomer with two or four molecules in
each asymmetric unit (Fig. | and Supplementary Fig. 4). Biophysical
analyses reveal [MID7 to be dimeric in solution, consistent with
immunoprecipitation studies in cells (Supplementary Fig. Sa-—c).
Uniquely among the characterized fmjC ins, [MID7 dimer-
ization involves hydrophobic interactions between a-helices from
both M- and C-terminal regions (al, a2 and a9, respectively] and
a disulfide bond involving Cys47 from two monomers (Fig. [a and
Supplementary Figs. 5d.e and 6). The dimeric state of IMJD7 sug-
gests a doser structural similarity to the JmjC hydroxylases, rather
than the demethylases”, since the former are commonly observed
as dimers: FIH* and TYWS"™ oligomerize via C-terminal a-heli-
cal bundles, while MINAS3 and NO66 olipomerize via a-helical
bundles located between their ImjC and winged-hdix domains"
{Supplementary Fig. Se).

u#ﬁe structures reveal that each [MJD7 molecule is comprised
of nine a-helices, eighteen f-strands and two 3, helices. The cata-
Iytic domain contains the characteristic 200G oxygenase distorted
double-stranded p-helix (DSBEH) core barrel, formed from eight
f-strands, arranged as two antiparallel major (B fVIIL BIIL fVT)
and minor (PII, BVIL PIV and pV) sheets”. The DSBH houses
the active site, where the 200G oxalyl group, water and the metal-
binding triad (His 178, Asp 180 and His277) coordinate the metal
in an geometry (Fig. 1b). The 206G CI carboxylate is
positioned to make a hydrogen-bonding network with the amides
of Asn184 and Asn289. As with most structurally characterized
ImjC oxygenases, the 200G C5 carbooylate interacts via electro-
static and hvdrogen-bonding interactions with a lysine (Lys 193) on
BIV'". Most 200G oxygenases have two or three polar side chains
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Fig. 1| Structural analyses of the JmjC hydroxylase, IMID7. a, View
from a crystal structure of human JIMIDT complexad with Mndi) (dolet
sphera) and 206 (yeliow) showing the unique dimerization intartace,
which Imeolves ragions both M- and C-terminal to the D3EH core fold and
the disulfide bond between Cys 47 of each monamer (red asterisk)
p-Strands comprising the distorted 8-stranded (-1} D5BH, consarved
In 201G oxygenasas, are In pink. b, At the active site, Mn (substituting
for Feds), vickat sphere) Is octahedrally coandinated by His 173, Asp180,
Hi=277 the 200G oxalyl group {yeliow) and water (red sphere). 20G &
apparently tightly bound by hydrogen bondingelectrostatic Interactions
betwean its £5 carbooylate and Tyr127, Thr7s, Tyr186 and Lys193, and its
1 carboxylate with Asn 184 and Asn 289 (dotted lines, numerical values
represent hiydrogen-bond distances In 3ngstrams).

positioned to interact with the 206G C5 carboxylate group; nota-
by, IMID7 has four such side chains. In addition to Lys 193, the
hydroxyls of Tyr 127, Thr 175 and Tyr 185 form additional hydrogen
bonds with the 200G C5 carboxylate group (Fig. 1b). The apparently
tight binding of 204 is consistent with the observed slow substrate
uncoupled 200G turnover (Supplementary Fig. 3).

Comparison of the IMJD7 active site with those of other fmjC
oxygenases reveals closer structural similarity with JmjC hydroxy-
lases than KDMs. Motably, binding of the 20G Cl carboxylate,
involving hydrogen bonds with the Asn-184 and Asn-289 side-
chain amides, emulates interactions made by FIH* (that is, with
the Asn-205.,, and Asn-294,, side chains; Supplementary Fig. 7al.
Importantly, IMJD7 lacks a hydrophobic region crucial in binding
the N-methyl lysine group of the ImiC KDMs". Most JmjC KDMs
tend to have an extended at the N terminus of DSBH Bl that
is imvolved in substrate binding; this is shortened in JM]D7, as in
other [mjC hydroxylases (Supplementary Fig. 7h)". Consistent
with the shsence of structural domains associated with KDM activ-
ity (for example, characteristic histone- and nucleic acid-binding
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domains; Supplementary Fig. 7c), a panel of histone H3.1 frag-
ments known to be fmjiC KDM substrates were not modified by
IMIDT (Supplementary Fig. ). Overall, the combined biophysical
analyses reveal IMJD7 to have greater structural similarity to the
JmijC hydroxylases than to the ImiC KDMs.

Proteomics identifies TRAFAC GTPases as JMJID7 interactors.
To identify potential [MID7 substrates, we wsed mass spectrom-
etry {MS) to compare the proteins interacting with wild-type and
(near) imactive (H17BA) JMID7, using dimethyl-N-oxalvlglvcine
(DMIO4G), a cell-penetrating precursor of HIOG™, to trap substrates.
Immunoaffinity purifications from extracts of DMOG-treated cells
expressing FLAG-tagged wild-type or IMJD7 HI78A were ana-
lyzed. IMJD7-specific interactions ablated by the H178A mutation
included two closely related GTPases, developmentally regulated
GTP-binding proteins | and 2 (DRG1/2), and their respective bind-
ing partners, DRG family regulatory proteins 1 and 2 {DFRP1/2)
(Fig. 2a and Supplementary Fig. 22)2. Known ImiC hydroxylase
substrates (for example, eRF1, splicing factors. HIFa and Rpl27a/
Rpl&), ankyrins or KDM substrates (for example, histones) were
niod detected. Activity-dependent interactions of [MID7 with DRGI
and DRG? were confirmed in different cell lines (Supplementary
Fig. 9b—d). Reciprocal immunoprecipitations using FLAG-tagged
DRGs confirmed the interaction with endogenous JMJD7, but
not the related hydroxylase IMJD4 (Supplementary Fig. %e).
Importantly, purification of endogenous DRG-DFRP complexes
also co-precipitated endogenous TMJD7 (but not TMJD4:; Fig. Zb).
To investigate whether [MJD7 and DRG L2 co-localize, immuno-
fluorescence staining of co-expressed [MIDT and DRGI1 or DRGZ
was performed in Hela cells (Fig. 2c). Consistent with the pro-
teomic and co-immunoprecipitation data, we observed significant
co-localization of IMJD7 with DRGL and DRG2 in both nuclear
and cytoplasmic compartments. Overall, the combined interaction
and local ration data support the assipnment of DRG1 and DRG2 as
JMID7 interactors and potential substrates.

IMID7T catalyzes DRG bysyl hydroxylation. To investigate whether
DRG-DFRP complexes are JMID7 substrates, HA-DRG1/2 and
VE5-DFRP1/2 were purified from cells overproducing control or
FLAG-IMID7, hydrolyzed by trypsin and then analyzed by MS.
The results identified a single lysyl hydroxylation site in a highly
conserved region in both DRGI and DRG2 (that is, at Lys22/
Lys 21, respectively; Fig. 3a.,b and Supplementary Fig. 10). Notably,
in cells overexpressing IMJD7, we reproducibly observed increases
in hydroscylated peptides corresponding to a “missed’ trypsin cleav-
age site in DRG] (NK(OHJATAHHLGLLE) and DRG2 (NE{OH)
ATEYHLGLLE), suggesting that JMID7-catalyzed hydroxylation
hinders trypsin-catalvzed hydrolysis (Fig. 3h).

We then tested the cellular assignment of JMJD7-mediated
DRG1/2 syl hydroxdation by assaying 20-mer peptide frag-
ments spanming the DRG sequence as substrates (Supplementary
Table 2; a 25-mer peptide, DRG1,, . was also used for biochemi-
cal characterization as described later in the text). Consistent
with the cell results (Fig. 3ab and Supplementary Fig. 9], the
only peptide undergoing a IMJD7-dependent+16Da shift was
DRGly, o (NEATAHHLGLLEARLAKLRR-NH,; Fig. 3c). Peptide
hydroxylation was impaired by the absence of 204G and Fe{ur} and
inhibited by BOG™ or the use of a [MID7-HI78A variant (Fig. 3d).
Incubation under "0, revealed that JMJD7 catalyzes incorporation of
") into its product, as observed for other 200G protein hydroxylases
(Supplementary Fig. 11). Alanine substitution at the hyvdrosylation
site prevented hydroylation and blocked the interaction between
isolated TMID? and DRGUZ (Supplementary Figs. 12 and 13).
Interestingly, the DRG-hydroxylation sites are highly conserved
in almost all animals induding Dresophila (Fig. 3a). Recombinant
dmIMID7 hydroxylates human DRGI and 2 peptides with similar

&90

£ FNE Nabura Amarica

e,

NATURE CHEMICAL BIOLOGY
E - P b
ki ki & &
E [ -
I T L og o
5g e B3 25
a"’ai’mm * awor  [FE & owor
- JWD - JWTe
- . DAGz - DA - DRG2
il & DR & DTAP = DFAPz
- -~  DFAPz
= = FLAG MIDT
— e — p-fotin
t DAGz

Ha~DRG1

Ha~DAG2

JMUIDT

Fig. 2 | IMID7 interacts with DRG-DFREP complexes in an active-site-
dependent manner. a, Interaction of IMIDT and DRG-DFRP s conststent
with proteamic analyses (Supplementary Fig. 9a). 3= FLAG wild-type or
Inactive (H178A) IMIDT was produced In doxycyciine-Inducible HEK293T
cedls before antl- FLAG immunopurification (1P} and westarn biotting

with the Indicated antibodies. Mote the lack of Interaction of DRG and
DFRP proteins with IMIDT H1TBA. The speciicity of endagenaus DRG
antibadies was verifled by sIRMA knockdown (Supplementary Fig. 98
Immunoprecipitation experiments validating proteamic data wera repeated
thinee times, with similar results. Uncropped western biots are provided

In Supplamentary Fig. 27. b, Endogencus DRG-DFRP compleses contain
endogenous IMID7. Endogenous DFRP (lefty ar DFRP2 (right) compleses
ware Immunopurified from HEKZS3T cells before wastarn blotting with
the Indicated antibodies. Mote that iImmunopredpitation samplas were
diluted 110 before analyses of ‘balt’ (OFRFYDRG lewels). This Interaction
experiment was repeated threa times, with simitar results. Uncropped
wastarn blots are provided In Supplementary Fig. 28. ¢, Co-locallzation

of DRGE12 and JIMID7. Hela cells were transfected with controd

(empty vector, BV, FLAG-1MUIDT andfor HA-DRGL2 bafore
Immunostaining for HA (rad) and IMIDT (green) and labeling nucled with
DAPI. This experimeant was repeated three timas, with simiiar results.

efficiency as human IMJD7 (Supplementary Fig 14a, compare to
Supplementary Fig. 15). Furthermore, dmMJD7 is able to recon-
stitute activity-dependent interactions with endogenous DRGI and
DRG2 in human cells {Supplementary Fig. 14b). These analyses
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Fig. 3 | IMID7 catalyzes iysyl hydroxylation of the DRGL 2 GTPases. a, Alignment of the conserved DRGIL2 sequancas hydroeylated by IMID? In
diffarant eukaryotas (Frotein BLAST; the figure was preparad using Clustal Omega and GanaDoc). b, Qualitative analysts of the extent of DRGT Lys-22
(upper) and DRIGZ Lys-21 Qowear) hydroytation in the absanca (laft) or presanca (right) of IMIDT overexpression. Trypsinolysis at Lys 22 of DRG1 and
Lys 21 of DRG2 s impeded by hydroxylation, complicating quantification: precursor signal intensities of the Indicated tryptic fragments, as judged by

precursar lon chromatogram anatysts, were used: a shift in praportion of the fully trypsinized peptide signal to the uncleawved trypsinized Iysyl-hydrooylated
peptide signal Is Indicattve of Increased hydroxytation. Sae Supplermaeniary Fig. 10 for M5 85 fragments datected. ¢, Pepresentative MALDI mass spectra
for wild-type DRG, . Oaft) and KZ2A DRG0 (right) in the absanca (bladk) or prasence (orange) of JIMIDT. The K224 substitution nearly ablates
peptide hydroxylation. This expariment was repeated three times, with similar results. d, Representative MALDI-MS assays with DRG1, - In the presanca’
absanca of co-factors/substrates and inhibibor. Ascorbate has no affect on IMID7 activity In the Iinear ange (the actiity of some 200G oxypenasas |5
promoted by ascorbate®). The IMID7-H17EA varlant has redwoad activity. The data represent the mean+ standard deviation (n= 3 replicates with a singla

biological sample) after Incubation for 5 min at 37 °C. This assay was repeated twice, with similar resuits. e, M5/M5 spectra of the Lys-1-hydroeylated
tryptic pepiide fragment from endogenous DRGZ (see Supplementary Fig 17a-c for axtended data, and Supplementary Fig. 17d-f for DRG1L Mote that
fragments of the hydroxylated peptide lose water (—18 Da, probably fo give a C2AC3 dehydro species, consistent with O3 hydroxylation), so most b ions
appear as pairs. Mmilar spectra were dentified In multiple sampdas from twa Indepandent experiments. f, Quanttfication of endogenous DRGZ Lys-A1
hydroweylation fodlowing controd or SWIDT sIRNA. This experiment was repeated twice, with similar results.

supgest that [MJD7-catalyzed DRG hydroxylation is highly con-
medinwmammrhnhd' to the growth
phenotype on dm/MID7 knododown im Drosophila
(Supplementary Fig. Z).

The DRG2 peptld.e (DRG2,, . NEKATEYHLGLLKAKLAKY
RA-MH,) wasalessefficient substrate than the analogous DRG L, _,
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substrate (Supplementary Fig. 15ab). A structure of the DRG1
homologue from Saccharomyces cerevisige (ribosome-interacting
GTPase | (RBGL), 66% sequence identity, Protein Data Bank
(PDE:I 1D- 4A%A ) reveals that the Lys-22 side chain protrudes from
on a highly conserved region of a helix-turn-helix {HTI—I}
ODF (Fig. 3a and Supplementary Fig. 15c). Strikingly, the
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Fig. 4 | INMID7 is a (35)-lysyl hydroxylase that promotes DRG ribonucleic acid binding. a, Overlaid extracted lon chromatogrames (mdz=503.2)
corresponding oo (fopd C3 (red), C4 (vialet) and C5 (dark blue) hydroxylysine standards post-derivatization (two peaks are obsarved because each
standard Is a mixture of stereptsomers—(25, X0/ (2R X5) and (25, X5 (2R XR): X i the hydrowytation sife; sea Supplementary Fig. 190 (bottom)
hydrolyzed DRGY,, . peptide Incubated with forange) or without (hiack) IMIDT before hydrolysis. The new product in the IMID7-treated sample
(orange) elutes at the same retention ime &= ane of the C3 stereptsomeric pairs (C3'). b, Owverlald extracted lon chromatograms (mdz=3503.23
oorresponding toc (topd C3 hydroxylysine standard sample (dark blue) and (2530 (2R, 35)-3-hydroeytysine standard (red) indicates the (25,300 (20,35)-
3-hydroytysine enantiomeric palr co-elutes with the first peak of the C3 standard: (bottom) hydrodyzed DRG0 peptide Incubatad with (orange) or
without (black) IMIDT. The new paak In JMID7-treated sample (orange) elutes at the same retention time as the standard corresponding to (25,353
(2R 3R -3-hydroeylysine (sea Supplementary Fig. 190 Amino-acid analyses were repeated two or three times, with similar results. g, Currently described
forms of lysyl hydroeyiation and thedr functions. PLODs, procollagen ysyl hydrosylases. d, W07 knockdown reduces the affinity of purified DRG2 for
an RNA poly-C (cytidine nucleotide) agarose column. 3= FLAG DRGZ was purified from doxycydine-inducible control shEMA cealls (COM shRMAY or
twen Indapendeant IMIDT shRNA cell inas (no. 2 and no. 3) before antl-FLAG purification and Incubation with paly-C agarose. Captured FLAG-DRG2

was detected by antl-FLAG westemn biotting {right: uncropped wastern biats are providad in Supplementary Fig. 39) and quantified In thres independent
axpariments, with similar results (left): the data represant the mean+ s.e.m. (n=3 biologically independant exparimeants) analyzed by two-sidad Student's
t-tast (**F< 0.0% P=0.006 for WUD7 shENAZ and 0.0082 for IMIDT shRNAZ).

positionof Lys 22 in the HTH of RBG1, and by implication DRG 12,
resembles that of the lyvsyl hydroxylation site of a IMJD4 substrate,
eRF1" (Supplementary Fig. 15c.d). The location of Lys 22 protrud-
ing from a turn between two a-helices suggests that secondary
structure may he important in JM]D7-substrate recognition, as for
JMIDY", Increasing the DRGI fragment length at its N-terminus
to include other conserved residues in the HTH (DRGI,,
ARTQENEATAHHLGLLEARLAKLRR-NH,) results in more
efficient hydroxylation (Supplementary Fig. 15ab). Importantly,
the M-terminally exte DRG2,, . fragment (ARTORENKAT

£92

1]

EYHLGLLEAKLAKYRA-NH,lundergoesefficient hydroxylation.
To investigate how [MJD7 interacts with DRGLZ, we attempted
to obtain IMJD7-DRGL/2 crystal structures, but have as yet been
unsuccessful. We therefore modelled [MID7-Fe-200G-DRGL
complexes based on the crystal structures of [MID7-Mn-200G
{(PDB: SNFO) and 5. cerevisige RBGL (PDB: 4A9A). The modeling
and cysteine substitution studies (Supplementary Fig. 16) support
the combined biochemical observations implying that leng-range
interactions involving conserved residues distant from those
immediately surrounding the hydroxylated lysine are important in
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productive ITMIDT binding. Overall, the combined cellular and
isolated protein studies define [MJD7 as a lysyl hydroxylase act-
ing on both DRG 1 and DRG2.

To investigate whether [MID? is necessary for hydroxylation of
DRGs, we imm ified endogenous DRG1/2 from HEKI93T
cells (Supplementary Fig. I7); M5 analyses identified substantial
levels of both Lys 22 (Supplementary Fig. 17d) and Lys21 (Fig_ 3e.f)
hydroxcylation, respectively. Importanthy, endogenous levels of DRG2
Lys-21 hydroxylation were dependent on the presence of [MID7T
expression (Fig. 3f and Supplementary Fig. 17h). Consistent with
the overexpression analyses (Fig. 3b and Supplementary Fig 10],
the ahility of trypsin to deave endogenous DRGs at the C-terminal
side of Lys 22/Tys 21 was reduced following hydroxylation (Fig. 3).
We also observed inhibition of DRG hydrolysis by hydroxylation
with Lys-M, which deaves at the M-terminal side of lysyl residues
(Supplementary Fig. 18). This phenomenon has not been reported
following hydroxylation of lysine at the C4 or C5 positions b‘:.rggn
tein hydroxylases' 2, mphngth.at IMJD7 catalyzes a nowvel
of bysyl hydroxylation.

IMID7 is a (35)-lysyl hydroxylase. To date. characterized 206G
oxygenases catabyse hydroxylation at the C4 (for example, TMID4')
and C5 (for example, IMJD6 and the procollagen brsvl hydrosy-
lases'™*) positions of lysyl side chains. To investigate the regio- and
stereo-selectivity of [M]D7, a DRGI peptide was hydroxylated, and
then hydrobyzed and subjected to amino-acid analysis. Following
derfvatization, LC-MS revealed a new peak, not present in comtrols,
with a mass corresponding to derivatized hydroxylysine (observed
5032162 D; caloulated 5032037 Da). Comparison using C3, C4
and C5 hydroxylysine standards* reveals that the product co-elutes
with one of the C3 hydroxylysine enantiomeric pairs (Fig. 4a and
F:Emenu:v Fig. 19); C3 hydroxylation is supported by NME

ul'thn:lI}']a‘hed DRG1 and DRG2 peptides (Supplementary
Fig. 20). Comparison with a diastereomeric mixture of C3 hydroxy-
lysine isomers and synthetic (25,38)/(2R,35)-hydroxylysine stan-
dard™ identified (25,35)-hydroxylysine as the TM[D7-catalyzed
product (Fig. 4b and Supplementary Fig. 19¢,d). No evidence for
other isomers was observed within detection limits, revealing that
IMID7 stereospecifically catalyzes (35)-hydroxylation (Fig. €a-c;
assuming retention of {25)-stereochemistry).

DRG hydroxylation promotes ribonucleic acid binding. The
effect of C3 lysyl lydroocylation on i vitro proteclysis suggests that
this post-translational modification can regulate intramolecular
interactions with functional consequences. We therefore explored
potential biological robes of DRG C3 bysyl hydroxylation. Unlike
HIF hydroxylases, IMJD7 did not significantly regulate substrate
levels: Overexpression of wild-type or HI784 TMID7T (Fig. Za and
Supplementary Fig. 9b-d), treatment with DMOG (Supplementary
Fig. 9b-d) or DRG hydroxylation site mutation (Supplementary
Figs. 21 and 27} did not consistently affect the expression of DRG or
DFRF proteins in cells. Furthermore, hydroxylation did not, within
detection limits, change the thermal stability of full-length, isolated
DRGL (using differential scanning calorimetry; Supplementary
Fig. 23). Consistent with the lack of effect on cellular stability,
hydroxylation site substituted DRGs did not affect their ability to
co-precipitate DFRPs, which are major regulators of DRG pro
tein turnover™ (Supplementary Fig. 21). Hydroxylation also did
not consistently affect GTPase activity, as determined by '"H NME
or phosphate release assays wsing recombinant DRGI in vitro
{Supplementary Fig. 24), or using DRGLU?2 purified from cells
expased to JMJD7 overexpression, short hairpin RNA (shENAJ
knockdown or DMOG treatment (Supplementary Fig. 25).

As described above, the lysine residue targeted by IMJD7 is
located at the apex of a highly conserved HTH muatif within the
M-terminal regions of DRG1/2 (Supplementary Fig. 15c). Although
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the role of this domain has not previously been reported. yeast
complementation studies reveal that it is critical for DRG func-
tion™, [MJD7-mediated DRG hydroxylation is analogous to
IMJD4-mediated eRF1 hydroxylation (Supplementary Fig. 15c.d),
in the sense that both are lysyl hydroxylation events targeting HTH
domains. eRF1 lysyl hydroocylation is thought to promote translation
termination by supporting the interaction of eRF 1 with the mRNA
stop codon®, raising the possibility that DRG bysyl hydroxylation
catalvzed by IMJDY7 has a related function. Indeed. we observed sig-
nificant binding of DRG2 to BMA affinity columns (Supplementary
Fig. 22; consistent with previous reports®). Furthermore, a DRG2
Lys-21 variant had reduced affinity for RNA, thus localizing RNA-
binding activity to the HTH domain (Supplementary Fig. 22).
Importantly, shRNA-mediated [MID7 knockdown also reduced the
RMA binding affinity of purified DRG2 (Fig. 4d and Supplementary
Fig. 22d). These data support a role for [MID7-mediated C3 lysyl
hydroxylation in promoding the interaction of the DRG TRAFAC
GTPases with RNA. Future work can focus on defining the precise
nature of the IMIDV-DRG-DFRP rbonucleoprotein complexes
and their biological roles.

Discussion

The combined cellular and biochemical results demonstrate that
TMID¥7 targets highly conserved lysine residues within two closely
related TRAFAC GTPase proteins. The finding that IMID7T cata-
byzes (35)-lysyl hydrocylation expands the repertoire of 200G oxy-
genase-catalveed modifications of basic residues, which also include
histidimyd hydrexcylation'>*, lysyl C4 hydroxylation™, bysyl (55)- and
(5B )-hydroxylation™, N"-methyl lvsyl demethylation™, argininyl
C3 hydroxylation® and, possibly, N-methyl argininyl demethyl-
ation®, The extent of 200G oxvpenase-catalyzed lysvl hvdroxylation
is striking. With the discovery of IMJD7-catalyzed C3 bysyl hydrox-
vlation, a total of seven different sites of lysine side chain oxidations
is now known to be catalvzed by 200G oxygenases. Aside from the
‘mot (yet) observed' C3 and C4 sterecisomers, oxidation reactions
at the C2 and C6 positions are unidentified exceptions; although
the products of such reactions are probably unstable, they have pre
cedence in 200 oxygenase-catalyzed protein fragmentation (

not at lysine residues as yet) via C2 hydroxylation™.

In most cases, the detailed biochemical roles of lysyl hydroxyl-
ations are unchear, with the enablement of ghycosylation by procol-
lagen (5R)-lysyl hydroxylation™ mqu:lrmred stop codon decoding
by C4 lysyl hydroxylation'** being exceptions. Our experiments
indicate that JMD7 -catalyzed h:.rd.rm‘rl,a.tlun does not substantially
affect the intrinsic stability, protein expression or GTPase activity
of DRGs. Interestingly, however, we observed that [M]D7-catalyzed
C3 lysyl hydroxylation d impairs imental -
sis, aljeu.her lhexé or N-l.eleniir:?nalu:?d.es ufm lm'ﬁ";ﬂ?;uhe.
While inhibition of the tested proteases is by not biologically
rebevant, this observation raises the possibility of a wider role for
protein hydroxylation in directly modulating protease hydrolysis.
This is particularly attractive for C3 lysyl hydroxylation and nucleo-
philic serine/threonine protease inhibition, where work with pro-
teases and bacterial cell wall biosynthesis enzymes employing
nucleophilic serine catalysis has revealed that substrate/inhibitor
substitutions that perturb hydrolysis (or formation) of the acyl-
enzyme complex can lead to inhibition™.

In addition to effects on protease hydrolysis, we observed
IMIDY- and hydroxylation site-dependent regulation of EMNA
binding. analogous to the role of IMIDM in promoting mRMA stop
coden decoding by eBF1". Although future work is required ko
address the physiological EMA targets, the of DRGs in
ribosome fractions from diverse species including yeasts, plants and
humans"*"** could be consistent with an interaction with messen-
ger or ribosomal RMA. Although the biochemical role of the DRGs
in protein translation is unclear, it is consistent with their similarity
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to other OBG GTPases of the TRAFAC family, whidh have roles
in ribosome biogenesis and translation control™*. A prokaryotic
20G-dependent prolyl hydroxylase homologous with the animal
HIF prolyl hydroxylases, elongation factor thermo unstable (EE-Tu),
has also been found to catalyze hydroxylation of a lboop region of a
translation-associated GTPase®; thus, physical and functional inter-
actions between 200 oxygenases, translation factors and BNA may
have ancient origins.

The discovery of IMJD7-catalvzed DRG hvdroxylation contrib-
utes to growing evidence on the importance of the dynamic inter-
actions between 20 oxvpenases and their substrates/interacting
partners in disease®. Both IMID7 and DRGI/DRG2 are linked
to cell growth in diverse cell types and species™ == IMJD7 and
DRG1/2 may also have context- dent roles in diseases includ-
ing cancer and mental disorders; the DRG2 gene is located in a chro-
mosomal region implicated in the $mith—-Magenis neurobehavioral
syndrome™, and DRG1/2 SHNPs have been identified in a screen
of candidate genes for autism spectrum disorders®. In support of
this, genetic studies in high-risk autism families and people with
severe intellectual disabilities have identified two substitutions in
the IMID7 gene™*, Future work can now address whether IMJD7-
catalyzed hydroxylation of DRG 12 regulates protein synthesis and
how this underlies the role of this novel pathway in growth control
and disease.

Methods

Methods, including statements of data availsbility and any asso-
ciated accession codes and references, are available at https-//doi
org 10, 1038/s4 1 589-018-007 1 -y
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