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2-Oxoglutarate/Fe(Il)-dependent dioxygenases (20G Oxygenases) are a relatively
poorly characterised enzyme family that hydroxylate biological macromolecules to
regulate a variety of essential cellular processes in mammals, including; chromatin
remodeling, extra-cellular matrix formation and oxygen sensing.

The work in this thesis focuses on a 20G Oxygenase termed Myc-Induced
Nuclear Antigen (MINA53). This enzyme has been implicated in ribosome biogenesis
and cell proliferation, and observed overexpressed in several tumour types, yet the
identity of its substrate(s) and their role in cancer is unknown.

The aims of the research that has resulted in this thesis were to; (i) develop a
cell model of MINA53 enzyme activity, (ii) apply this model to study the role of
MINAS3 activity in cell transformation and cancer, and (iii) discover novel cellular
processes regulated by MINAS53 activity. As such, | have created an isogenic cell model
consisting of K-Ras-transformed MINA53 knockout mouse embryonic fibroblasts
(MEFs) reconstituted with either wildtype or enzyme-inactive MINA53. Using this
model I have shown that MINAS53 activity maintains normal levels of the large
ribosomal subunit (60S), and suppresses anchorage-independent growth, autophagy
and gene expression. These observations suggest the existence and involvement of one
or more substrates. Indeed, proteomic and biochemical analyses in collaboration with
the Schofield laboratory (Chemistry, Oxford) confirmed the identity of a MINAS53
substrate, the 60S ribosomal protein Rpl27a. Together we have shown that Rpl27a is
abundantly hydroxylated, and that MINAS53 is a histidinyl hydroxylase; this represents
the first discovery of a ribosomal oxygenase.

The model developed here did not support a positive role for MINA53 in the
transformation of MEFs. Rather it suggested that MINA53 can suppress
transformation in some contexts. This prompted a wider investigation that
demonstrated underexpression of MINA53 in several tumour types, and the presence
of inactivating mutations in breast, ovarian and colon cancer. This thesis provides data
supporting further research to understand the role of Rpl27a hydroxylation in the

regulation of 60S biogenesis, autophagy and cancer.
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Chapter 1

Introduction



1.1 Overview

This thesis describes my studies of Myc-Induced Nuclear Antigen (MINA53), an
Fe(I)- and 2-oxoglutatate (20G)-dependent dioxygenase (20G oxygenase). As
such, this Introduction will first begin by providing a structural and mechanistic
overview of the 20G Oxygenase enzyme family, before discussing known roles of
20G Oxygenases in cell biology, physiology and disease. The Introduction will then
end on a detailed assessment of what is currently known about MINA53 and

closely related enzymes.

1.2 20G Oxygenases

20G Oxygenases are a class of enzyme that catalyses diverse oxidative reactions
involved a wide range of important biological functions. The first 20G Oxygenase
was identified in 1967 and subsequently shown to be a collagen prolyl hydroxylase
(Hutton et al., 1967). Bioinformatic analyses have since identified 20G enzymes in
most organisms, including animals, bacteria and plants. In humans more than 60
different 20G Oxygenases have been identified thus far (Figure 1.1). Whereas
prokaryotic and plant 20G Oxygenases catalyse diverse types of oxidative
modifications, their eukaryotic counterparts catalyse modifications limited to
hydroxylation and demethylation in protein, nucleic acid and lipid. In order to
catalyse these modifications 20G Oxygenases utilize molecular oxygen, Fe(II), 20G,
and in some cases ascorbate, with oxidation being coupled to the decarboxylation

of 20G to yield succinate and carbon dioxide (Hewitson et al., 2005) (see below).

14



=3 | EGF Hydroxylase

I Collagen Prolyl-3-Hydroxylase

S I Collagen Prolyl-4-Hydroxylase

—é I Collagen Lysyl Hydroxylase

FIH-related

Histone Demethylase

| +iF Proiv Hyaroxyiase
| AxsH
| Phytanoyi-Co Hydroxylase

Mm}mm

i

§ Gamma-butyrobetaine Hydroxylase

Figure 1.1. Human 20G Oxygenase gene family. Phylogenetic tree based on sequence
similarity within the catalytic domains of known and predicted human 20G Oxygenases,
showing several sub-families of related enzymes. This figure was adapted from analyses

performed by Dr Nicolas Granatino (Schofield laboratory, Oxford).
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1.3 Structure and Catalytic Mechanism of 20G Oxygenases

1.3.1 Structure

20G Oxygenases share a common structural fold known as the Double-Stranded
Beta-Helix (DSBH). This domain consists of eight anti-parallel p-strands that
together form a ‘barrel’-like structure also known as a ‘jelly-roll’ motif (Hausinger,
2004). Positioned at the more open end of this motif lies the active site (Figure
1.2). However, unlike other oxygenases (e.g. cytochrome P450s) that utilize a
heme-bound iron at the active site, 20G Oxygenases coordinate Fe(II) directly via a
‘2-His, 1-Carboxylate’ facial triad (HXD/E...H motif; see Fig 1.2) (McDonough et al,,
2010). In addition to arranging ligands involved in coordinating Fe(II), the DSBH
also positions residues involved in binding 20G; These residues are typically
Threonine/Serine, Phenylalanine, Tyrosine, and Lysine, although variants are

possible (Klose et al.,, 2006).

Aside from the catalytic DSBH domain, many (but not all, see below) 20G
oxygenases contain other structural motifs involved in their function. For example,
20G oxygenases that catalyse histone demethylation also contain DNA- and
methylated-histone- binding domains, and protein:protein interaction motifs

(Klose et al., 2006).

1.3.2 Catalytic Mechanism

The catalytic mechanism of 20G Oxygenases is characterised by the incorporation
of molecular oxygen into the prime substrate and co-substrate (20G) in an Fe(II)-
dependent manner. The active site of 20G Oxygenases forms a quaternary complex

with Fe(II), 20G and the substrate together with oxygen. The order in which

16



20G binding residues

(NOG) in Yellow. This figure was adapted from (McDonough et al.,

BIV-BV insert

20G binding site
minor p-sheet k

major
B-sheet active site

metal [Fe(ll)]

N-terminal helices

Figure 1.2. Structure of the 20G Oxygenase catalytic domain. A. The catalytic domain of
20G Oxygenases consists of a double-stranded B-helix that brings together amino acid side
chains involved in Fe(ll) and 20G binding. This figure depicts the catalytic domain of the HIF
prolyl hydroxylase PHD2 with core strands (I-VIII) of the double-stranded B-helix coloured in
Red. 20G is shown in yellow, and Fe(ll) in green. B. Minimal representation of the catalytic
domain of PHD2 in complex with the HIF1a substrate. 20G and Fe(ll) binding residues are

shown in Grey, Fe(ll) in Green (additional metals are Red), and the 20G mimic N-Oxalylglycine

permission from Elsevier, copyright 2010.
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these components bind is not fully clear but is thought to proceed from 20G
binding to the Fe(II) centre first, followed by the substrate and then oxygen. 20G
binding is proposed to weaken the interaction of a water molecule bound to the
iron, thereby facilitating its displacement by oxygen (Rose et al, 2011). The
catalytic reaction initiates with oxygen attacking the 20G through an electron
transfer from Fe(II), resulting in the formation of a covalent bond between Fe
centre and 20G is via Oz (Figure 1.3). The 20G is subsequently decarboxylated
generating succinate, COz and an ‘Fe(IV)-oxo’ intermediate. The substrate becomes
hydroxylated in the next step of the cycle by reduction of the ferryl intermediate
(IV) through abstraction of a hydrogen atom from the substrate, followed by
rebound of the oxygen onto the substrate to generate the hydroxylated product,
with coincidental reversion of the iron centre to the active Fe(II) form (Hewitson
et al,, 2005), (Schofield and Zhang, 1999). In summary, this reaction results in the
transfer of one oxygen atom to the succinate by-product and one to the protein
substrate, with the release of carbon dioxide. Ascorbate is required for the full
activity of some 20G oxygenases in order to maintain the ferrous state of the iron.
20G Oxygenases apply this mechanism in order to catalyse a wide range of
oxidative modifications. In the next sections I describe specific 20G oxygenase sub-

families and their biological roles in more detail.

1.4 Extracellular protein hydroxylation by 20G Oxygenases

1.4.1 Collagen Hydroxylases

The collagen family, of which there are 28 members (type 1 - XXVIII), are one of
the best characterised targets of 20G Oxygenases. Collagen forms part of the

extracellular matrix, providing vital functions in structural support for organs and
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Figure 1.3. Catalytic Cycle of 20G Oxygenases. Example of the catalytic cycle of a 20G

oxygenase catalysing hydroxylation of a C-H bond (note that related enzymes catalyse

demethylation via hydroxylation, see Figure 4). Fe(ll) in the active site is coordinate by a

HXD/E-H ‘facial triad’ (Blue) and 20G (Gold). Oxygen (red) binding occurs following

displacement of water by the substrate (Green), thereby producing a highly reactive Fe(IV) —=0O

ferryl intermediate that drives the hydroxylation reaction. Oxidative decarboxylation of 20G

occurs in parallel, with the production of succinate and CO,. This figure was reproduced from

(Loenarz and Schofield, 2008). Reprinted by permission from Nature Publishing Group,

copyright 2008.
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tissues and in the formation of basement membrane. Collagen types [, I, II], V, XI,
XXIV and XXVII are built up of large tri-helical structures, fibrils, which are
stabilised by crosslinking of parallel collagens (Myllyharju and Kivirikko, 2004).
The fibril-associated collagens consisting of types IX, XII, XIV, XVI, XIX, XX, XXI, XXII
and XXVI, are not directly involved in fibril formation, but rather bind to the
surface of pre-existing collagens. Collagen IV forms part of the basement
membrane that surrounds epithelial and endothelial cells to provide structural
support (Myllyharju and Kivirikko, 2004). Collagen VII and X provides structural
integrity by hexagonal networks found between the stroma of the eye and the

endothelial layers that surrounds the eye (van der Rest and Garrone, 1991).

1.4.2 Collagen-4-hydroxylation

Prolyl-4-hydroxylase (P4H) catalyses essential and irreversible hydroxylation of
proline residues (-X-Pro-Gly) in collagen (Figure 1.4). These modifications are
important for stabilisation of the collagen tri-helix chains (Myllyharju, 2008),
(Gorres and Raines, 2010), (Myllyharju, 2003). In vertebrates PH4 consists of
alphazbeta; tetramers, where the alpha subunit possesses the catalytic activity.
Two main forms of the alpha subunit exist; Alpha(I) is the most prevalent,
expressed in most cells and tissues (Annunen et al, 1997), while Alpha II
expression is restricted to chondrocytes, osteoblasts and endothelial cells (Nissi et
al, 2001). Interestingly, Collagen prolyl-4-hydroxylases may also target other
substrates; Recent work suggests that P4H1 hydroxylates P700 of Argonaute2, an
essential component of the RNA-induced silencing complex (RISC) involved in
gene-silencing (Qi et al., 2008). Although Argonaute2 does not contain any tri-

helical collagen-like structures it is hydroxylated at a X-Pro-Gly sequence. It is
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Figure 1.4. Reactions catalysed by 20G Oxygenases. Collagen Hydroxylases — Collagen is
highly modified by hydroxylation, which is catalysed by prolyl hydroxylases, (P4H and P3H) and
lysyl hydroxylases (LH). Together they play an important role in collagen function and
extracellular matrix formation. Histone Demethylases — These enzymes catalyse demethylation
via a hydroxylation reaction which produces a highly unstable intermediate that decomposes to
the unmethylated residue + formaldehyde (HCHO). Histone demethylases of the 20G
Oxygenase family regulate chromatin conformation, gene expression and development and are
implicated in cancer. It is likely that an Arginine Histone Demethylase has not yet been
discovered. DNA repair — 20G enzymes have also been implicated in DNA repair. In a process

similar to the proposed histone demethylase mechanism, Alpha-ketoglutarate-dependent
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dioxygenase (AlkB) enzyme in Escherichia Coli catalyses the repair of N-alkylated single-
stranded DNA caused by alkylating agents. In human eight AIkB homologues (hABH) have so
far been identified, of which two have been shown to exhibit DNA demethylation activity (ABH2
and ABH3). Metabolism and obesity — recently an unexpected link between DNA demtehylation
and obestity has been described. In mouse, the Fat mass- and obesity associated gene (FTO),
involved in demethylation of N-methylated DNA, has been shown to be regulated at the mRNA
level in the brain by feeding, suggesting a role for this enzyme in regulation of feeding or
metabolism. Hypoxic Sensing — HIF expression and activity is regulated by Prolyl hydroxylases
(PHD1-3) and an Asparaginyl hydroxylase (FIH). These modifications are central to a conserved
oxygen sensing pathway in animals. Note that FIH has a large number of other substrates, all of
which are modified at one or more specific Asparagine residues within Ankyrin Repeat Domains
(ARD). The function of ARD hydroxylation is likely to be structural. JMJD6 — This enzyme is a
lysyl-5-hydroxylase (same as LH) that modifies splicing factors such as U2AF65 to regulate
splicing and gene expression. Epidermal Growth Factor Hydroxylase (EGFH) — EGFH catalyses
aspartyl (X=0OH) and asparaginyl (X=NH) hydroxylation of EGF repeats in the extracellular
domain of plasma membrane proteins. The exact function is unknown, but this enzyme has
been implicated in cancer. This figure was adapted from (Loenarz and Schofield, 2008).

Reprinted by permission from Nature Publishing Group, copyright 2008.
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thought that hydroxylation of ArgonauteZ P700 is important for Argonaute2
stability since mutants that cannot be hydroxylated exhibit reduced protein half-
life. Likewise, suppression of P4H1 also reduces Argonaute2 protein (Qi et al,

2008).

1.4.3 Collagen-3-hydroxylation

Although Prolyl-3-hydroxylase (P3H) is known to target a single proline in type I, I
and III collagens, the function of this modification is still not fully understood. P3H
was identified over 30-years ago (Risteli et al., 1977), (Tryggvason et al., 1976) but
was only recently cloned from embryonic chicks (Vranka et al., 2004). The P3H
family consists of three members; P3H1, P3H2 and P3H3. Northern blot analysis
have revealed that P3H1 mRNA is expressed in a wide range of human tissues
including heart and muscle (Kaul et al., 2000) while P3H2Z and P3H3 mRNA is
expressed in mouse kidney, heart and liver (Vranka et al., 2009) P3H1 is known to
interact with cartilage-associated protein (CRTAP) and cyclophilin B (CypB) to
form a complex with chaperone activity towards collagen (Ishikawa et al., 2009).
Lastly, mutation studies implicate P3H in a recessive bone disease in humans,
consistent with important roles in bone formation and collagen helix synthesis

(Cabral et al., 2008).

1.4.4 Collagen lysyl hydroxylation

Collagen lysyl hydroxylases (LH) target specific lysine residues of collagenous- X-
Lys-Gly sequences to perform two important functions. Firstly, the modification
stabilises collagen by forming inter-molecular crosslinks (following the action of

lysyl oxidase), and secondly, it serves as attachment site for galactose and
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glucosylgalactose (Myllyla et al., 2007). The hydroxylation status of the lysine
residues on collagen varies with collagen type and tissue type. In collagen IV lysine
is highly hydroxylated and glycosylated whereas only one third of the residues are
hydroxylated in Collagen I (Khoshnoodi et al., 2008). The LHs consist of three
family members, LH 1-3. In humans LH1 mRNA is expressed in several tissue
types, including brain, kidney, pancreas and lung, with the highest expression in
skeletal muscle and liver (Yeowell et al., 1994). LH2 is mostly found in skin, heart,
kidney and spleen (Yeowell et al,, 1994), while LH3 is most highly expressed in
placenta, spinal cord, heart and pancreas (Valtavaara et al., 1998). Although all
three of the LH isoforms exert lysyl hydroxylase activity, only LH3 have been

shown to possess galactosyltransferase activity (Wang et al., 2002).

1.4.5 Aspartyl (asparaginyl)-beta-(EGF) hydroxylases.

Epidermal growth factor (EGF) stimulates cell proliferation and differentiation by
binding to the epidermal growth factor receptor (EGFR) (Carpenter and Cohen,
1990). The EGF is formed from release of EGF domains in the C-terminal part of
the large EGF precursor protein (Stenflo et al, 1987). Several proteins that
contains EGF-like domains, including factors VII, IX and X are known to be
hydroxylated on aspartate and asparagine residues by the aspartyl (asparaginyl)-
beta-(EGF) hydroxylases.(ASBH or BAH) (Figure 1.4), (McMullen et al., 1983),
(Stenflo et al., 1989). The function of these modifications are not yet clear although
loss of hydroxylation of EGF domains in mice caused developmental defects and
increased incidence of neoplasia (Dinchuk et al.,, 2002). Inhibition of ASBH led to

decreased migration in cholangiocarcinoma cells (Maeda et al., 2003)(Maeda et al.,
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2003). Furthermore overexpression of ASBH in hepatocellular carcinoma was

associated with metastasis and tumour progression (Lavaissiere et al.,, 1996).

1.5 Intracellular protein hydroxylation by 20G Oxygenases

1.5.1 Histone Demethylases

Histone methylation is important in the regulation of gene expression and forms
part of the epigenetic memory system that regulates cell fate and identity. The
basic unit of chromatin (the ‘nucleosome’) consists of 147 bp of DNA wrapped
around two copies of each of the four histones: H2A, H2B, H3 and H4 (Figure 1.5).
Protruding from the globular core of the nucleosome are the histone tails, which
are subject to extensive post-translational modifications, including; arginine and
lysine methylation, lysine acetylation, serine/threonine phosphorylation, and
lysine ubiquitination/sumoylation (Kouzarides, 2007), (Bannister and Kouzarides,
2011). Together these modifications are thought to contribute to a histone ‘code’,
which is read by a variety of transcriptional regulators to modulate chromatin
architecture and gene expression. Histone methylation/demethylation plays an
important role in this histone code; Lysine methylation at H3K9, H3K27, and
H4K20 is associated with regions of transcriptionally silenced chromatin, whereas
methylation at H3K4, H3K36 and H3K79 is associated with transcriptionally active
regions (Kouzarides, 2007), (Bannister and Kouzarides, 2011). Several 20G
Oxygenases have been implicated in the demethylation of such marks and the
chromatin conformation at these sites. 20G Oxygenases are able to catalyse
demethylation reactions because hydroxylation of the methyl group produces a

highly unstable hydroxyl-methyl group. This spontaneously decomposes to release
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Figure 1.5. Nucleosome organisation and the Histone Code. Chromatin is organised into
nucleosomes, which consist of 147bp of DNA wrapped around an octamer of histone proteins
(two each of H2A, H2B, H3 and H4). The N-terminus of each histone is exposed and subject to
a plethora of post-translational modifications that together are thought to act as a ‘code’ read by
chromatin modifying enzymes and transcriptional regulators. Histone modifications include;
Phosphorylation (P), Methylation (Me), Acetylation (Ac), and Ubiquitylation (Ub). Some
methylations are reversible by 20G oxygenases via a hydroxylation reaction. This figure was
reproduced from (Hamon and Cossart, 2008). Reprinted by permission from Elsevier, copyright

2008.
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formaldehyde and the demethylated residue (Figure 1.5). These histone
demethylases represent the largest subfamily of 20G Oxygenases (Figure 1.1), and

can be further subdivided based on function and structural similarity.

JHDM1 Histone Demethylases. The JHDM1 histone demethylase family is
conserved from budding yeast to humans and all members share leucine-rich
repeats, and F-box and CXXC zinc-finger domains (Klose et al, 2006). These
enzymes have been assigned as H3K36 demethylases; Overexpression of the
enzyme reduces the levels of H3K36 methylation in vivo, although the biological
function of this modification is not clear (Tsukada et al., 2006). The F-box is known
to interact with S-phase kinase-associated protein 1A (SKP1) to form a ubiquitin
ligase complex (Bai et al., 1996), perhaps linking histone methylation to protein
ubiquitylation. The DNA-binding CXXC zinc-finger domain has also been implicated
in epigenetic regulation, further supporting a role for this family in chromatin

remodelling (Ayton et al., 2004), (Jorgensen et al., 2004).

JHDM2 Histone Demethylase. Found from flies to humans JHDM2 is a H3K9
demethylases that associates with the androgen receptor in response to hormone
treatment and contributes to AR-mediated gene activation (Yamane et al., 2006).
Mutation of another member of this family (Hairless) results in congenital
hereditary alopecia (Ahmad et al., 1998). Although Hairless is thought to function
as corepressor of the thyroid hormone receptor (Potter et al., 2001) the precise
mechanism is unknown since it is unlikely to exhibit functional 20G oxygenase

activity (the HXD/E...H motif is not conserved) (Klose et al., 2006).
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JHDM3/IMJD2 Histone Demethylases. Conserved from yeast to humans, the
JHDM3/JM]D2 family members contain JmjN (Jumonji N domain, co-occurs with
JmjC domain, important for enzymatic activity and protein stability), plant
homebox domain (PHD, implicated in chromatin regulation) and Tudor domains
(mediate protein-nucleotide and protein-protein interactions), (Klose et al., 2006).
These enzymes are known to stimulate Retinoblastoma (Rb) protein activity by
direct binding (Gray et al., 2005). Furthermore, several groups have reported that
JHDM3/JHDM2 enzymes function as trimethyl-H3K9 and -H3K36 histone
demethylases (Whetstine et al., 2006), (Klose et al., 2006). Overexpression of the
enzyme suppresses trimethylation of these histone marks in cultured cells. The
modification was activity-dependent since the inactive mutant did not display any

reduction in trimethylated H3-K9/K36 (Whetstine et al., 2006).

JARID1/JARIDZ Histone Demethylases. The JARID family is divided into two
subgroups; JARDI1 and JARID2. JARID1 contains JmjN, AT-rich interactive, CSHC2-
zinc-finger and PHD-finger domains, whereas the JARIDZ family lacks PHD
domains (Klose et al., 2006). JARID1A (KDM5A) is a H3K4 histone demethylase
(Secombe et al,, 2007) that interacts with Rb to repress Rb-activated genes (Blair
et al, 2011). JARID1A was also shown to interact with C-Myc in vitro (Secombe et
al,, 2007). JARID2 has been implicated in organogenesis, functioning as a repressor
for several cardiac genes and controlling cell proliferation through interaction with
transcription factors (Takeuchi et al., 1999), (Jung et al., 2005), (Kim et al., 2005).
Inhibition of JARID1 and JARIDZ enzymes reduces tumour growth in preclinical
studies suggesting that targeting these enzymes with inhibitors may be a useful

anti-cancer strategy (Blair etal.,, 2011).
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PHF2/PHF8 Histone Demethylases. Members of this family all share a PHD
domain besides the catalytic domain and have been identified in worms, mice, and
humans (Klose et al., 2006). These enzymes are involved in demethylation of H3K9
and H3K27 (Fortschegger and Shiekhattar, 2011), (Yokoyama et al., 2010), PHF8
have been implicated in regulation of the cytoskeleton (Asensio-Juan et al., 2012).
Mutations in human PHF8 cause inherited X-linked mental retardation (XLMR).
PHF8 is regulating cell migration and invasion in early prostate cancer (Crea et al,,

2012).

UTX/UTY Histone Demethylases. The ubiquitously transcribed tetratricopeptide
repeat (TPR) UTX/UTY group of proteins have orthologues from worms to
humans, and contain a tetratricopeptide repeat (that mediates protein-protein
interaction). UTX is a H3K27 histone demethylase involved in regulation of HOX
gene regulation (Agger et al., 2007). UTX has also been found to be mutated in
several cancers and is though to be a tumour suppressor (Dalgliesh et al., 2010),
(van Haaften et al., 2009) Recently the Caenorhabditis elegans homologue of
mammalian UTX was found to be an essential gene that is required for correct
embryonic and postembryonic development, but surprisingly it was found not to

require its enzymatic activity (Vandamme et al., 2012).

1.5.2 HIF hydroxylases and Oxygen Sensing

The maintenance of cellular oxygen homeostasis is a critical process as either
excess (hyperoxia), or limiting (hypoxia), oxygen levels can be harmful to the cell,
resulting in excessive oxidative damage of biomolecules or cessation of ATP

production by oxidative phosphorylation, respectively. Because of oxygen'’s vital
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importance its homeostasis is tightly controlled by a highly conserved oxygen
sensing pathway that regulates an extensive array of genes in response to cellular
hypoxia. The master regulator of this pathway is a transcription factor termed
hypoxia-inducible factor (HIF), which is a heterodimer consisting of a
constitutively expressed HIF-f subunit, and a HIF-a subunit whose expression and
activity is induced by hypoxia (Lee et al., 2004). HIF activation in response to
hypoxia induces the transcription of a wide range of genes involved in cellular and
systemic adaptation to hypoxia, including genes involved in; cell migration, energy
metabolism, angiogenic signalling, transcriptional regulation, growth and
apoptosis (Schofield and Ratcliffe, 2004). HIF is involved in many cancers and

known to stimulate tumour growth and angiogenesis (Mabjeesh and Amir, 2007).

HIF prolyl hydroxylases, PHD1-3. The inducible expression of HIF-a is mediated
by a family of prolyl-4-hydroxylases that together target two conserved Proline
residues in HIF1-a (P402 and P564), (Masson and Ratcliffe, 2003). Hydroxylation
of these residues by PHD1-3 under normoxic conditions creates a high affinity
binding site for pVHL, the targeting subunit of an E3 ubiquitin ligase (Figure 1.6).
Subsequent ubiquitylation of HIF-a targets it for proteasomal degradation,
rendering the protein highly unstable. Because the HIF PHDs have a relatively low
affinity for oxygen (Hirsila et al,, 2003) their enzymatic activity is impaired during
hypoxia, thereby preventing HIF-a hydroxylation and degradation (Schofield and

Ratcliffe, 2004).
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Figure 1.6. HIF regulation by hydroxylation. In the presence of Oxygen (Normoxia, left
column), HIF is inactive due to (i) prolyl hydroxylation by PHD1-3, which creates a binding site
for the VHL E3 ubiquitin ligase complex (VHL, Elongin B/C, Cul2, Rbx1, E2) and subsequent
ubiquitylation (Ub) and proteasomal degradation, and (ii) asparaginyl hydroxylation by FIH,
which prevents binding of the transcriptional co-activators p300/CBP. Under conditions of low
oxygen (Hypoxia, right column), these hydroxylations are prevented, leading to HIF-a
stabilisation, nuclear translocation, binding to the HIF-b subunit and recruitment of p300/CBP.
The active HIF complex then transactivates a large number of genes involved in cellular and
systemic adaption to hypoxia. This figure was adapted from (Coleman and Ratcliffe, 2007).

Reprinted by permission from Portland Press, copyright 2007.
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HIF asparaginyl hydroxylase, FIH. HIF-a is subject to a second tier of oxygen-
dependent regulation; A 20G Oxygenase termed Factor inhibiting hypoxia
inducible factor (FIH) targets HIF-a asparagine residue 851. This modification
prevents binding of the coactivator p300, thereby limiting HIF activity (Lando et
al,, 2002), (McNeill et al,, 2002). Under hypoxic conditions FIH activity is inhibited,
thereby preventing N803 hydroxylation and allowing p300 recruitment and HIF
activation. Unlike the PHDs, which shows a high affinity for oxygen (Hirsila et al,,
2003) FIH exhibits a low affinity for oxygen (Koivunen et al., 2004), (Stolze et al,,
2004) making it less sensitive as oxygen sensor. Besides HIF, FIH is known to
hydroxylate ankyrin repeat domains asparagine (ARD) on asparagine residues
(Cockman et al,, 2009), (Yang et al., 2011). ARDs are found on around 6% of the
eukaryotic proteins sequenced (Barrick et al, 2008) and are involved in many
biological processes including embryogenesis (Krebs et al,, 2012), (Krebs et al,,
2012) and cell migration (Tachibana et al, 2009). The first ARDs shown to be
hydroxylated by FIH was p105 (NFKB1) and IkappaBalpha (Cockman et al., 2006).
The role of these modifications is not yet clear but most likely they are involved in
influencing stability and function of the ARDs (Hardy et al., 2009), (Kelly et al,,

2009).

1.5.3 FIH-related 20G Oxygenases

The HIF-a asparaginyl hydroxylase belongs to a 20G Oxygenase subfamily
consisting of several other members, all of which lack any other recognisable
structural motifs. This subfamily is poorly characterised compared to other 20G

Oxygenases, but what is know is summarised below:
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JMJD5. Although this 20G Oxygenase was originally suggested to be a H3K36
demethylase that regulates Cyclin Al transcription (Hsia et al, 2010), recent
structural data questions its assignment as a histone demethylase (Del Rizzo et al,,
2012). JM]D5 appears overexpressed in several cancer types; Consistent with this
observation, JM]D5 loss-of-function in the breast cancer cell line MCF-7 induced
cell cycle arrest (Hsia et al, 2010). JMJD5 has also recently been reported to
function as an osteoclastogenic repressor by destabilisation of the major osteoclast
transcription factor, NFATcl (Youn et al, 2012). Although the proposed
mechanism was suggested to involve direct hydroxylation and targeting to pVHL
for proteasomal degradation, no evidence of hydroxylation by mass spectrometry
was provided. Therefore, the exact nature of the JM]JD5 substrate(s) remains

elusive.

JMJD7. The function of JM]JD7 is unknown. Most tissues express read-through
transcripts from the JMJD7 gene into the downstream cytosolic phospholipase A2f
(PLA2G4B) gene, which contains a calcium sensing domain and a phospholipase
domain. Besides its ability to hydrolyse phospolipids containing arachidonic acid,

little is known about the JMJD7-PLA2G4B product (Klose et al., 2006).

HSPBAP1. Heat shock 27kDa associated protein 1 (HSPBAP1) is a widely
expressed cytoplasmic enzyme conserved from fly to humans. As its name
suggests, this 20G Oxygenase was discovered following its interaction with heat
shock protein 27kDa (HSP27). Overexpression of HSPBAP1 was found to inhibit
the capacity of HSP27 to protect cells against sublethal heat shock (Liu et al,

2000). Interestingly, HSPBAP1 has been described in two other contexts. It is
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targeted by a chromosomal translocation in renal cell carcinoma producing a
fusion with the DIRC3 gene (Bodmer et al, 2003), and is overexpressed in the
anterior temporal neocortex of patients with intractable epilepsy (Xi et al., 2007).
How these observations relate to the predicted 20G Oxygenase activity of

HSPBAP1 is unknown.

JMJD6. This 20G Oxygenase was originally known as the phosphatidylserine
receptor (PTDSR). By binding to phosphatidylserine, which is found on the outer
plasma membrane of cells undergoing apoptosis, it was proposed to play a role in
the clearance of apoptotic cells (Li et al., 2003). However, more recent studies have
cast doubt on this since JMJD6/PTDSR is mostly localised to the nucleus (Bose et
al, 2004). JMJD6/PTDSR knockout mice exhibit perinatal lethality, growth
retardation and disturbances in the differentiation of the kidney, intestine, liver
and lungs during embryogenesis (Bose et al., 2004) perhaps consistent with a
fundamental biological role. Although JM]JD6 has been suggested to possess histone
arginine demethylase activity (Chang et al.,, 2007), this has also been called into
question; Recent evidence indicates that JM]JD6 is in fact a lysyl hydroxylase,
regulating splicing via hydroxylation of splicing factors such as U2AF65 (Hahn et
al, 2010), (Webby et al., 2009). In breast cancer JM]JD6 promotes tumour growth

and is associated with a poor prognosis (Lee et al., 2012).

NO66. Nucleolar protein of 66 KDa (NO66, also known as MAP]D) is a nucleolar-
localised 20G Oxygenase implicated in ribosome biogenesis; Sucrose gradient
fractionation of Xenopus oocyte nuclei indicates that NO66 is enriched in fractions

containing precursors of the large ribosomal subunit and various forms of the 90S
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preribosomal particle (Eilbracht et al., 2004), NO66 is upregulated in non-small
cell lung cancer and its knockdown by siRNA suppresses the growth of non-small
cell lung cancer cells (Suzuki et al., 2007); the authors propose the role of NO66 in
the growth of these cells relates to its interaction with Myc. Others suggest that
NO66 is a H3K4 and H3K36 histone demethylase involved in regulation of
osteoblast differentiation via the osteoblast-specific transcription factor Osterix
(Sinha et al.,, 2010). However, work from our laboratory in collaboration with
Christopher Schofield has failed to detect any demethylase activity of NO66 either

in vitro or in vivo.

NO66 shares significant sequence homology (36% overall, 57% within the catalytic
domain) with another predicted 20G Oxygenase, termed Myc-Induced Nuclear
Antigen, which is the subject of this thesis, and described in more detail in the

section that follows.

1.6 Myc-Induced Nuclear Antigen (MINA53)

1.6.1 Identification

MINAS53 was originally identified in a screen for Myc target genes in glioblastoma
cells (Tsuneoka et al., 2002). The MINA53 gene was shown to encode a 53 KDa
protein consisting of a single recognisable structural motif, the 20G Oxygenase
domain. Whilst it is highly conserved in mammals, the evolutionary conserved
form found in lower organisms more closely resemble NO66. Bioinformatic
alignment of MINA53 from several organisms indicates that Fe(II) and 20G binding
residues are conserved, suggesting that the enzyme is functionally active (Figure

1.7).
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1.6.2 Localisation of MINA53

MINAS53 is mainly localised to the nucleolus, albeit with a low level of nuclear
staining as demonstrated by immunoflourescence (Tsuneoka et al, 2002),
(Eilbracht et al, 2005). Immunoelectron microscopy using an antibody raised
against MINAS53 confirmed its localisation to the nucleolus and specifically to the
granular component of this organelle, similar to NO66 (Eilbracht et al., 2005),
(Eilbracht et al.,, 2004). Interestingly, the granular component of the nucleolus is
implicated in the later processing stages of ribosome biogenesis (see below and

Chapter 7).

1.6.3 MINAS53 is implicated in ribosome biogenesis

As outlined above, immunofluorescence and electron microscopy have shown that
MINAS53 localizes to the nucleolus. Interestingly, RNAse treatment abolishes this
localization (Tsuneoka et al., 2002), (Eilbracht et al., 2005). Likewise, treatment
with low doses (0.04ug/ml) of Actinomycin-D known to specifically inhibit RNA
polymerase I, or prolonged serum starvation, also results in depletion of MINA53
from the nucleolus (Eilbracht et al, 2005). These results suggest that the
localisation of MINAS3 to the nucleolus requires ongoing transcription of
ribosomal RNA (rRNA), perhaps consistent with an interaction with rRNA and/or a
role in ribosome biogenesis. Biochemical characterisation has also suggested a role
for MINAS53 in ribosome biogenesis. Large-scale immunoprecipitations using
lysates from human A431 cells showed co-precipitation of MINA53 with nucleolar
protein nucleophosmin and ribosomal proteins from both large and small

ribosomal subunit (Eilbracht et al., 2005). Furthermore, gradient fractionation of
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Xenopus oocyte detected MINA53 in a fraction known to be enriched in

preribosomes (Eilbracht et al., 2005).

1.6.4 Role in immunology: MINAS53 is an IL4 repressor

In a recent publication MINAS53 was specifically found to bind and repress the /14
promoter in CD4+ T cells through an unknown mechanism. MINAS53
overexpression in transgenic mice impaired /I4 expression, while its knockdown in
primary CD4* T cells led to 14 derepression. Together, these findings suggest a
possible involvement of MINA53 in an [I4 pathway regulating Ty differentiation
and genetic variation in Ty2-bias (Okamoto et al., 2009). Presumably, the role of
MINAS3 as a transcriptional repressor of IL4 relates to its nuclear, as opposed to
nucleolar, localisation. Whether MINA53 mediates the repression of other gene

transcription is unclear.

1.6.5 Expression of MINA53 in cancer

MINAS53 has been found to be upregulated in a wide range of tumours and in some
cases is associated with poor prognosis (Ogasawara et al., 2010), (Teye et al,
2004), (Teye et al,, 2007), (Ishizaki et al.,, 2007). In one study of gastric carcinoma
(Zhang et al., 2008), increased expression of MINA53 was observed in most of the
tumours (91.1%) but negatively expressed in all normal mucosa tissues. Elevated
expression of MINA53 was found to be coupled with a poor prognosis in renal cell
carcinoma (Ishizaki et al, 2007), and overexpressed in most oesophageal
squamous cell carcinomas tumours (83%) where it is associated with shorter
survival (Tsuneoka et al., 2004). MINA53 expression was correlated with tumour

proliferation but not prognosis in gingival squamous cell carcinoma (Kuratomi et
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al, 2006), and was found frequently expressed in aggressive types of B cell
lymphoma (Teye et al, 2007). Furthermore, increased levels of MINA53 were
associated with poor prognosis in neuroblastoma (Fukahori et al, 2007), and
associated with poorly undifferentiated tumours and tumours with larger
diameter in hepatocellular carcinoma (Ogasawara et al,, 2010). The majority of
these reports on MINA53 overexpression in cancer derive from the same
collaborator network based in Japan, who clearly make a strong case for MINA53
as a novel prognostic marker and/or novel cancer target. However, one study from
this network indicates that lung cancer patients with a negative staining for
MINAS3 had a significantly worse prognosis than patients with a positive staining
(Komiya et al.,, 2010a). Therefore, the role of MINA53 in cancer may be tissue

specific.

1.6.6 Cellular phenotypes of MINA53 associated with cancer

In vitro tissue culture models have recently begun to investigate the role of
MINAS53 in tumourigenesis. siRNA targeting MINA53 may suppress the growth of
several human cancer cell lines including; cervical carcinoma HeLa cells, lung
adenocarcinoma A549 cells, and human colon carcinoma SW620 cells (Teye et al.,
2004), (Zhang et al., 2005), (Tsuneoka et al., 2002). This may be consistent with
observations that MINAS53 overexpression correlates with staining of the
proliferation marker Ki67 in some human tumours (Kuratomi et al., 2006), (Teye
et al.,, 2004). Overexpression of MINA53 can induce the transformation of NIH/3T3
cells in soft-agar growth assays (an assay of anchorage-independent growth) and
injection of these cells into nude mice produces tumours (Komiya et al., 2010b).

cDNA microarray analysis of overexpressing MINA53 NIH/3T3 cells indicated that
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MINAS53 regulates genes involved in cell proliferation, metastasis, cell migration

and metabolic process (Komiya et al., 2010b).

The observation that MINA53 overexpression in lung cancer may be associated
with a favourable prognosis (Komiya et al, 2010a) prompted the authors to
investigate the mechanisms involved. Overexpression of MINA53 in the squamous
lung cancer cell line H226B inhibited cancer cell invasion, whilst it induced
apoptosis in A549 cells (Komiya et al., 2010a). Furthermore, transfection of
MINAS53 shRNA into H226B cells increased their invasion. These data further
support the possibility that the role of MINA53 in tumourigenesis is cell and/or

tissue specific.

1.6.7 Enzyme Activity and substrates of MINA53

Although MINAS53 is recognised as a 20G Oxygenase and has been implicated in
multiple cellular processes and cancer, the role and identity of its substrates are
not yet clear. However, similar to NO66, it has been suggested that MINAS3 is a
histone demethylase. Lu et al propose that MINA53 is a histone demethylase that
targets H3K9 at the ribosomal RNA promoter, thereby inducing promoter activity
(Lu et al., 2009). siRNA treatment of MINA53 increased the levels of H3K9me3 at
the ribosomal DNA promoter while overexpression enhanced the expression of
28S and 18S rRNA. However, direct evidence of MINA53 histone demethylase
activity (i.e. mass spectrometry) was not presented. In line with this, local attempts
have failed to detect histone demethylase activity of MINAS53 in vivo or in vitro

(personal communication Professor Christopher Schofield and Dr Mathew
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Coleman). The enzymatic activity of MINA53 involved in rRNA transcription,

ribosome biogenesis, cell proliferation and cancer remains elusive.

1.7 Aims and scope of this thesis

The aim of my thesis is to expand our knowledge of MINA53 and specifically to
explore the role its enzymatic activity in cellular processes associated with
tumourigenesis. In order to achieve this [ have created cellular models that allow
the role of enzyme activity to be dissected. Chapter 2 describes my work
investigating the role of MINAS3 in proliferation using both acute and chronic gene
silencing to reduce the levels of MINA53. In chapter 3 I develop an isogenic
MINA53 knockout cell model for studying the role of MINA53 activity in various
biological processes, including suppression of K-Ras transformation. In Chapter 4 I
describe our identification and characterisation of a MINAS53 substrate, providing
proof that MINAS3 is a ribosomal hydroxylase. In chapter 5 I examine the role of
MINAS53 in ribosome biogenesis and autophagy, and in the final results chapter I
provide additional genetic evidence supporting a negative role of MINA53 enzyme
activity in tumourigenesis. Chapter 7 discusses the results in my thesis in a wider

context and outlines further directions for the work presented.
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Chapter 2
Role of MINAS3 in proliferation
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2.1 Introduction

MINAS3 is reported to play an important role in tumour cell growth. Knockdown
of MINA53 by siRNA inhibited the growth of Hela cervical carcinoma, rat
3Y1MycB, SW620 human colon carcinoma, and A549 lung adenocarcinoma cell
lines (Teye et al.,, 2004), (Zhang et al,, 2005), (Tsuneoka et al., 2002) In contrast,
MINA53 may promote anti tumourigenic phenotypes under some conditions:
MINAS53 shRNA in the lung squamous cell carcinoma cell line, H226B, increases cell
invasion. Furthermore, overexpression of MINA53 in A549 cells induces apoptosis
(Komiya et al.,, 2010a). Therefore, the role of MINA53 in tumour cell proliferation
and survival is currently unclear. A role for the potential 20G oxygenase activity of

MINAS3 in the phenotypes described above has not yet been explored.

2.2.1 Effect of MINA53 siRNA on cell growth in A549 and HeLa cell lines

In order to identify a suitable system for investigating the role of MINA53 enzyme
activity in tumour cell proliferation, I first began by attempting to replicate some of
the published observations described above. A549 and HeLa cell lines were
transfected with MINAS53 (2 different siRNA, #2 published sequence, (Zhang et al.,
2005)) or control (dHIF) siRNA, or treated with transfection reagent alone
(oligofectamine), before monitoring MINA53 knock-down efficiency by western
blot (Figure 2.1A and 2.2A). In parallel, cell proliferation was monitored for four
days using the 3-(4,5-imethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) mitochondrial cell viability assay. This assay requires the activity of
mitochondrial reductase enzymes to convert the added tetrazolium salt into a
purple formazan product whose absorbance can be detected using a spectro-

photometer (Mosmann, 1983), (Cory et al,, 1991).
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Figure 2.1. Effect of MINA53 siRNA on cell growth in HeLa cells. A. Western blot of control
(Mock (oligofectamine alone) or dHIF siRNA) and MINA53 siRNA in HelLa cells. B. Cell growth
of transfected siRNA MINA53 HelLa cells measured by 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.
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Figure 2.2. Effect of MINA53 siRNA on cell growth in A549 cells. A. Western blot of control
(mock (oligofectamine alone) and dHIF siRNA) and MINA53 siRNA in A549 cells. B. Cell growth
of A549 cells transfected with control (Mock (oligofectamine alone) or dHIF siRNA) and MINAS3
siRNA, evaluated by MTT assay.
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Surprisingly, although effective knockdown of MINA53 (using siRNA #1) was
achieved in both cell lines, no negative effect on proliferation was observed (Figure
2.1B and 2.2B). I therefore conclude that a transient reduction of MINA53 using
siRNA does not significantly affect the proliferation of these cells, at least under the

examined conditions here.

2.2.2 Effect of MINA53 shRNA on cell growth in A549 and HEK293T cell lines

I next sought to determine whether more chronic enzyme knockdown was
required to elicit reduced growth rates. I established A549 and HEK293T cells
stably expressing either a MINA53 or control shRNA sequence (Figure 2.3A and
2.4A). 1 had to isolate clones from the pool of MINA53 shRNA A549 cells in order to
obtain a satisfactory knockdown of MINA53. Therefore, for comparative analyses
we compared three independent clones for each shRNA (Figure 2.3A). Cell growth
was monitored for 5 days by either MTT assay for A549 clones, or MTS assay for
293T cells. The MTS assay is a simpler ‘next generation” MTT reagent and was
therefore used for much of the subsequent analyses. In line with the findings
described in section 2.2.1, there was no consistent MINA53-dependent effect on
cell proliferation in either cell background (Figure 2.3B and 2.4B). Although,
selected MINA53 shRNA A549 clones exhibited reduced growth rate compared to
some controls clones, no clear correlation was found between the level of MINA53
expression (Figure 2.3A) and cellular proliferation (Figure 2.3B). In conclusion,
despite efficient and chronic knockdown of MINAS53, | was unable to observe any
significant or consistent affect on cell proliferation in either of two independent

cell lines. However, I cannot rule out the possibility thatalow level of residual
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Figure 2.3. Effect of MINA53 shRNA on cell growth in A549 cells. A. Western blot of control
shRNA and MINA53 shRNA in A549 clones. B. Effect of shRNA against MINA53 on cell growth

in A549 cell lines compared to controls examined using an MTT assay.
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Figure 2.4. Effect of MINA53 shRNA on cell growth in HEK293T cells. A. Western blot of
control shRNA and MINA53 shRNA expressing HEK293T cells. B. Effect of shRNA against
MINA53 on cell growth in HEK293T cells. Cell proliferation examined using a 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)  (in  the
presence of phenazine methosulfate (PMS)) MTS assay.
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MINA53 in knockdown cells was sufficient to maintain normal cell growth under

these conditions.

2.3.1 A MINA53 gene knockout cell model

To study the consequence of complete loss of MINA53 expression on cell
proliferation (and other cellular processes) I generated Mouse Embryonic
Fibroblasts (MEFs) from MINA53 wildtype (WT), heterozygous (HET), and
homozygous knockout (KO) mouse embryos (Figure 2.5). Others in our laboratory
previously established the conditional knockout MINA53 mice. The targeting
vector used to create this transgenic line contained LoxP sites flanking MINAS53
exons 3 and 4 (encoding the catalytic JmjC domain) to allow Cre recombinase-
mediated inactivation of MINAS53 in vivo. Timed mating of MINA53 heterozygous
KO mice was used to isolate 11 littermate embryos at E13.5, from which
fibroblasts were then cultured in vitro. In parallel, genomic DNA was isolated from
a limb tip from each embryo and genotyped by PCR using specific primers (Figure
2.5A). PCR products of expected sizes for WT (260 bp) and KO (439 bp) MINA53
alleles identified 3 WT, 5 HET, and 3 KO embryos in the litter (Figure 2.5B).
Primary MEFs were obtained from three embryos of each genotype, which I then
immortalised using a retrovirus expressing the SV40 Large-T antigen (Figure

2.6A).

2.3.2 Effect of MINA53 gene knockout on cell growth in immortalised MEFs

To study the effect of MINA53 gene loss in MEFs, the proliferation of immortalised

WT, HET and MINA53 KO cells was monitored using the MTT assay for 5 days.
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Figure 2.5. Establishment of MINA53 gene knockout MEFs. A. Targeting vector for MINA53
outlining loxP sites, sequencing primer binding sites, and neo cassette. Lower figure shows
MINAS3 after removal of floxed exon 3 and 4 by Cre recombines. B. DNA blot of genotyping
PCR of WT, HET and KO MINA53 primary MEFs, using primers detecting LoxP sites and Neo-

casette. (*) denotes primary MEF cell lines that were subsequently immortalised and assayed

for cellular proliferation.
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Figure 2.6. Effect on growth using immortalised WT, HET and KO MINA53 MEFs. A.
Western blot of SV40 Large T immortalised wild-type (WT), heterozygous (HET) and knockout
(KO) MINA53 MEFs. Primary MEFs were immortalised by a retrovirus expressing SV40 LargeT
antigen. Number denotes identification number for each cell line. B. Cell proliferation of
immortalised WT, HET and KO MEFs monitored using a MTT assay.
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Consistent with my previous findings, no significant MINA53-dependent effect on

cell growth was observed (Figure 2.6B).

2.3.3 Effect of MINA53 gene knockout on cell growth in K-Ras transformed
MEFs

Since published observations of MINAS3 in cell growth relate to the transformed
cell state I next sought to test whether transformation of immortalised MINA53
MEFs would elicit a growth phenotype. Therefore, I transformed WT and KO
MINAS53 MEFs with a retrovirus expressing oncogenic K-Ras (a G12V mutation that
renders it GTPase deficient): K-Ras-transformed WT and KO MEFs exhibited
several hallmarks of transformed cells, including spindle-shaped morphology
(Figure 2.7A), and enhanced growth rate compared to their immortalised
counterparts (Figure 2.7B). However, despite enhanced proliferative drive in the
transformed MEFs, we still did not observe any MINAS53 dependent effect on
cellular proliferation (Figure 2.7B). We therefore conclude that neither
immortalised nor transformed MEFs have any specific requirement for MINA53
expression for cell proliferation. Taken together, my findings thus far suggest that
MINAS3 is not required for the proliferation of several cell types, at least under the

conditions of two-dimensional (2D) growth assayed here.

2.3.4 MINA53 KO transformed MEFs show enhanced anchorage-independent
growth
To test whether MINAS3 is required for the growth of transformed cells in a model

which more closely resembles 3D growth within a tumour, I compared the
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Figure 2.7. Morphology and growth of immortalized MEFs compared to transformed
MEFs A. Phase contrast images of SV40 LargeT immortalized and K-Ras G12V transformed
WT and MINA53 KO MEFs. B. Cell growth of Immortalised MEFs compared to transformed
MEFs evaluated using a MTS assay.
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anchorage-independent growth of WT and KO MEFs in vitro. Fibroblasts must be
attached to a solid surface in order to survive and proliferate: Suspension in a
viscous fluid or gel causes cells to undergo apoptosis in a process called anoikis
(Frisch and Screaton, 2001). However, when fibroblasts are transformed using a
potent oncogene they become anchorage-independent and grow without the need
for attachment. Anchorage-independent growth can be monitored in vitro using a
‘soft agar’ assay in which cells are seeded in semi-solid agar, before suspending on
a layer of higher percentage agar, and culturing for 3-4 weeks. Colonies are stained
using crystal violet dye and counted to assess a cell lines tumourigenic potential.
Using this assay | measured the anchorage-independent growth potential of K-Ras-
transformed MINA53 WT and KO MEFs. In contrast to a pro-tumour role for
MINAS53, KO transformed MEFs formed significantly more colonies than MINAS53
WT MEFs (Figure 2.8). Therefore, MINA53 negatively regulates the anchorage-

independent growth of K-Ras transformed MEFs.

2.3.5 Effect of MINA53 on clonogenic survival

To determine whether the observed effect of MINA53 on anchorage independent
growth was due to inherent differences in clonogenic viability [ measured survival
of MINA53 wildtype and knockout cells using a 2D colony formation assay. In this
assay cells are seeded out at several different densities and left for three weeks to
form colonies from single cells, after which the colonies were stained with crystal
violet and counted. Although I observed slight differences in the survival of each

cell line, there was no clear genotypical correlation (Figure 2.9).
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Figure 2.8. Effect of MINA53 on cell proliferation in K-Ras G12V transformed MEFs. A. K-
Ras G12V transformed WT and MINA53 KO MEFs were seeded out at three different densities
in ‘soft agar’, grown for 3 week where after formed colonies were stained with crystal violet and

counted. B. Number of formed colonies in ‘soft agar’ after 3 weeks of growth.
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Figure 2.9. Effect of MINA53 on clonogenic survival in transformed MEFs. K-Ras G12V
transformed WT and MINA53 KO MEFs were seeded out at three different densities, grown for

3 week where after formed colonies were stained with methylene blue.
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2.4 Conclusion

In this chapter I have investigated the role of MINA53 in the growth of tumour cell
lines and a transgenic MEF model. Others have reported that a reduction of
MINAS3 severely suppresses tumour cell proliferation. However, although several
approaches and cell types were used I was unable to observe any significant effect
of MINAS3 inhibition on 2D proliferation. A possible explanation for the published
observations may relate to the unusually high concentrations of oligonucleotide
used in some studies (400nM; (Zhang et al., 2005) and ‘off-target’ effects of siRNA.
Surprisingly the published siRNA sequence (MINAS53 siRNA #2,) did not reduce

MINAS3 protein levels at a commonly used siRNA concentration (20 nM).

Interestingly, when I examined the role of MINA53 in 3D growth, I discovered a
potential role for MINAS53 in negatively regulating anchorage-independent growth
of K-Ras-transformed MEFs. However, because only two cell lines were assayed
per genotype there remains the possibility that these observations represent
random variation between embryos, rather than a bona fide MINA53-dependent
effect. Furthermore, the current MEF cell model does not allow the role of MINA53
enzyme activity in anchorage-independent growth and other cellular processes to
be investigated. In Chapter 3 I address both these points by creating a cell model in
which wildtype or enzyme-dead MINAS53 are reconstituted into an isogenic KO

MEF background.
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Chapter 3
An isogenic MEF model for studying
the enzymatic activity of MINAS3
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3.1 Introduction

MINAS53 has been implicated in several important biological processes including
proliferation, ribosome biogenesis, cytokine gene expression, chromatin
modification and transformation (Tsuneoka et al., 2002), (Eilbracht et al., 2005),
(Komiya et al,, 2010a), (Komiya et al., 2010b), (Lu et al., 2009). Furthermore, in
Chapter 2 I provide preliminary data implicating MINA53 in the suppression of
anchorage-independent growth. However, the role of its potential enzymatic
activity in these processes is not yet clear, despite the conservation of critical
catalytic residues (see Chapter 1, figure 1.7). Therefore, I sought to establish a
cellular model that could be used to dissect the roles of MINA53, and its enzyme

activity, further.

3.2.1 MINA53 rescue MEFs for structure-function studies

To create a suitable model for studying the biological role(s) of MINA53 enzyme
activity I decided to work in a single KO MEF cell line described in Chapter 2. This
provided the complete absence of MINA53 and an ‘isogenic’ background in which
to reconstitute expression. K-Ras-transformed MINA53 KO MEF cell line was
reconstituted with empty vector control, wildtype or inactive (Fe(II) binding
mutant H179A; see Chapter 1, figure 1.7) HA-tagged MINAS53 (Fig 3.1). Retroviral
delivery of the MINAS53 cDNA'’s led to overexpression of MINAS53 relative to WT
MEFs (Figure 3.2A). Immunofluorescence staining confirmed the anticipated
colocalisation of wildtype and mutant HA-MINA53 with the nucleolar marker,
nucleolin (Figure 3.2B). Therefore, localisation of MINA53 to the nucleolus does
not require its enzymatic activity. Reconstitution with either wildtype of H179A

mutant MINA53 did not significantly affect the transformed morphology of KO
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Figure 3.1. Generation of Kras-transformed WT and KO MINA53 MEFs. Schematic drawing
outlining the procedure to generate Kras-transformed wild-type (WT), and MINA53 knockout
(KO) mouse embryonic fibroblasts (MEFs) reconstituted with either empty-vector (EV), WT
MINAS3 or enzymatic inactive MINA53 (H179A). Primary MEFs derived from WT and MINA53
KO mouse embryos were immortalised using a retrovirus expressing SV40 Large T antigen and
subsequently transformed by a retrovirus expressing oncogenic Kras G12V. In an isogenic

background MINA53 KO MEFs were reconstituted with EV, WT MINA53 or enzyme inactive

MINA53 (H179A).

60

Trans
KO +
HA-
MINAS53
H179A




)
A =
I
™ [32]
n n
< <
zZ =z
= =
>S 4 <
1] I I
+ + +
E O O O
2 ¥ X ¥
MINA53 e
HA L o
Bactin A ——
B
DAPI Nucleophosmin HA (MINA53)

KO+EV

10 pum

KO+HA-MINAS53

St — §
10 pm 10 um

KO+HA-MINAS53
H179A

—
10 Jm Sy 10 um

Figure 3.2. Kras-transformed WT and MINA53 KO MEFs reconstituted with MINA53. A.
Western blot of MINA53 KO MEFs reconstituted with empty vector (EV), HA-tagged wild-type
MINAS3 or HA-tagged MINAS3 iron binding mutant (H179A). B. Immunofluorescence of Wild-
type MEF and HA-tagged knock-out (KO) rescue cell lines. Cells were stained with HA-FITC,
nucleolar protein nucleophosmin and DAPI, and examined using a Zeiss 510 MetaHead

confocal microscope.
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MEFs (Figure 3.3A). Consistent with my previous findings, reconstitution of KO

MEFs with WT or inactive MINA53 did not affect 2D proliferation (Figure 3.3B).

3.2.2 Effect of MINAS53 reconstitution on the anchorage-independent growth
of transformed KO MEFs

In an attempt to validate the MEF model for use in dissecting activity-dependent
and in-dependent roles of MINA53 I next assessed the anchorage-independent
growth capacity of the reconstituted MEFs. [ previously observed that the presence
of MINAS3 suppressed the anchorage-independent growth of two independent K-
Ras-transformed MINA53 MEF lines (2.3.4). Consistent with this, reconstitution of
HA-MINA53 into one of these lines restored colony formation to normal levels
(Figure 3.4). Importantly, reconstitution with the same level of HA-MINA53 H179A
did not restore colony growth to wildtype MEF levels. Together these data indicate
that regulation of anchorage-independent growth in transformed MEFs is both
MINAS53- and activity-dependent, and suggests the existence of one or more
MINAS3 substrates. Overexpression of reconstituted HA-MINA53 did not enhance
the suppression of colony formation (relative to wildtype MEFs) (Figure 3.4),
perhaps consistent with complete modification of the substrate(s) by endogenous

levels of the enzyme (see Chapter 4).

3.2.3 Effect of MINA53 on clonogenic survival
Consistent with the data presented in 2.3.5, no effect of MINA53 or its activity was
noted on the clonogenic survival of wildtype or MINAS53 reconstituted MEFs

(Figure 3.5).
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Figure 3.3. Kras-transformed WT and MINA53 KO MEFs reconstituted with MINA53. A.
Phase contrast images of transformed WT and MINA53 KO MEFs. B. Cell growth of
transformed WT and MINA53 KO MEFs reconstituted with either EV, WT or enzymatic inactive
(H179A) MINAS3, evaluated using a MTS assay.
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Figure 3.4. Effect of MINA53 on anchorage independent growth in transformed MEFs. A.
K-Ras G12V transformed WT and MINA53 KO MEFs reconstituted with either empty vector,
wildtype MINA53 or enzyamtic inactive MINAS3 (H179A) were seeded out in semi-solid Noble
agar medium and allowed to grow for 4 weeks after which the soft-agar colonies were stained
with crystal violett and manually counted. B. Number of stained and counted soft-agar colonies

(x SD) after 4 weeks of growth.
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Figure 3.5. Effect of MINA53 on clonogenic survival in transformed MEFs. K-Ras G12V
transformed WT and MINA53 MEFs reconstituted with EV, HA-MINA53 or enzyme inactive
MINAS53 (H179A) were seeded out at four different densities, grown for 3 weeks after the formed

colonies were stained with crystal violet and counted.
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3.3.1 Effect of MINAS53 on in vivo tumour growth - pilot xenograft assay

Anchorage-independent growth assays such as the soft agar assay used above are
considered to be a relatively reliable predictor of tumourigenic potential.
Therefore, we considered the possibility that MINA53 and its enzyme activity
would regulate the ability of K-Ras-transformed MEFs to grow as tumours in a
xenograft transplantation assay (in collaboration with Professor Adrian Harris,
WIMM, Oxford). This is a well-established model for examination of in vivo tumour
growth, where tumour cells are injected into immuno-compromised mice in order
to prevent rejection. Tumours typically develop over 1-8 weeks (depending on the
number of cells injected), allowing the response to gene intervention or drug

treatment on tumour growth to be monitored over time (Richmond and Su, 2008).

We first performed a small-scale pilot xenograft experiment using only the
isogenic MINA53 KO and WT reconstituted K-Ras-transformed MEFs. This allowed
an initial assessment of tumour growth rate and variability in order that we could
determine appropriate sample sizes for subsequent experiments. The transformed
MEF cell lines were injected subcutaneously into the flanks of BALB/c nude mice
(n = 7, two injections per mice, one from each cell line). Tumour growth was
measured three times a week for 3 weeks when the experiment was terminated to
prevent unnecessary suffering. Tumour volume was calculated using a formula for

ellipsoid volumes: length x width x height x t/6 (Tomayko and Reynolds, 1989).

Interestingly, and in agreement with our observations from soft agar growth
assays, the presence of reconstituted HA-MINAS53 suppressed xenograft tumour

growth compared to KO transformed MEFs. At around day 12 after injection the
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first significant signs of tumour growth were seen, from which point control KO
MEFs exhibited significantly enhanced tumour growth compared to HA-MINAS53
reconstituted MEFs (Figure 3.6A). At the end of the experiments tumours were
excised, weighed and dissected: The weight of control MINA53 MEF KO tumours
was around three times heavier than tumours formed from reconstituted HA-
MINAS53 MEFs (Figure 3.6B). The morphology of the control KO MEFs was reddish,
cauliflower-like and soft, while the HA-MINA53 tumours were more pale, hardish
(marble-like), with a clear separation from adjacent normal tissue, and, with a
clear central necrosis (liquid) (data not shown). The morphology of the tumours
suggests that the control KO cells were more proliferative and invasive than the
HA-MINA53 MEFs, at least under the specific time frame and conditions used in

this xenograft assay.

3.3.2 Effect of MINA53 activity on xenograft tumour growth

In order to examine if the enzymatic activity of MINA53 was required for the
tumour growth differences observed above, we performed a new xenograft
experiment including the MINA53 H179A reconstituted KO MEFs. For comparison
we also included a wildtype MEF control line reconstituted with control empty
vector. Seven BALC/c nude mice (n = 28 mice in total) were used per cell line and
each mouse was injected twice, one subcutaneous injection into each flank. Each
mouse was injected with the same cell line to prevent potential ‘interference’
between tumours from different MEFs. Tumour growth was measured three times

a week for up to 8 weeks before termination of the experiment.
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Figure 3.6. Effect of MINA53 on in vivo tumour growth. A. Tumour growth measurements (£

SD) of K-Ras G12V transformed MINA53 KO MEFs reconstituted with either EV or HA-MINA53.

Growth of seven tumours

per cell line was monitored three times a week over a period of 19
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days following injection into flanks of BALC/c nude mice. B. Weight of MINA53 KO+EV and
KO+HA+MINA53 tumours (+ SD) measured at termination of xenograft experiment. C. Tumour
growth measurements (+ SD) of K-Ras G12V transformed WT+EV, MINA53 KO MEFs
reconstituted with EV, HA-MINAS3 or enzyme inactive MINA53 (H179A). Growth of seven
tumours per cell line was monitored three times a week over a period of 55 days following

injection into flanks of BALC/c nude mice.
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Consistent with the phenotypic variation that we have observed between non-
isogenic MEF lines in other contexts (2.3.5, 3.4.1), tumours from wildtype
transformed MEFs showed significantly faster growth rates compared to tumours
derived from isogenic KO MEFs (Figure 3.6C). Therefore, the remaining analysis
focuses on tumour growth data from the isogenic MINA53 KO and reconstituted
MEF lines. Consistent with the pilot xenograft data described above, tumours from
WT HA-MINAS3 transformed MEFs grew significantly slower than their KO
counterparts (Figure 3.6C). Interestingly, tumours derived from H179A HA-
MINAS3 transformed MEFs grew more similarly to WT HA-MINAS53 tumours than
KOs, suggesting that the suppressive role of MINAS3 in this xenograft model is
largely independent of enzyme activity. However, there was a trend for H179A HA-
MINAS53 tumours to grow marginally faster than WT HA-MINAS3 tumours,
perhaps consistent with a subtle requirement for MINA53 enzyme activity in
tumour growth. It is unclear whether this phenomenon relates to the activity-
dependent role of MINA53 in anchorage-independent growth described above

(3.2.2).

3.4.1 Effect of MINA53 activity on gene expression

How do MINAS53 expression and/or its enzyme activity suppress anchorage-
independent growth and tumourigenesis? Since MINA53 has been shown to
repress IL4 gene expression (Okamoto et al.,, 2009) and possibly to act as a histone
demethylase (Lu et al., 2009). I next asked whether MINAS53 regulates the gene
expression profile of K-Ras-transformed MEFs in an enzyme- and activity-
dependent manner. Therefore, I performed microarray analyses on duplicate cDNA

samples generated from wildtype and isogenic reconstituted K-Ras-transformed
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MEFs using Illumina MouseWG-6 v2 BeadChips (core facility, Wellcome Trust

Centre for Human Genetics, Oxford).

As further evidence of the significant genetic variation between MEF lines derived
from littermate embryos, the gene expression profile of the wildtype MEF line was
so different from the isogenic set of MEFs that they could not be meaningfully
included in the analyses (Figure 3.7). In contrast, the overall gene expression of the
control MINA53 KO and reconstituted isogenic lines was very similar, suggesting
that MINAS3 expression and/or activity have subtle effects on gene expression in
this model (Figure 3.7). Data analysis by GenePattern software identified 472 gene
loci to be differentially regulated (>1.5-fold) in HA-MINAS53 reconstituted MEFs
compared to control KO and H179A HA-MINAS53 reconstituted KO MEFs (Figure
3.7A and 3.7B). Therefore, MINA53 regulates gene expression in K-Ras-
transformed MEFs in a largely enzyme activity-dependent manner (Figure 3.7C).
Interestingly, most of the MINAS53-regulated genes were found to be
downregulated by its presence (Figure 3.7A, Table 3.1). A subset of MINAS53-
repressed genes was selected for validation by Q-PCR based on potential roles in
anchorage-independent growth and tumourigenesis (see discussion). Consistent
with the microarray data, Q-PCR of Fgfl3, Gap43 and Pip5kla from independent
cDNA samples indicated activity-dependent repression of gene expression by
reconstituted MINA53 (Figure 3.8). In contrast, the expression of very few genes
was reproducibly increased by the activity of reconstituted MINA53 (Figure 3.9,
Table 3.2). Validation of these by Q-PCR suggests a role for the activity of MINA53
in positive regulation of Igfbp5 and Cdknlc (p57) expression (Figure 3.9), both of

which also have potential roles in tumourigenesis (see discussion).
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Figure 3.7. Heat map of hierarchical cluster analysis of cDNA
microarray of transformed MINA53 KO MEFs reconstituted with
wildtype MINA5S3, EV and enzymatic inactive MINA53 (H179A). A
Heat map of K-Ras G12V MINA53 KO MEFs cell lines, showing 472
of the most dysregulated gene loci (>1.5-fold regulated). Each cell
line done in duplicate. Analysis performed using GenePattern
software. B. The proportion of 472 gene loci that are uniquely
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Table 3.1. Genes uniquely downregulated in the KO+HA-MINA53 MEF background.

Gene Gene description Fold regulation
PDE6D phosphodiesterase 6D, cGMP-specific, rod, delta -2.163
CAPN2 calpain 2, (m/ll) large subunit -2.115
UBE2E3 ubiquitin-conjugating enzyme E2E 3 (UBC4/5 homolog, yeast) -2.107
RPL7A ribosomal protein L7a -2.09
ATP6AP2 ATPase, H+ transporting, lysosomal accessory protein 2 -2.083
BEX2 brain expressed X-linked 2 -2.08
PMM2 phosphomannomutase 2 -2.08
EPRS glutamyl-prolyl-tRNA synthetase -2.078
RAB10 RAB10, member RAS oncogene family -2.077
TCP1 t-complex 1 -2.074
GNB1 guanine nucleotide binding protein (G protein), beta polypeptide 1 -2.068
ISGF3G interferon-stimulated transcription factor 3, gamma 48kDa -2.062
MRPS5 mitochondrial ribosomal protein S5 -2.06
GHR growth hormone receptor -2.058
METAP2 methionyl aminopeptidase 2 -2.057
RUVBL1 RuvB-like 1 (E. coli) -2.057
BC028278 -2.057
IDH3G isocitrate dehydrogenase 3 (NAD+) gamma -2.056
PAPOLA poly(A) polymerase alpha -2.051
EIF5A eukaryotic translation initiation factor 5A -2.05
OBFC2A oligonucleotide/oligosaccharide-binding fold containing 2A -2.05
ATP50 ATP synthase, H+ transporting, mitochondrial F1 complex, -2.049
O subunit (oligomycin sensitivity conferring protein)
YWHAQ tyrosine 3-monooxygenase/tryptophan 5-monooxygenase -2.048
activation protein, theta polypeptide

LOC380749 -2.044
LOC223594 -2.044
LOC383189 -2.044
SNRPB small nuclear ribonucleoprotein polypeptides B and B1 -2.043
SUCLG1 succinate-CoA ligase, GDP-forming, alpha subunit -2.043
SH3GLB1 SH3-domain GRB2-like endophilin B1 -2.043
ETFA electron-transfer-flavoprotein, alpha polypeptide (glutaric aciduria Il) -2.042
BC010304 -2.042
PPFIBP1 PTPREF interacting protein, binding protein 1 (liprin beta 1) -2.041
HNRPA1 heterogeneous nuclear ribonucleoprotein A1 -2.041
LOC386091 -2.041
MYLC2B -2.039
SUMO1 SMT3 suppressor of mif two 3 homolog 1 (S. cerevisiae) -2.039
HNRPH1 heterogeneous nuclear ribonucleoprotein H1 (H) -2.038
H2AFZ H2A histone family, member Z -2.038
C030003D03RIK -2.038
LOC209405 -2.038
RAB5A RAB5A, member RAS oncogene family -2.037
MCM3 MCM3 minichromosome maintenance deficient 3 (S. cerevisiae) -2.036
THBS2 thrombospondin 2 -2.035
PSMD7 proteasome (prosome, macropain) 26S subunit, non-ATPase, 7 -2.035
TES testis derived transcript (3 LIM domains) -2.034
ACADL acyl-Coenzyme A dehydrogenase, long chain -2.034
ADFP adipose differentiation-related protein -2.033
SCL0003876.1_26 -2.032
RBPMS2 RNA binding protein with multiple splicing 2 -2.032
PPP4R1 protein phosphatase 4, regulatory subunit 1 -2.031
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Table 3.1. (continued)

Gene Gene description Fold regulation
LOC381200 -2.03
COPS7A COP9 constitutive photomorphogenic homolog subunit 7A -2.03
LOC380634 -2.029
LOC268569 -2.028
EIF4B eukaryotic translation initiation factor 4B -2.028
LOC434858 -2.027
LOC382127 -2.027
SYNJ2BP synaptojanin 2 binding protein -2.027
FUSIP1 FUS interacting protein (serine/arginine-rich) 1 -2.025
MTX1 metaxin 1 -2.024
TRAPPC6B trafficking protein particle complex 6B -2.022
RAET1B -2.022
ATP5F1 ATP synthase, H+ transporting, mitochondrial FO complex, subunit B1 -2.022
ATAD2 ATPase family, AAA domain containing 2 -2.02
MTCH2 mitochondrial carrier homolog 2 (C. elegans) -2.02
PPP2R5C protein phosphatase 2, regulatory subunit B (B56), gamma isoform -2.02
PPM1A protein phosphatase 1A (formerly 2C), magnesium-dependent, alpha -2.02
LOC233908 -2.019
LOC380828 -2.019
RBM3 RNA binding motif (RNP1, RRM) protein 3 -2.019
FUT8 fucosyltransferase 8 (alpha (1,6) fucosyltransferase) -2.019
H13 -2.019
PRDX3 peroxiredoxin 3 -2.018
RAB1B RAB1B, member RAS oncogene family -2.018
UBE1C ubiquitin-activating enzyme E1C (UBA3 homolog, yeast) -2.018
LOC381865 -2.018
SCL0003092.1_40 -2.018
RGS17 regulator of G-protein signalling 17 -2.017
MIR16 -2.017
CNIH cornichon homolog (Drosophila) -2.017
LOC381578 -2.016
ADSS adenylosuccinate synthase -2.016
RPL29 ribosomal protein L29 -2.015
EIF2S2 eukaryotic translation initiation factor 2, subunit 2 beta, 38kDa -2.015
CYP20A1 cytochrome P450, family 20, subfamily A, polypeptide 1 -2.014
EEF2 eukaryotic translation elongation factor 2 -2.014
SUMO3 SMT3 suppressor of mif two 3 homolog 3 (S. cerevisiae) -2.013
DSCR5 -2.013
SUMO2 SMT3 suppressor of mif two 3 homolog 2 (S. cerevisiae) -2.013
ERGIC3 ERGIC and golgi 3 -2.012
DHRS7 dehydrogenase/reductase (SDR family) member 7 -2.012
CPSF6 cleavage and polyadenylation specific factor 6, 68kDa -2.012
PHLDA3 pleckstrin homology-like domain, family A, member 3 -2.012
PSAT1 phosphoserine aminotransferase 1 -2.011
BC023823 -2.01
RAB6 -2.01
ZFP365 -2.01
UHRF2 ubiquitin-like, containing PHD and RING finger domains, 2 -2.009
PSMB7 proteasome (prosome, macropain) subunit, beta type, 7 -2.009
PPP1CA protein phosphatase 1, catalytic subunit, alpha isoform -2.009
FGF13 fibroblast growth factor 13 -2.008
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Figure 3.8. Validation of down-regulated genes from microarray using Q-PCR. cDNA
reverse transcribed from total RNA from K-Ras transformed MINA53 KO MEFs reconstituted
with EV, HA-MINA53 or enzyme inactive MINA53 (H179A) was subjected to Q-PCR analysis

using specific DNA oligonucleotides. p-actin was used as an internal control.
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Table 3.2. Genes uniquely upregulated in the KO+HA-MINA53 MEF background.

KO+EV

B KO+HA-MINAS3

KO+HA-MINA53

Gene Gene description Fold regulation
CDKN1C cyclin-dependent kinase inhibitor 1C (p57, Kip2) 2.082
IGFBP5 insulin-like growth factor binding protein 5 1.557
Igfbp5 Cdkn1ic
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Figure 3.9. Validation of up-regulated genes from microarray using Q-PCR. cDNA reverse
transcribed from total RNA from K-Ras transformed MINA53 KO MEFs reconstituted with EV,
HA-MINAS3 or enzyme inactive MINA53 (H179A) was subjected to Q-PCR analysis using

specific DNA oligonucleotides. p-actin was used as an internal control.
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Pathway analysis of the microarray data using Ingenuity software indicates that
MINAS53-regulated genes in transformed MEFs segregate into genes families
involved in cell cycle regulation, protein translation and tight junction and integrin
signalling (Figure 3.10). Several genes involved in well characterised signalling
pathways that regulate cell proliferation and tumuourigenesis (e.g. PI3K, mTOR

and MAPK pathways) were also identified.

3.5 Conclusion

In this Chapter I have described the generation of a K-Ras-transformed MEF model
for investigating the role of MINA53 enzyme activity, and applied it to studies of
anchorage-independent growth, clonogenic survival, xenograft tumour growth,
and gene expression. I have shown that the suppressive effect of MINA53 on
anchorage-independent growth observed in Chapter 2 is dependent on enzyme
activity. Furthermore, this MEF model was used to show that MINAS3 also
suppresses tumourigenesis in a mouse xenograft assay. Although these effects
were largely enzyme-independent, they were consistent with the anchorage-
independent growth assay in demonstrating an anti- rather than a pro-
tumourigenic role for MINAS3 (at least in the context of MEFs). These results may
be consistent with the observations of others: a recent study indicated that lung
cancer patients with negative tumour MINAS53 staining had a significantly worse
prognosis than patients with positive staining (Komiya et al., 2010a). Furthermore,
MINAS53 shRNA increases the invasion of a squamous lung cancer cell line (H226B)
and its overexpression in A549 induces apoptosis (Komiya et al.,, 2010a). Together
this suggests that the role of MINAS53 and its enzyme activity in cancer is complex,

with cell and tissue specific factors likely determining whether MINA53 promotes
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Figure 3.10. Pathway analysis of cDNA microarray data from Mlilag?53 KO MEFs. Pathway
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or suppresses tumourigenesis. Further evidence for MINA53 as a negative

regulator of tumourigenesis is presented in Chapter 6.

To identify genes and pathways that MINA53 might regulate in the context of
transformation/tumourigenesis we performed microarray gene expression
profiling on MINA53 KO and reconstituted transformed MEFs. Pathway analysis
suggested that MINA53 regulates genes related to protein translation, ribosome
biogenesis, cell cycle regulation and cell adhesion in an enzyme-dependent
manner. Several of the downregulated genes, including the elFs, are known to be
overexpressed and promote growth in tumours (see discussion). Interestingly, one
of the few upregulated genes in the wildtype MINA53 background was p57,
thought to be a tumour suppressor, found reduced in many cancers through
epigenetic modifications (Kavanagh and Joseph, 2011). The vast majority of genes
differentially regulated by MINA53 were downregulated however, perhaps
consistent with a general role for MINA53 as a transcriptional repressor. This may
be consistent with a described role for MINAS3 in repressing IL4 transcription

(Okamoto et al., 2009).

The results from this Chapter suggest the existence one or more MINAS53
substrates, and validate the isogenic MEF model as a useful system to further
investigate the role of MINAS3 and its enzyme activity in a variety of cellular
process, such as tumourigenesis, gene expression, and ribosome biogenesis. In the

following chapter we discuss our efforts to identify a substrate for MINAS3.
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Chapter 4
Ribosomal protein Rpl27a is a
MINAS3 substrate
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4.1 Introduction

Despite the fact that MINA53 includes a well defined JmjC-domain and contains
conserved catalytic residues required for the activity of other 20G oxygenases, a
viable substrate has yet to be identified. Substrate(s) are likely to exist however, as
MINAS53 20G oxygenase activity has been confirmed using an ‘uncoupled 20G
turnover assay’ (decarboxylation of 20G in the absence of prime substrate;
Schofield laboratory, Oxford). The enzyme-dependent phenotypes described in
Chapter 3 also suggest a role for one or more substrates in anchorage-independent
growth and gene expression. The identification of these substrates would advance
our understanding of the role of MINAS53 in these processes and diseases such as

cancer.

Others have previously reported that MINAS53 functions as a histone demethylase
(HDM), suppressing the formation of tri-methyl lysine 9 of histone H3 (Lu et al,,
2009). However, substantial efforts in collaboration with the Schofield laboratory
have so far failed to detect HDM activity in vitro or in vivo. This lack of HDM activity
is in agreement with the relatively low sequence homology between JmjC-only 20G
enzymes and HDM’s, and suggests that a new search for alternative MINA53

substrates would be worthwhile.

In this chapter we describe our efforts to identify a substrate for MINAS3. In
parallel with our observation of enzyme-dependent phenotypes in MEFs (Chapter
2), our collaborators were performing proteomic screens to identity substrates of
20G oxygenases, including MINAS53. Dr's Cockman and Granatino (Ratcliffe and

Schofield laboratories, respectively) identified MINA53-interacting proteins as
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candidate substrates: Enzymatic assay of overlapping peptides from these
candidates was then undertaken in the presence of MINAS53 (Dr Ge, Schofield
laboratory). This peptide screening approach identified Rpl27a, a ribosomal large

subunit protein, as a candidate MINA53 substrate.

This Chapter details my work aimed at validating Rpl27a as a bona fide

endogenous cellular MINA53 substrate.

4.2.1 Identification of MINA53-interacting proteins by proteomic pulldown of
FLAG-tagged MINA53

In order to identify MINA53-interacting proteins and hence potential substrates
Dr’s Cockman and Granatino performed a proteomic screen using U20S cells
expressing doxycyline-inducible FLAG-tagged MINA53. Anti-FLAG pulldowns from
MINA53 or empty vector control cells were followed by in-solution tryptic digest
of purified immunocomplexes and identification of associated proteins by mass

spectrometry (MS).

Consistent with the work of others (Eilbracht et al, 2005), and the subcellular
localization of MINA53 (Chapter 3, figure 3.2B), (Tsuneoka et al., 2002), most of

the MINAS53 interactors were nucleolar and ribosomal proteins (Figure 4.1).

4.2.2 MINA53 hydroxylates an Rpl27a peptide in vitro
To screen the MINAS3 interactors for potential MINAS53 substrates, Dr Ge
performed enzymatic assays across an array of peptides that spanned several of

the highest affinity interactors. Overlapping 19-20mer peptides were incubated
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MINAS3 Interactor Accession Protein Score Peptide Detected Peptide Score

Nucleophosmin P06748 316 MTDQEAIQDLWQWR 101.99

TVSLGAGAKDELHIVEAEAMNYEGSPIK 81.34
60S ribosomal protein L27a P46776 159 NQSFCPTVNLDKLWTLVSEQTR 158.55
Polyadenylate-binding protein 1 P11940 133 ALYDTFSAFGNILSCK 132.86
60S ribosomal protein L3 P39023 121 SINPLGGFVHYGEVTNDFVMLK 55.91
608 acidic ribosomal protein PO P05388 96 TSFFQALGITTK 59.37
60S ribosomal protein L21 P46778 91 VYNVTQHAVGIVVNK 64.71
60S ribosomal protein L4 P36578 90 YAICSALAASALPALVMSK 65.37

Figure 4.1. MINA53 interacting proteins. To identify potential substrates of MINA53 a
proteomic pulldown of FLAG-tagged MINA53 or empty vector control from constitutively
expressing U20S cells was performed followed by tryptic digest of the immunecomplexes and

identification by liquid chromatography tandem mass spectrometry (LC-MS/MS).
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with recombinant His-tagged MINA53 together with cofactors (20G, Fe(Il) +
ascorbate) followed by tryptic digest and MALDI-TOF MS analysis. Interestingly, a
single peptide from the ribosomal protein Rpl27a (GNAGGLHHHR) exhibited a
+16Da mass shift indicative of hydroxylation under these conditions (Figure 4.2;
m/z shift of the doubly-charged ion from 528.2 to 536.2). A second less abundant
species was also observed following incubation with MINA53, which showed a
mass shift of -2Da, indicative of dehydration (-18Da) of the hydroxylated product
(m/z shift of the doubly-charged hydroxylated ion from 536.2 to 527.2). This
dehydration event is likely to represent an MS artifact as it was not observed in
NMR or whole protein MS studies (see below, and data not shown). Dr Ge
subsequently identified the site of MINA53 on the Rpl27a peptide as His-39
(GRGNAGGLHHHRINFDKYKP) by a combination of MS/MS fragmentation
sequencing and alanine scanning. Sequence alignment of Rpl27a across various
species indicates that the putative hydroxylation site is highly conserved (Figure
4.3). To verify whether endogenous cellular Rpl27a is a bona fide MINAS53

substrate I then studied its interaction with, and hydroxylation by, MINA53 in vivo.

4.2.3 MINA543 interacts with Rpl27a in vivo

To validate the proteomic data suggesting an interaction between MINA53 and
endogenous Rpl27a in U20S cells, doxycyline-induced MINA53 and empty vector
control complexes were anti-FLAG precipitated and analysed by western blot
(Figure 4.4A). Rpl27a was specifically detected in the FLAG-MINAS53 pulldown,
confirming that MINAS53 interacts with Rpl27a in vivo. I reasoned that if Rpl27a is a
MINAS53 substrate it should interact with the enzyme in an activity-dependent

manner. To test this hypothesis, | repeated the interaction analysis using the
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Figure 4.2. MINA53 hydroxylates Rpl27a in vitro. Rpl27a peptide (CGRGNAGG-
LHHHRINFDKYHP) was incubated in the presence or absence of recombinant MINA53
enzyme, together with the cofactors 2-oxoglutarate (20G), Fe (ll) and ascorbate, followed by
tryptic digest and analysis by MALDI-TOF MS. In the absence of MINA53 the doubly-charged
Rpl27a peptide showed its predicted mass (m/z 528.2). In the presence of MINA53 with its
cofactors, Fe (ll), 20G, and ascorbate the Rpl27a peptide exhibited a mass of m/z 527.2,

indicative of hydroxylation and subsequent dehydration (data from Dr Wei Ge).
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Mous e IBVPSRLREKTRKLRGHVS HGHGRI GKHRKHP GGRGNAGGNMHHHRI NF DKYHP GY F GKVGNMR
Rat IBVPSRLREKTRKLRGHVSHGHGRI GKHRKHP GGRGNAGGNHHHRI NF DKYHP GYF GKVGMR
Hurran 1 - GKHRKHP GGRGNAGG[EHHHRI K
Chi mpanzee 1 GKHRKHP GGRGNAGG[HHHRI NFDKYHP GYF GKVG

Cow 1 GKHRKHP GGRGNAGGNHHHRI NF DKYHP GYF GKVGMR
Chi cken 1 GKHRKHP GGRGNAGGNHHHRI NF DKYHP GY F GKVGMR
Xenopus 1 GKHRKHP GGRGNAGGNHHHRI NF DKYHP GY F GKVGMR
Drosophila 1 GKHRKHP GGRGNAGGNVHHHRI NF DKYHP GY F GKVGMR
Mous e DVVRSGYYKVLGKGKLPK
Rat \ DVVRSGYYKVLGKGKLPK
Hurmran DVVRSGYYKVLGKGKLPK
Chi mpanzee DVVRSGYYKVLGKGKLPK
Cow \ DVVRSGYYKVLGKGKLPK
Chi cken DVVRSGYYKVLGKGKLPK
Xenopus DRVERIGYYKVLGKGKLPK

Drosophila

Mous e 120 VKAKFFSRRAEEK
Rat 120 VKAKFFSRRAEEK
Human 120 VKAKFFSRRAEEKI
Chi mpanzee 120 VKAKFFSRRAEEKI
Cow 120 VKAKFFSRRAEEKI
Chi cken 120 VKAKFFSRRAEEKI
Xenopus 120 VKAKFFSR[MAEEK
Drosophila 121 VKAKKF S [$$AE [BK

Figure 4.3. Hydroxylation site of Rpl27a is highly conserved. Sequence alignment of

*

Rpl27a across various species. ~ indicate hydroxylation site (histidine 39). Sequence aligned

using ClustalW and shaded using BoxShade.
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reconstituted MINA53 MEFs described in chapter 3. Consistent with Rpl27a being
a substrate for MINAS53 it was only detected in immunocomplexes of wildtype, and
not inactive H179A, MINAS53 (Figure 4.4B). Together these results validate the
proteomic screen and suggest detailed investigation of endogenous Rpl27a

hydroxylation is warranted.

4.2.4 Purification of endogenous Rpl27a

In order to study endogenous Rpl27a hydroxylation it was first necessary to
develop an assay for its biochemical purification. In collaboration with Dr Cockman
we developed a technique to purify ribosomal proteins from cell extracts for
subsequent MS analysis based on published protocols (Louie et al., 1996), (and
Figure 4.5, 4.6 and 4.7). In brief, detergent-solubilised cell extracts are subject to
sucrose cushion ultracentrifugation whereby organelles and ribosomes are
separated according to their densities. A particle travels through the sucrose until
its density matches the surrounding solution, with high-mass species such as
ribosomes forming a pellet at the bottom of the centrifuge tube. This pellet is then
dissolved in buffer containing magnesium, which is crucial for maintaining
ribosome solubility and stability. Ribosomal RNA is subsequently denatured and
removed from the purified ribosomes by acetic acid precipitation. Ribosomal
proteins are then precipitated in acetone and dissolved in acetic acid/acetonitrile

for further fractionation by liquid-chromatography (see below).

Using this technique I was able to show significant enrichment for ribosomal
proteins by SDS-PAGE/coomassie staining (Figure 4.6A) and immunblotting:

Ribosomal protein pellets contained large amounts of Rpl4, Rpl3 and the target
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Figure 4.4. MINA53 interacts with Rpl27a. A. Anti-FLAG immunocomplexes were precipitated
from either doxycycline-treated FLAG-tagged MINAS3 or empty vector control (EV) U20S
inducible cells prior to western blot for the indicated proteins. The interaction was specific as
Rpl27a was not detected in control pulldowns. B. Anti-HA immunocomplexes were precipitated
from KO+EV, HA-tagged MINA53 and HA-tagged MINA53 H179A prior to western blot for

indicated proteins.
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Whole Cell Extract

27,000g 20 min Q

Post-Mitochondrial
Fraction

32% sucrose cushion
100,000g 3h G

Crude Ribosomal Fraction

Extract rRNA with acetic acid
Prcpt protein with acetone

Ribosomal protein fraction

Resuspend in 2% acetic acid/
10 % ACN

HPLC on Vydac C4 column

MS analysis

Figure 4.5. Purification of Rpl27a from cell extract. Schematic drawing outlining the
procedure to purify ribosomal proteins from whole cell extract. Cells were lysed in a specific
buffer (see material and methods) and subjected to a centrifugation at 27,000g for 20 min. The
post-mitochondrial fraction was then layered on top of a 32 % sucrose cushion and
ultracentrifugated at 100,000g for 3h. The ribosome pellet was treated with acetic acid to
remove ribosomal RNA after which the ribosomal proteins were precipitated with acetone. Pellet
was resuspended in 2% acetic acid/10% acetonitrile (ACN). The ribosomal protein solution was
then subjected to reverse-phase high-performance liquid chromatography (RP-HPLC) to
separated ribosomal proteins according to their hydrophobic properties. 250ug of ribosomal
protein was loaded onto a VyCad214TP C4 250mmx4.6mm HPLC column (Grace discovery)
and protein separated using an acetonitrile gradient. Proteins absorbance was measured at
214nm and fractions collected between 95 and 130 minutes to isolate Rpl27a before masspec
analysis by LC-MS/MS or whole-protein MS.
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protein Rpl27a, relative to the starting input material (Figure 4.6B). As expected of

a nucleolar protein, MINA53 was not enriched in cytoplasmic ribosomes.

Next we sought to purify Rpl27a further by an established procedure involving
reversed-phase high-performance liquid chromatography (HPLC) with a Vydac C4
column. Ribosomal proteins were bound to the column in 10% acetonitrile/0.08%
TFA before elution in a discontinuous gradient of increasing acetonitrile

concentration.

HPLC fractions were spotted onto Hybond-C pure nitrocellulose membrane and
immunoblotted for Rpl27a to identify relevant fractions (Figure 4.7A). Samples
from Rpl27a containing fractions were also subject to SDS-PAGE and coomassie
staining to further confirm the presence of Rpl27a (Figure 4.7B). The Rpl27a
fractions were then dried by vacuum centrifugation and subjected to trypsinolysis
and MS analysis. This technique was then routinely used with success for a variety

of other cell lines, tissues and tumour samples (see below).

4.2.5 Rpl27ais fully hydroxylated in vivo

To determine whether endogenous Rpl27a is hydroxylated in vivo we purified the
protein from human embryonic kidney cells (HEK293T), as described above,
followed by trypsinolysis and MS/MS sequencing using a Waters Nano-Acquity,
QTOFpremier (Dr's Trudgian and Mackeen, Kessler and Schofield laboratories,
Oxford Proteomics Facility). The MS analysis confirmed that endogenous Rpl27a is
hydroxylated in HEK293T (Figure 4.8). The double-charged GNAGGLHHHR peptide

exhibited a +16Da shift in the y-ion series from y4 onwards indicating hydroxyla-
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Figure 4.6. Purification of ribosomal proteins (1). A. Ribosomes were purified of MINA53 KO
MEFs reconstituted with EV, HA-MINA53 or HA-MINA53 H179A by layering extracts on top of a
32% sucrose cushion and subjecting to ultracentrifugation at 100,000g for 3h (see Figure 5 and
Material and Methods). Input and purified separated by SDS-PAGE and stained with
coomassie. B. Western blot of input and purified ribosomes from transformed KO MEFS
reconstituted with EV, HA-MINA53 or enzymatic inactive MINA53 (H179A).
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Figure 4.7. Purification of ribosomal proteins (2). A. Dot-blot of ribosomal protein fractions
from RP-HPLC collected between 113 and 116 minutes. Note that Rpl27a is found
predominantely in one single fraction (#45) in HEK293T B. RP-HPLC-trace from purified
ribosomal proteins from HEK293T cells (mAU: milli-absorbance units). Protein absorbance was
measured at 214nm and fractions collected between 113 and 116 minutes to isolate Rpl27a. C.
SDS-PAGE stained with coomassie of Rpl27a fractions from RP-HPLC.

92



tion at His-39 (GNAGGLHHHR). The appearance of dehydrated y-ions from y4 and
onwards further confirmed the hydroxylation site as His-39. The unhydroxylated
peptide was not detected suggesting that Rpl27a is fully hydroxylated in HEK293T
(Figure 4.8). I was unable to measure the extent of hydroxylation by classical LC-
MS quantification because of the poor chromatographic properties of the tryptic
peptide (no defined peak, likely due to the glycine/histidine rich nature of the
peptide). Instead I relied on whole-protein mass detection and quantification (WP-
MS) in collaboration with Rok Sekirnik (Schofield laboratory). Using this approach
we detected a species with a mass of 16448.4Da. This corresponds to the expected
mass of Rpl27a (16561Da) following removal of the initiating methionine
(16430.19Da) and modification by hydroxylation (expected 16446.19Da, observed
16448.4Da; within the known error margin of the technique). Since the
unhydroxylated mass was not detected, this confirmed that Rpl27a is abundantly

hydroxylated in HEK293T cells (>95%).

I next aimed to determine whether Rpl27a His-39 hydroxylation is conserved in
lower mammals, and whether the modification is also present in tissues. Therefore,
[ purified Rpl27a from several mouse organs following mechanical
homogenization of fresh tissue samples in sucrose gradient fractionation buffer.
MSMS sequencing following trypsinolysis of purified Rpl27a confirmed the
presence of hydroxylation at His-39 in protein from mouse liver (Figure 4.9). WP-
MS of ribosomal proteins purified from parallel samples detected a species
corresponding to the mass of singly hydroxylated mouse Rpl27a (minus initiating
methionine; expected 16490.27Da, observed 16490.1Da) (Figure 4.10A). Again,

the unhydroxylated mass was not detected, suggesting that mouse liver Rpl27a is
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Figure 4.8. Rpl27a is fully hydroxylated in HEK293T cells. Endogenous Rpl27a was purified
from HEK293T cells (see 4.2.4 and Material and methods) and subjected to trypsinolysis
followed by MS/MS sequencing. From y4 the y-series exhibited a +16Da mass shift (compared
to predicted peptide mass) indicative of hydroxylation at histidine 39. Note the presence of
dehydration y-ions from y4 and onwards further supporting that Rpl27a is hydroxylated at H39.
Unhydroxylated peptide was not detected indicating that Rpl27a is fully hydroxylated in
HEK293T cells.
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Figure 4.9. H39 hydroxylation of endogenous Rpl27a is hydroxylated in mouse liver.
Endogenous Rpl27a was purified from mouse liver as described in methods prior to
trypsinolysis and MS/MS. The tables summarise the ions detected from fragmented H39-
hydroxylated Rpl27a tryptic peptide. Note the mass shift of 8 m/z in the doubly-charged y-ion
(y"") series from y9 onwards, indicating hydroxylation of H39.

95



abundantly hydroxylated (>95%). Similar analyses in other mouse tissues
indicated that Rpl27a is ubiquitously and abundantly hydroxylation (>95% in all
cases; Figure 4.10B). Since MINAS53 has been implicated in cancer, we next sought
to determine whether its substrate was also hydroxylated in tumours. Rok Sekirnik
purified human Rpl27a from two independent samples from Non-Hodgkins
lymphoma (obtained from the Oxford Centre for Histopathology Research) and
demonstrated >95% Rpl27a hydroxylation in each case by WP-MS. Similar analysis
of Rpl27a purified from normal tissue (placenta) also indicated >95%
hydroxylation (Figure 4.10C). Together, these results suggest that Rpl27a is
abundantly and ubiquitously hydroxylated at His-39 in both normal and

pathological tissue samples.

4.2.6 Hydroxylation of Rpl27a is dependent on MINA53 in vivo

Although I have demonstrated endogenous hydroxylation of Rpl27a at the
predicted MINA53 modification site, it is not possible to conclude from the data
above that this modification is catalysed by MINAS53. Since MINA53 is highly
related to the 20G oxygenase NO66 it is also important to demonstrate the
contribution of each enzyme to the extent of Rpl27a His-39 hydroxylation in vivo.
To address these issues we used shRNA-mediated knockdown of MINA53 and
NO66 followed by WP-MS quantification of Rpl27a hydroxylation. WP-MS analyses
were initially performed on Rpl27a purified from the control and MINA53 shRNA
knockdown HEK293T and A549 cells presented in Chapter 2. Substantial
knockdown of MINAS3 protein expression in A549 cells shifted the mass of Rpl27a
from 16446.1Da (singly hydroxylated) in control cells to 16431.5Da (expected

16430.19 for unmodified, within error) (Figure 4.11). Under these conditions the
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Figure 4.10. MINAS53
Endogenous Rpl27a was purified as described in 4.2.4 and Figure 4.5, and then subjected to
analysis by Whole-protein MS. A. Endogenous Rpl27a from mouse liver is completely
hydroxylated since only the predicted protein mass with a +16Da mass shift (16490.1Da) was
detected. B. Rpl27a is fully hydroxylated in all mouse tissues tested. C. Human placenta and

two independent Hodgkin’s lymphoma tumours exhibited fully hydroxylated Rpl27a (16446.4Da)

is fully hydroxylated

(Rok Sekirnik, Department of Chemistry, Oxford).
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hydroxylated Rpl27a species was not detected indicating that Rpl27a
hydroxylation is completely dependent on MINAS53 and is unlikely to be modified
by a related 20G oxygenase (including NO66). Consistent with no role for NO66 in
Rpl27a His-39 hydroxylation, its knockdown by ShRNA did not affect its whole
protein mass in A549 cells (Personal Communication, Penny Feng, Ratcliffe
laboratory). Partial knockdown of MINAS3 in HEK293T cells moderately
suppressed the hydroxylation of Rpl27a relative to control ShRNA cells (Figure
4.12), with hydroxylated and unhydroxylated species detected at approximately
1:1 ratio. In both ShRNA models, Rpl27a protein levels were unaffected by
MINA53 knockdown. Together these results demonstrate that endogenous Rpl27a

His-39 hydroxylation is non-redundant and is dependent only on MINAS53.

4.2.7 Hydroxylation of Rpl27a in vivo is dependent on the enzymatic activity
of MINA53

To demonstrate that the hydroxylation of endogenous Rpl27a hydroxylation is
dependent on MINA53 enzymatic activity I next studied the MEF model presented
in Chapter 3. Rpl27a was purified from WT and MINA53 KO MEFs reconstituted
with either empty vector (EV), HA-MINAS53 or enzymatic inactive MINAS53
(H179A). Western blot of Rpl27a suggested that its expression was subtly reduced
by the presence of MINAS53 (Figure 4.13), although the significance of this is not
clear at present. WP-MS indicated that Rpl27a is fully hydroxylated in both
wildtype and MINA53 KO MEFs reconstituted with HA-MINAS53. Importantly,
Rpl27a was completely unhydroxylated in the EV KO control or enzyme inactive
MINAS53 background (Figure 4.14). This data therefore confirms that the

hydroxylation of Rpl27a is dependent on the enzymatic activity of MINAS53 in vivo.
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Figure 4.11. Hydroxylation of Rpl27a in A549 cells is dependent on MINA53. A. Western
blot of constitutively expressing control and MINA53 shRNA A549 cells. B. Endogenous human
Rpl27a purified from control and MINA53 shRNA expressing A549 cells were subjected to
analysis by Whole-protein MS. Rpl27a from control cells was fully hydroxylated with predicted
protein mass containing a +16Da mass shift (16446.1Da). MINA53 shRNA cells exhibited
predicted mass of Rpl27a (16431.1Da) indicating that the protein is completely unhydroxylated
in these cells.
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Figure 4.12. Hydroxylation of Rpl27a in HEK293T cell is dependent on MINA53. A. Western
blot of stably expressing control and MINA53 shRNA HEK293T cell lines. B. Endogenous
Rpl27a was purified (see 4.2.4) and subsequently analysed by Whole-protein MS. Human
Rpl27a is completely hydroxylated in control cells as only protein mass containing a +16Da
mass shift (16448.2Da) was detected. In MINA53 shRNA cells a peak corresponding to
unhydroxylated Rpl27a (16431.5Da) together with the hydroxylated peak (16449.1 Da) was
detected, indicating a suppression of hydroxylation when MINAS53 is reduced by shRNA.
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Figure 4.13. Western blot of Rpl27a in K-Ras transformed WT and MINA53 KO MEFs.
Western blot of K-Ras G12V transformed WT and MINA53 KO MEFs reconstituted with EV, HA-
MINA53 or HA-MINAS53 H179A.
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Figure 4.14. Hydroxylation of Rpl27a is dependent on the enzymatic activity of MINA53.
Endogenous Rpl27a was purified from K-Ras transformed WT and MINA53 KO MEFs
reconstituted with EV, HA-MINA53 or enzyme inactive MINA53 (H179A), and subjected to
analysis by Whole-protein MS. MINA53 KO MEFs reconstituted with EV or enzyme inactive
MINAS53 exhibited the predicted protein mass of mouse Rpl27a (16474.5). WT and MINA53 KO
MEFs reconstituted with HA-MINA53 contained mouse Rpl27a with a mass of 16491, indicative
of fully hydroxylated Rpl27a.
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4.2.8 Effect of hypoxia on hydroxylation of Rpl27a

Rpl27a was consistently found fully hydroxylated in all samples examined unless
we artificially reduced the levels of MINAS3. Since 20G enzymes are oxygen
dependent we next sought to examine if severe prolonged hypoxia (0.1 % 02)
could suppress the MINAS53-dependent hydroxylation of Rpl27a. Transformed
wildtype MEFs were incubated in a Invivo; Hypoxic Workstation (Ruskinn life
sciences) hypoxia chamber for 72h at 0.1 % 02, 37°C and 5% COz. Under these
conditions, WP-MS indicated a modest decrease in Rpl27a hydroxylation (20%)
(Figure 4.15). This suggests that MINAS53 likely has a high affinity for Oz, similar to
other 20G enzymes such as FIH that operates efficiently under lower Oz levels
(Koivunen et al., 2004), (Stolze et al., 2004). Lower O: levels or anoxia may be
required to suppress hydroxylation of Rpl27a. Furthermore, more sensitive
methods of quantifying hydroxylation of newly-synthesised Rpl27a may be
necessary to detect modest affects on hydroxylation. However, methods such as
stable isotope labeling by amino acids (SILAC) are unsuitable in this case as they

are not compatible with WP-MS.

4.3 Conclusion

In this chapter I describe my work to characterize a novel MINAS53 substrate, the
60S ribosomal protein Rpl27a. I have shown that endogenous Rpl27a is
hydroxylated at the predicted residue (His-39) and that this modification is
essentially complete (>95%), ubiquitous and conserved. Furthermore, I have
demonstrated that Rpl27a hydroxylation is non-redundant and entirely dependent
on MINA53 and its enzymatic activity. Lastly, I provided preliminary data that the

modification is relatively unaffected by low oxygen levels, perhaps consistent with
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Figure 4.15. Effect of hypoxia on Rpl27a hydroxylation. WT MEFs were subjected to 72h of
hypoxia at 0.1 % O,. A Western blot of protein extracts from WT MEFs incubated at normoxia or
hypoxia confirming effective hypoxia as judged by HIF1a induction. Note that MINA53 protein
levels were partially suppressed under hypoxia. Therefore, the modest decrease in Rpl27a
hydroxylation under these conditions could be due to reduced enzyme level, rather than oxygen
availability. B. Whole-protein MS of endogenous Rpl27a purified from normoxic (top) or hypoxic
(bottom) WT MEFs indicated a subtle decrease in Rpl27a hydroxylation in response to oxygen

deprivation.
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the persistence of abundant Rpl27a hydroxylation in hypoxic human tumour

samples.

Although Rpl27a is a highly conserved ribosomal component, its function in the
ribosome is not fully understood. Therefore, it is unclear whether and how Rpl27a
hydroxylation may contribute to proposed MINA53-dependent functions such as
tumourigenesis and ribosome biogenesis or gene expression and anchorage-
independent growth (Chapter 3). However, since ribosomal proteins and the
protein synthesis apparatus are widely implicated in cancer, the findings
presented in this Chapter may provide an opportunity to further dissect the role(s)

of MINAS53 in tumourigenesis.

The function of Rpl27a and its hydroxylation in protein synthesis, tumourigenesis

and other phenotypes described in Chapter 5, will be discussed in detail in Chapter

7.
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Chapter 5
MINAS3 regulates autophagy in an

activity-dependent manner
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5.1 Introduction

I have shown in Chapter 4 that MINA53 hydroxylates the 60S ribosomal subunit
Rpl27a at H39. Although the exact function of Rpl27a and H39 within the ribosome
is unclear, it has been proposed that Rpl27a is one of the first ribosomal proteins
loaded on to rRNA during 60S biogenesis. Furthermore, Rpl27a H39 is located on a
disordered loop that extends deep into the ribosome and proximal to a functional
centre where the E-site tRNA binds. Therefore, I sought to test the hypothesis that

MINAS3 activity may regulate ribosome biogenesis and/or protein translation.

5.2.1 Polyribosome profiling

A well established method to study ribosome biogenesis and protein translation
involves ‘polyribosomal profiling’. Sucrose density gradients (7-47%) separate the
small (40S) and large ribosomal subunits (60S), monosomes (80S), and polysomes
according to their densities by ultracentrifugation of cell lysates. The abundance of
each ribosomal species is then measured by UV absorbance (0OD2s4) of the RNA
content following displacement from the gradient. A change in the ratio of
polysomes to monosome can be indicative of a translational disturbance while
difference in 40S/60S ratio may suggest problems in ribosome biogenesis
(Esposito et al,, 2010). In order to investigate whether loss of MINAS53 activity (and
Rpl27a hydroxylation) alters the ribosomal and translational status of cells, I
analysed polyribosome profiles of the K-Ras transformed WT and MINA53 KO
MEFS reconstituted with EV, HA-MINA53 or enzyme inactive MINA53 (H179A).
Similar to previous analyses using this model, wildtype MEFs showed a different

ribosome profile to the MINA53 KO MEFs (Figure 5.1). Interestingly however, |
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Figure 5.1. Polyribosome profiling. K-Ras transformed WT and MINA53 KO MEFs were
seeded out and 48h later at around 90% confluency treated with 100ug/ml cyclohexamide for 15
min before harvest. Cells were layered on top of a 7-47% sucrose gradient and subjected to

ultracentrifugation (100,000g for 4h) before analysis using polyribosome profiling.
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observed a clear effect of MINA53 enzyme activity on the ribosome profile within
the isogenic KO background. Whereas the peak corresponding to the 60S subunit
was of equal intensity to the 40S subunit in WT-reconstituted KO MEFs, cells
lacking MINAS53 activity displayed a subtle decrease in 60S relative to 40S.
Furthermore, these cells also displayed reduced levels of monosome relative to
40S, 60S and polysomes. Consistent with the similar growth kinetics of these cells
(Chapter 3), there was no difference in the number or intensity of polysomes
however, suggesting that the bulk translation rate is unaffected by MINAS53. In
conclusion, MINAS53 activity modestly regulates 60S subunit and monosome

abundance, but this effect is not sufficient to affect translation rate and cell growth.

5.2.2 Effect of ribosome biogenesis inhibitors on MINA53 MEFs

Next I considered the possibility that agents known to regulate ribosome
biogenesis and/or protein translation could exaggerate the 60S/monosome defect
in the MINA53 MEFs and elicit a ‘synthetically lethal’ interaction on
growth/viability. [ began by treating the MEF model with dose titrations of specific
drugs that target early ribosome biogenesis before monitoring cell viability by MTS
assay. LY294002 is an inhibitor of Phosphatidylinositol-3-kinase (PI3K), an
important signaling enzyme involved in regulating protein translation via AKT and
Mammalian target of Rapamycin (mTOR) (Gharbi et al, 2007), (Willems et al,,
2012). Interestingly, PI3K inhibition was slightly more effective in reducing the

apparent viability of cells that lacked MINAS53 activity (Figure 5.2A).

The intercalating drug Actinomycin-D, is an inhibitor of RNA polymerase I and/or

polymerase II, which are involved in transcription of ribosomal RNA and ribosomal
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proteins, respectively. Low concentrations of this drug (0.04 ug/ml) are known
inhibit RNA polymerase I specifically, while higher doses (5 ug/ml) inhibit both
RNA polymerase I and II (Eilbracht et al, 2005). Compared to LY294002,
Actinomycin D did not seem that have a significant enzyme dependent effect on

cell viability (Figure 5.2B).

The antimetabolic drug 5-Fluorouracil (5-FU) is an inhibitor of thymidylate
synthase, an enzyme involved in the production of thymidine. Inhibition leads to
depletion of the dTTP pool followed by misincorporation of deoxyuridine into
newly synthesised DNA and its irreversible damage (Longley et al., 2003). 5-FU is
also thought to inhibit late processing stages of ribosome biogenesis in the
nucleolus in several different ways; incorporation of 5-FU into RNA leads to
inhibition of rRNA processing, post-transcriptional modification of tRNA, rRNA and
snRNA as well as mRNA splicing. Furthermore, 5-FU prevents pseudouridylation,
an important modification of rRNA in ribosome biogenesis (Burger et al., 2010). 5-
FU was of also special interest because it targets late stages of ribosomal assembly
that occur in the ‘granular compartment’ (Boisvert et al., 2007), the region of the
nucleolus where MINAS53 is enriched (Eilbracht et al., 2005). I therefore examined
if 5-FU would induce a MINA53-dependent phenotype by treating the MEF model
with a dose titration of this drug. However, although the 5-FU exhibited significant
dose-dependent toxicity, this was identical in each of the four MEF lines (Figure
5.2C). In conclusion, although MINAS53 activity modestly affected sensitivity to
PI3K and RNA Polymerase I inhibition, none of the agents induced a dramatic loss

of cell viability in a MINA53-dependent manner.
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Figure 5.2. Dose-dependent inhibition of MTS signal by agents acting on ribosome
biogenesis. K-Ras transformed WT and MINA53 KO MEFs reconstituted with EV, HA-MINA53
or HA-MINA53 H179A were incubated with varying doses of each drug for 48h before being
assayed for cell viability using an MTS assay. A. LY294002 (PI3K inhibitor). B. Actinomycin-D

(RNA polymeras | and/or Il inhibitor). C. 5-Fluorouracil (thymidylate synthase inhibitor).
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5.2.3 Effect of translational inhibitors on MINA53 MEFs

Next I wanted to explore if translational inhibitors known to target the large
ribosomal subunit (60S) would aggravate a MINA53-dependent viability
phenotype. Therefore, I performed dose-response experiments as above using the
antibiotics anisomycin, sparsomycin and cycloheximide. Anisomycin suppress the
peptidyltransferase activity of the ribosome while sparsomycin is thought to
inhibit translation by stabilizing P site tRNA interactions within the ribosome and
preventing substrate binding to the A site. Cyclohexamide prevents the
translocation step of the elongation (Schneider-Poetsch et al., 2010). Interestingly,
a yeast genetic screen recently identified a mutation at the residue adjacent to the
MINAS53 hydroxylation site (M38) that conferred resistance to cycloheximide
(Schneider-Poetsch et al, 2010). However, no difference in cell viability was
observed between the MINA53 MEF lines upon dose titration of cycloheximide or

the other drugs described above (Figure 5.34A, B, C).

5.2.4 Effect of mTOR inhibitors on MINA53 MEFs

The serine/threonine kinase protein kinase mTOR is a central regulator of cell
growth and has important roles in ribosome biogenesis and translation. mTOR is
known to regulate ribosome biogenesis in at least two major ways. Firstly, it
promotes translation of mRNA encoding all ribosomal proteins, through regulation
via the 5’-terminal oligopyrimidine tract (5’TOP) sequence. Secondly, mTOR
promotes transcription of ribosomal RNA through activation of RNA polymerase I
(28S, 18S, 5.8 rRNA) and III (5S rRNA) (Mayer and Grummt, 2006), (Laplante and
Sabatini, 2012). mTOR stimulates RNA polymerase I by activation of the regulatory

element tripartite motif-containing protein (TIF-1A) (Mayer etal, 2004). It is
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Figure 5.3. Dose-dependent inhibition of MTS signal by translational inhibitors. K-Ras
transformed WT and MINAS3 KO MEFS reconstituted with EV, HA-MINA53 or enzyme inactive
MINA53 were treated with a range of doses of indicated drugs for 48h before analysis using an

MTS assay. A. Sparsomycin. B. Cyclohexamide C. Anisomycin.
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thought that mTOR stimulates RNA polymerase III (Pol III) activity by
phosphorylation and inhibition of the Pol IIl repressor Mafl (Laplante and
Sabatini, 2012). Furthermore, mTOR promotes translation through phoshorylation
of eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) and
preventing its inhibition of eukaryotic translation initiation factor, elF4E (Mayer
and Grummt, 2006), (Iadevaia et al., 2012). The mTOR dependent activation of
S6K1 promotes translation initiation and elongation, and mRNA biogenesis. It was
previously thought that S6K1 via phosprorylation of its substrate, the ribosomal
protein S6, was involved in regulation of the 5’TOP mRNA, however that has been

disproven (Laplante and Sabatini, 2012), (Tang et al., 2001).

The macrolide Rapamycin is a well known inhibitor of mTOR and is clinically used
in treatment of certain cancers (Huang and Houghton, 2003), (Huang et al., 2003),
(Ballou and Lin, 2008). Rapamycin-dependent inhibition of mTOR is associated
with suppression of ribosomal RNA gene transcription and translational inhibition
(Iadevaia et al, 2012), (Mayer and Grummt, 2006). Because of the critical
involvement of mTOR in ribosome biogenesis I therefore decided to investigate the
effect of MINAS53 activity on loss of viability following mTOR inhibition.
Interestingly, MEFs treated with increasing doses of Rapamycin (Figure 5.4A), or
the rapalogue Everolimus (Figure 5.4B), displayed reduced viability that was
striking exacerbated by loss of MINA53 activity. Western blot of Rapamycin-
treated cells confirmed comparable mTOR inhibition in each of the cell lines

(Figure 5.5). Surprisingly, we observed that despite reduced MTS signal in
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Figure 5.4. Dose-dependent inhibition of MTS signal by mTOR inhibitors. K-Ras
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Figure 5.5. Confirmation of mTOR inhibition following Rapamycin treatment. K-Ras
transformed WT and MINAS3 KO MEFS reconstituted with EV, HA-MINA53 or enzyme inactive
MINAS3 were treated with 1ng/ml of Rapamycin for 48h before harvest for protein and western

blot for the p-S6 (240/244), a downstream marker of mTOR activity.
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Rapamycin-treated cells that lack MINAS53 activity there was no loss of cell viability
(Figure 5.6). In fact there was a small trend towards increased viability following
Rapamycin treatment in cells that lacked enzyme activity. Since the MTS assay
relies on mitochondrial reductase enzymes, I next explored the possibility that
MINAS3 activity may be required for maintaining mitochondrial number and/or

activity under conditions of mTOR inhibition.

5.2.5 MINA53 and mitochondria

[ first sought to determine if a decrease in mitochondrial number could explain the
Rapamycin results from the MTS assay. Cytochrome C oxidase (COX-4), a
mitochondrial protein in the electron transport chain (Kadenbach et al,, 2000), is a
commonly used marker for mitochondria. Indeed, western blot of cell extracts
following Rapamycin treatment showed a significant reduction in COX-4 levels in
MEFs that lacked MINAS53 activity (Figure 5.7). MEFs that retained MINA53 activity
showed no such loss of this mitochondrial marker. To verify these results, I next
undertook immunoflouresence staining of Rapamycin-treated MEFs using a
fluorescent mitochondrial probe called Mitotracker. This cell-permeable probe
contain a thiol-reactive choloromethyl moiety that permanently accumulates in
active mitochondria (Chazotte, 2011). Interestingly, mitochondrial staining in
untreated MEFs lacking MINAS53 activity appeared more punctuate than MEFs with
reconstituted MINA53 (Figure 5.8). Importantly, Mitotracker staining intensity
decreased in MEFs lacking MINA53 activity following addition of Rapamycin, in
contrast to MINA53-reconstituted MEFs that maintained their mitochondria. These
results are consistent with the COX-4 western blots, which taken together indicate

that decreased mitochondria number is likely to be responsible for the enhanced
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Figure 5.6. Number of cells following Rapamycin treatment. Number of K-Ras transformed

WT and MINA53 KO MEFs reconstituted with EV, HA-MINA53 or enzyme inactive MEF cells

after Rapamycin treatment (1ng/ml, 48h). Cells counted using a haemocytometer.
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Figure 5.7. Effect of MINA53 activity with Rapamycin on mitochondrial marker COX4. K-
Ras transformed WT and MINA53 KO MEFs reconstituted with EV, HA-MINA53 or enzyme
inactive MINA53 (H179A) were treated with 1ng/ml Rapamycin for 48h after which cells were

harvest and assayed for indicated proteins by western blot.
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Figure 5.8. Decreased mitochondrial staining in MINA53 inactive MEFs. K-Ras transformed
WT and MINA53 KO MEFs reconstituted with EV, HA-MINAS53 or enzyme inactive MINA53 were
treated with 1ng/ml Rapamycin for 48h after which cells were stained with Mitotracker and
DAPI. Examined using a Zeiss 510 confocal microscope. Left hand column indicates reduced
mitochondrial staining in cells lacking MINA53 activity. Right hand column (+Rapamycin)

indicates induced mitochondrial loss, (protected in WT). White bar represent 10 um.
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loss of MTS signal following Rapamycin treatment of MINA53 KO and H179A

reconstituted MEFs.

5.2.6 MINA53 enzyme activity regulates autophagy

Inhibition of mTOR is a well described stimuli of autophagy (Jung et al., 2010),
(Kim et al, 2011a), a catabolic process involved in degradation of cellular
components, including proteins, cell membranes and organelles, that serves to
protect cells under conditions of stress and nutrient deprivation (Kundu and
Thompson, 2008), (Kraft and Martens, 2012), (see Figure 5.9 and discussion).
mTOR is a negative regulator of autophagy through phosphorylation of autophagy
proteins ULK1/2 and Atg13 (Ganley et al., 2009), (Hosokawa et al., 2009), (Jung et
al, 2009). Since autophagy can involve the destruction of mitochondria
(mitophagy) (Ding and Yin, 2012), (Youle and Narendra, 2011) [ therefore
explored the possibility that the MINA53-dependent loss of mitochondria in
response to Rapamycin was due to an autophagy defect in these cells. To begin
testing this hypothesis I first measured Microtubule-associated protein 1A/1B-
light chain 3 (LC3) II, a commonly used marker for autophagy. Upon induction of
autophagy LC3 II binds to phoshatidylethanolamine in order to form the
autophagosome (Tanida et al, 2008), and so an increase in LC3 II levels are
indicative of autophagy (Figure 5.9). Consistently, each of the MEF lines showed
increased LC3 II levels (and therefore autophagy) following Rapamycin treatment
(Figure 5.10). Importantly, the basal levels of LC3 II were significantly elevated in
untreated cells that lacked MINAS53 activity, and this level was further augmented

by Rapamycin treatment. Likewise, immunofluorescence staining using the
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Figure 5.9. The autophagy pathway. Autophagy is initiated by the ULK complex in response to
a variety of signals, including inhibition of mMTOR associated with nutrient deprivation or
rapamycin treatment. Double-layered membranes required for autophagosome formation are
created by the Vps34 complex and Atg7/10. Two conjugation systems then add the Atg12-
Atg5-Atg16L complex and LC3-II to the membrane, which folds around the target cargo, to form
the autophagosome. Destruction of the contents is mediated by lysosomal fusion. The figure
also depicts possible 40S and 60S ‘ribophagy’, a possible link to MINA53 and Rpl27a
hydroxylation. This figure was adapted from (Fleming et al., 2011). Reprinted by permission

from Nature Publishing Group, copyright 2010.
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Figure 5.10. Increased autophagymarker LC3 A/B Il in cells that lack MINA53 activity.
Western blot of K-Ras transformed WT and MINA53 KO MEFs reconstituted with EV, HA-
MINAS3 or HA-MINA53 H179A. Cells were treated with 1ng/ml of Rapamycin for 72h before

harvest.
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Figure 5.11. Increased autophagy in cells that lack MINA53 activity, in response to
Rapamycin as indicated by Lysotracker staining. K-Ras transformed WT and MINA53 KO
MEFs reconstituted with EV, HA-MINAS53 or enzyme inactive MINA53 were treated with 1ng/ml
Rapamycin for 48h after which cells were stained with lysotracker and DAPI. Examined using a

Zeiss 510 confocal microscope. White bar represent 10 um.
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Figure 5.12. Increased autophagy in cells that lack MINA53 activity, in response to
Chloroquine as indicated by Lysotracker staining. K-Ras transformed WT and MINA53 KO
MEFs reconstituted with EV, HA-MINAS3 or enzyme inactive MINA53 were treated with
100ug/ml Chloroquine for 4h after which cells were stained with lysotracker and DAPI.

Examined using a Zeiss 510 confocal microscope.
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lysosomal probe Lysotracker indicated increased Rapamycin-induced autophagy
in the absence of MINA53 activity (Figure 5.11). Furthermore, cells treated
with Chloroquine, an inhibitor of lysosomal acidification (Steinman et al., 1983),
(thereby inducing accumulation of autophagosomes), resulted in a similar
phenotype (Figure 5.12). Together, these data suggest that loss of MINA53 activity

promotes basal and induced levels of autophagy.

5.3 Conclusion

In this chapter I have examined activity-dependent roles of MINAS53 in ribosome
biogenesis, translation and autophagy. Polyribosome profiling suggested that loss
of MINA53 activity leads to a modest reduction of 60S ribosomal subunits and
monosomes without any major consequences to overall protein translation.
Although attempts to augment the biogenesis defect using a range of inhibitors did
not elicit a significant loss of viability in KO MEFs, they did unexpectedly uncover a
role for MINAS3 activity in autophagy. How and whether MINA53 activity,
substrate hydroxylation, 60S biogenesis, and autophagy may be related, and
whether these observations also explain the phenotypes described in Chapter 4

will be discussed in detail in Chapter 7.
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Chapter 6

Characterisation of two cancer
mutations in MINAS3
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6.1 Introduction

The data presented in Chapter 3 support a role for MINAS53 activity in negatively
regulating anchorage-independent growth and transformation, which is at odds
with reports demonstrating MINA53 overexpression in several cancers and its
positive regulation of transformation in some cell types (Ogasawara et al., 2010),
(Teye et al., 2007), (Ishizaki et al., 2007), (Tsuneoka et al., 2002), (Lu et al., 2009).
Therefore, I searched available cancer databases to determine whether any other
evidence exists to support my proposal that MINA53 may be deleterious to
tumourigenesis. In this Chapter I present data that supports this hypothesis by
characterising two cancer-associated mutations that inactivate MINA53 activity
and fail to correct the autophagy defect or anchorange-independent growth of KO

MEFs.

6.1.1 MINA53 is differentially expressed in human cancers

Initially I searched a publically available gene expression database for examples of
differential MINA53 gene expression in normal versus tumour samples. Oncomine
is a cancer microarray database created to facilitate investigation of data from
genome wide expression analysis (Rhodes et al., 2004). In several cancer types,
including prostate, lymphoma and leukemia, MINA53 was consistently upregulated
compared to normal tissues (Figure 6.1). However, several other cancer types also
exhibited significant downregulation of MINA53 mRNA4, including; breast, head
and neck, lung and pancreatic cancers (Figure 6.2, 3). The results suggest that the
expression level of MINA53 differs depending on type of cancer and tissue type,
and clearly shows that MINA53 is not always upregulated in tumours (Zhang et al.,

2008), (Ishizaki et al., 2007), (Tsuneoka et al., 2004). The suppression of MINA53
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Figure 6.1. MINA53 is differentially expressed in human cancers. Data obtained from
Oncomine, a human cancer microarray database. Upregulated MINA53 showed in red and
downregulated MINA53 in blue. Number denotes unique microarray analyses for each cancer

type. The threshold P-value is 0.01. MINA53 is differentially regulated by > 2-fold.
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Figure 6.2. MINA53 is downregulated in several cancer types (I). MINA53 is downregulated

in lung, breast and renal cancers (dark blue) as compared to normal tissues (light blue).

Microarray data obtained from Oncomine database. A. Small Cell Lung Carcinoma. B. Lung

Adenocarcinoma. C. Invasive Breast Carcinoma. D. Mucinous Breast Carcinoma. E. Papillary

Renal Cell Carcinoma. F. Clear Cell Renal Cell Carcinoma.
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Figure 6.3. MINA53 is downregulated in several cancer types (ll). MINA53 is downregulated
in colorectal cancers and lymphoma (dark blue) as compared to normal tissues (light blue).
Microarray data obtained from Oncomine databas A. Rectal adenocarcinoma. B. Cecum

Adenocarcinoma. C. Marginal Zone B-cell lymphoma. D. Diffuse Large B-cell Lymphoma.
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mRNA in some tumours suggests that the enzyme may have anti-tumourigenic

properties in some tissues.

6.1.2 MINA53 is mutated in breast and ovarian cancer

To further extend these observations I next searched the Wellcome Trust Sanger
Institutes COSMIC database, which contains a plethora of data on sequenced
cancer genomes. Interestingly, two somatic mutations in MINA53 were described,

one in breast (G175R) and the other in ovarian cancer (P341R).

6.1.3 MINA53 P341R

The P341R cancer mutation was found in an ovarian tumour. The mutation was
heterozygous and the tumour histologically classified as a serous carcinoma. This
tumour type arises from serum-producing epithelial cell lining the ovaries. Most
low-grade serous ovarian tumours are mutated in K-Ras but lack mutations in P53
while high-grade ovarian tumours are frequently mutated in P53 (80%) but rarely
in K-Ras (Vang et al.,, 2009). Patients diagnosed with high-grade serous carcinoma
have a very poor prognosis (Li et al., 2012). In the P341R tumour sample no
mutations was found for K-Ras but a homozygous mutation for P53 was identified

(V157F) suggesting that the tumour might be a high-grade tumour type.

6.1.4 MINA53 G175R

In one tumour sample from a breast carcinoma a mutation at glycine 175 in
MINAS3 was identified, this residue was found to be mutated to arginine (G175R).
Numerous coding mutations for other proteins were identified including mutations

to ADAMTS-16 (R820W), and ATR (K704*). ADAMTS-16 (a disintegrin and
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metalloproteinase domain with thrombospondin motifs) has no known functions
but stable overexpression in chondrosarcoma cells correlated with suppression of
cellular proliferation and migration (Surridge et al, 2009). ATR (ataxia
telangiectasia mutated - and Rad3-related) is a critical regulator of DNA-damage
response and mutations have been associated with decreased survival in certain
cancers (Nam and Cortez, 2011). No further information regarding the tumour was

available from the database.

6.2.1 Structural characterisation of G175R and P341R mutants

Bioinformatic sequence alignment indicates that G175 and P341 are highly
conserved and therefore likely to be functionally important (see Chapter 1, figure
1.7). To attempt to determine the structural consequence of their mutation I
modelled them onto an existing MINAS3 structure (PDB:2XDV; Figure 6.4A).
Interestingly, this analysis suggests that the G175R mutant is highly likely to be
inactivating; The mutation likely interferes with the interaction of 20G with K194
and the backbone amide nitrogen of G175 itself (Figure 6.4B). Since P341 resides
outside the JmjC domain it is harder to predict the consequence of its mutation on
activity/function. However, P341 does locate between the interface of the
dimerisation domain and the C-terminal domain in a hydrophobic pocket that
could serve to stabilise the interaction between these two regions of the enzyme

(Figure 6.4C).

6.2.2 Rpl27a is not hydroxylated in HA-MINA53 G175R MEFs
[ next sought to examine the effect of the cancer mutations on the enzyme activity

of MINA53 by measuring Rpl27a in KO MEFs reconstituted with these mutants.
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C-Terminal

SGC; U. Oppermann

Figure 6.4. Structural model of MINA53. A. MINA53 with catalytic JmjC-domain in purple, N-
terminal domain in red, C-terminal domain in yellow, Dimerisation domain in green. B. A three-
dimensional view of the catalytic site of MINA53 showing the Fe(ll) ion (green), stabilised by two
histidine and a aspartate residue together with its cosubstrate, 2-oxoglutarate. G175 is shown
mutated to arginine (marked in yellow), demonstrated potential for interference of K194A
binding to 20G. C. Position of P341R mutation (yellow) on structure of MINAS3. Hydrophobic

residues are highlighted in blue. Yellow highlights the mutated P341 to arginine.
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Retroviral delivery of plasmids expressing HA-MINA53 G175R or P341R into K-Ras
transformed MINA53 KO MEFs led to a level of overexpression similar to other
MINAS3 reconstituted cell lines (Figure 6.5). Unfortunately, initial attempts to
purify endogenous Rpl27a from cells expressing the P341R mutant failed due to
technical problems. However, WP-MS of Rpl27a purified from G175R MINAS53
reconstituted cells was successful and indicated a complete loss of activity of this

cancer mutant (Figure 6.6).

6.2.3 Anchorage-independent growth

In chapter 3 I observed a clear enzyme-dependent role of MINA53 in the
suppression of anchorage-independent growth. [ therefore next sought to
determine if the two cancer mutations would mimic the KO and H179A-
reconstituted MEFs in this respect. Interestingly, I found that the K-Ras
transformed MINA53 KO MEFs reconstituted with either G175R and P341R
formed significantly more colonies in ‘soft-agar’ compared to MEFs harbouring
MINAS3 activity (Figure 6.7); The number of colonies was similar to that formed

by KO and H179A-reconstituted MEFs.

6.2.4 Autophagy

In Chapter 6 I describe a role for MINAS53 activity in the regulation of basal and
induced autophagy. In order to examine if the cancer mutants would also fail to
restore normal autophagy regulation to KO MEFs I began by treating the

reconstituted MEFs with a dose-titration of Rapamycin. Under these conditions
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Figure 6.5. K-Ras-transformed WT and MINA53 KO MEFs reconstituted with MINA53
cancer mutations. Western blot of K-Ras transformed WT and MINA53 KO MEFs reconstituted

with EV, HA-tagged wildtype MINAS3, H179A, P341R and G175R.
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Figure 6.6. MINA53 G175R mutation leads to loss of enzymatic activity in MEFs.
Endogenous Rpl27a was purified from K-Ras transformed WT (left) and MINA53 KO MEFs
reconstituted with HA-MINA53 G175R (right), and subjected to analysis by whole-protein MS.
WT MEFs exhibited the predicted mass of mouse Rpl27a with a +16Da mass shift (16491Da),
while KO MEFs +HA-MINA53 G175R exhibited a mass of 16477Da, which likely represent
unhydroxylated Rpl27a. The predicted mass for unhydroxylated Rpl27a, minus the initiating
methionine, is 16474Da; the discrepancy reflects the error margin, which on this occasion was
larger than normal due to technical limitations. The peak at 16473Da in WT MEFs is assigned
as Rpl27a because it is the correct mass. However, this would give ~80% hydroxylation in
normoxia and in the presence of MINA53 activity, which is at odds with all other analyses. It is

possible therefore that this peak represents an independent protein.
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Figure 6.7. Effect of MINA53 cancer mutations on anchorage-independent growth. K-Ras
transformed MINA53 KO MEFs reconstituted with EV, HA-MINA53, H179A, G175R and P341R
were seeded in semi-solid Noble agar medium and allowed to grow for 4 weeks after which the

soft-agar colonies were stained with crystal violet and manually counted. Graph shows number

OKO+Ev

B KO+HA-MINA53
OKO+HA-MINAS53 H179A
BKO+HA-MINA53 G175R
BKO+HA-MINA53 P341R

of stained and counted soft-agar colonies (+ SD) after 4 weeks of growth.
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both cancer mutations showed an enhanced reduction in MTS signal in response to
Rapamycin that was identical to KO cells (Figure 6.8). Furthermore, both cancer
mutants failed to prevent a loss of Mitotracker staining, or induction of Lysotracker
staining, upon Rapamycin treatment (Figure 6.9). Finally, both cancer mutations
also demonstrated increased LC3 II levels following Rapamycin (Figure 6.10),
indicative of increased autophagy. Therefore, despite our inability to assay Rpl27a-
OH levels in P341R MEFs, these data strongly suggest that both cancer mutations

are inactive.

6.3 Conclusion

In this chapter I have provided gene expression data and genetic data that
supports a negative role for MINA53 in tumourigenesis, thereby validating the
results present in Chapter 3. Importantly, the fact that two independent cancer
mutations prevent the enzyme activity of MINA53 is strongly suggestive of a role
for one or more MINAS53 substrates in tumour suppression. Whether Rpl27a fulfils
this role is unclear at present. Furthermore, whether breast and ovarian tumour
growth is enhanced by increased autophagy and anchorage-independent growth

due to MINA53 mutation/inactivation is of interest.
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Figure 6.8. Dose-dependent inhibition of MTS signal using mTOR inhibitor Rapamycin. K-
Ras transformed WT and MINA53 KO MEFS reconstituted with EV, HA-MINA53, G175R or
P341R were treated with a range of doses of Rapamycin 48h before analysis using an MTS

assay.
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Figure 6.9. Effect of MINA53 cancer mutations on mitochondrial mass and autophagy. K-
Ras transformed WT and MINA53 KO MEFS reconstituted with EV, HA-MINA53, G175R or
P341R were treated with 1ng/ml Rapamycin for 48h before staining with Lysotracker (green)
and Mitotracker (red) and DAPI (blue). Examined using a Zeiss 510 confocal microscope. White

bar represent 10 um.
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Figure 6.10. Effect of MINA53 cancer mutations on autophagy marker LC3A/B Il. K-Ras
transformed WT and MINA53 KO MEFS reconstituted with EV, HA-MINA53, P341R and G175R
were treated with 1ng/ml Rapamycin for 48h before harvest for protein and analysed by western

blot for the indicated proteins.
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Chapter 7

Discussion
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7.1  Overview

Initial studies aimed at replicating the published data implicating MINA53 in
tumour cell proliferation led me to create an isogenic transformed MEF model for
studying the role of MINA53 enzyme activity (Chapter 3). With this model I
identified activity-dependent roles for MINA53 in anchorage-independent growth
(Chapter 3), gene expression and 60S ribosomal abundance (Chapter 5). These
phenotypes clearly demonstrated the presence of one or more MINAS53 substrates,
and were consistent with the discovery that MINAS53 is a Histidinyl hydroxylase of
the large 60S ribosomal subunit protein Rpl27a (Chapter 4). In this final chapter I
discuss whether and how the MINA53 dependent hydroxylation of Rpl27a might

be linked to 60S biogenesis, and in turn autophagy and tumourigenesis.

7.2  Ribosomal hydroxylation

In Chapter 4 I demonstrate that Rpl27a is hydroxylated at Histidine 39 in both
human and mouse tissues, and that this modification is dependent on the enzyme
activity of MINAS53. Quantitative MS analysis indicated that Rpl27a was abundantly
hydroxylated (>95%) in all cells and tissues studied suggesting that the
modification is unlikely to fulfill a regulatory ‘switch' role, such as that in the HIF
system. In line with this, severe hypoxia (0.1% Oz, 72h) only modestly reduced the
hydroxylation of Rpl27a (20% decrease). This suggests that MINA53 retains
substantial activity under hypoxia, likely due to a high affinity for oxygen similar to
other 20G Oxygenases such as FIH (Koivunen et al., 2004), (Stolze et al., 2004).
Therefore, MINAS53 is unlikely to act as an oxygen sensor in the way that PHDs do

in the HIF system.
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As described in Chapter 1, NO66 is a 20G oxygenase that is highly related to
MINAS53, both in primary sequence, subcellular localisation and regulation.
Therefore, NO66 was also predicted to be a ribosomal histidinyl hydroxylase.
Recent work has confirmed that NO66 targets H216 of the 60S ribosomal subunit
Rpl8, and like MINAS3, catalyses this modification extremely efficiently and in a
manner that is relatively insensitive to hypoxia (Penny Feng, Ratcliffe laboratory,
in collaboration with the Schofield laboratory). Whether other 20G enzymes are
involved in hydroxylation or demethylation of ribosomal proteins or rRNA (see

below) is currently unknown, but would be of significant interest.

7.2.1 What is the molecular function of Rpl27a hydroxylation?

Protein hydroxylations generally serve to promote inter- and intra-molecular
protein:protein interactions via hydrogen bonding. Therefore, it is possible that
Rpl27a hydroxylation evolved to facilitate or stabilise rRNA:protein or
protein:protein interactions within a ribosomal or preribosomal complex. High
resolution crystal structures of mammalian ribosomes could aid in our
understanding of ribosomal hydroxylation at the molecular level. However,
existing structures have been obtained from lower organisms, and these lack
MINAS3 activity and Rpl27a hydroxylation. Although analyses of these structures
places Histidine-39 in a disordered region of Rpl27a that extends deep into the
ribosome, towards the tRNA exit site (data not shown), it is not immediately
obvious what role modification of this residue might play. Understanding the exact
molecular function of Rpl27a hydroxylation is made more challenging because the

work presented in this thesis represents the first description of ribosomal
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hydroxylation. This is in contrast to other modifications of the ribosome that have

been more extensively studied and thus better understood.

Ribosomes are heavily modified organelles, both at the RNA and protein level.
rRNA is post-transcriptionally modified by ~115 methyl groups and 95
pseudouridines in vertebrates (Maden and Hughes, 1997). Base methylation
occurs in highly conserved rRNA sequences at the late stages of ribosome
biogenesis (Bachellerie and Cavaille, 1997). Ribose methylation and
pseudouridinylation are thought to alter the conformation and folding of rRNA
(Fromont-Racine et al,, 2003) preventing these modifications inhibits growth and
decreases 40S abundance (Liang et al., 2009). Similar to rRNA, ribosomal proteins
also show a variety of different post-translational modifications. For example, MS
of 40S ribosomal proteins indicates extensive N-terminal demethionylation,
acetylation and several other modifications that could not be assigned (Louie et al.,
1996). Ribosomal proteins are also subject to post-translational methylation at
lysine, and more predominantly arginine (Polevoda and Sherman, 2007).
Preventing methylation of yeast Rpl42 at Lysine-55 causes increased
cycloheximide sensitivity and abnormal growth during conditions of stress (Shirai
et al,, 2010). Likewise, deletion of the methyltransferase catalysing RpS2 arginine
methylation in yeast causes an accumulation of 60S ribosomal subunits (Bachand
et al,, 2006). Arginine methylation of Rps10 is suggested to play a role in ribosome
biogenesis, protein synthesis and cell growth (Ren et al.,, 2010). Taken together,
these reports suggest that relatively subtle modifications such as methylation, and
perhaps hydroxylation, could have important consequences to ribosome

biosynthesis/function.
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7.2.2 Whatis the cellular function of Rpl27a hydroxylation?

Rpl27a hydroxylation could play a role in either ribosome biogenesis or function.
Interestingly, I have shown in Chapter 5 that cells lacking MINA53 activity show
reduced 60S and monosome abundance, perhaps consistent with a role for Rpl27a
hydroxylation in biogenesis of the 60S subunit. This possibility may also be
consistent with observations that MINAS53 is enriched in a nucleolar compartment
dedicated to late stage processing of preribosomal particles (Eilbracht et al., 2005),
and is associated with ribosomal proteins and RNA (Mathew Coleman, Personal

Communication).

Ribosome biogenesis is a complex and energy consuming process involving almost
200 factors including RNA helicases, small nucleolar RNAs (snoRNPs), and endo-
and exonucleases (Fromont-Racine et al, 2003), (Figure 7.1). Three forms of
ribosomal RNA (18S, 5.8S, and 28S) are transcribed as a large pre-rRNA complex
by RNA polymerase I from tandemly-repeated rDNA genes in the nucleolus. The
fourth rRNA form (5S) is transcribed by RNA polymerase III in the nucleus and
imported into the nucleolus. These transcripts are then cleaved, processed and
subject to extensive methylation and pseudouridylation, as outlined above
(Fromont-Racine et al, 2003), (Granneman and Baserga, 2004). Ribosomal
proteins are added to the 40S RNA and 60S precursors at later stages in the
nucleolus before the subunits are exported and further processed in the nucleus
and cytoplasm (Fromont-Racine et al,, 2003), (Granneman and Baserga, 2004).
Considering that MINAS53 is enriched in the nucleolar compartment responsible for

these later stages of biogenesis (Eilbracht et al., 2005), it is interesting to speculate
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Figure 7.1. Ribosome biogenesis begins with the transcription of ribosomal DNA (rDNA) by
RNA polymerase | at the border between the fibrillar centre (FC) and the dense fibrillar
component (DFC). Full-length rRNA is then spliced and modified by small nucleolar
ribonucleoproteins (snoRNPs) in the DFC. The pre-ribosomal complexes are assembled with
ribosomal proteins in the granular component (GC), which is the region in which MINA53 is
specifically enriched. The 5.8S and 28S rRNAs assemble with 5S rRNA to form the 60S subunit
in the GC. This process could be regulated by MINA53 and Rpl27a hydroxylation (red arrows),
although potential mechanisms are unknown (?). The mature 40S and 60S subunits are
exported to the cytoplasm for mRNA translation. This figure was adapted from (Boisvert et al.,

2007). Reprinted by permission from Nature Publishing Group, copyright 2007.
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that hydroxylation could regulate the assembly of Rpl27a with rRNA and/or other
ribosomal proteins. In this regard, it is of interest that Rpl27a is one of the first
ribosomal proteins loaded onto rRNA during the 60S biogenesis pathway.
Furthermore, the S. cerevisiae homologue of Rpl27a (Rpl28) was recently
implicated in facilitating correct positioning of rRNA in the large ribosomal subunit

(Poll et al., 2009).

7.3 MINAS53 activity regulates autophagy

The modest reduction in 60S and monosome abundance in cells lacking MINA53
activity is not sufficient to reduce protein synthesis (as judged by polysome
number and abundance) or growth in these cells. However, I considered that it
may be possible to exacerbate the ribosomal subunit disturbance and precipitate a
proliferative defect by treating MINA53 KO cells with drugs known to target
pathways regulating translation and/or biogenesis. Whereas translational
inhibitors such as anisomycin, sparsomycin and cycloheximide had no effect,
Rapamycin and its analogue Everolimus showed a dramatic loss of MTS signal in
cells lacking MINAS53 activity. Surprisingly however, this was not associated with a
reduction in cell viability (in fact, a slight increase in cell number was observed),
but instead correlated with a loss of mitochondrial mass, likely due to increased
autophagy and associated mitophagy in response to mTOR inhibition (Chapter 5).
Interestingly, two of the other agents tested (LY294002 and Actinomycin-D) also
showed a similar phenotype, although the difference was less apparent.
Considering the Rapamycin results these agents should be re-visited to determine
whether the differential loss of MTS signal in MEFS lacking MINAS53 activity

represents reduced cell viability or increased mitophagy/autophagy. Interestingly,
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all the agents demonstrating this activity-dependent effect in the MTS assays could
be considered to target the same pathway regulating ribosome biogenesis (PI3K-

mTOR-RNA Polymerase I).

7.3.1 How does MINAS53 activity regulate autophagy?

It is of interest that mTOR inhibition is thought to stimulate autophagy by
mimicking nutrient deprivation (Altman and Rathmell, 2012). Is it possible that the
decrease in 60S and monosome abundance in cells lacking MINA53 activity is
interpreted as a response to nutrient deprivation? This could stimulate the basal
levels of autophagy observed in MINA53 KO cells, which may in turn sensitise them

to mTOR inhibition (Figure 2).

Recent work in yeast describes a specific autophagy pathway for degradation of
ribosomes under nutrient starvation conditions, termed ‘ribophagy’ (Beau et al,,
2008). Interestingly, ribophagy consists of independent pathways for the
degradation of the small and large subunit. Therefore, it remains a possibility that
the reduced 60S levels in cells lacking MINAS3 activity are due to increased
autophagy and 60S ribophagy, as opposed to decreased 60S biogenesis. In this
scenario, autophagy/ribophagy would be causal with respect to reduced 60S
abundance, rather than vice versa (Figure 7.2). If true, this would make it necessary
to evoke an alternative hypothesis of autophagy regulation by MINAS3 activity,

such as specific gene regulation (see Section 7.5).
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Figure 7.2. Models of regulation by MINA53 enzyme activity. Two models are presented
highlighting possible links between the activity-dependent phenotypes described in this thesis.
A. A more direct model by which Rpl27a hydroxylation regulates 60S biogenesis and in turn
autophagy, anchorage-independent growth and tumourigenesis. The possibility that alternative
substrates exist is highlighted, particularly their role in gene expression, but note that these
substrates could play a role in any of the phenotypes observed. The possibility that MINA5S3
regulates 60S abundance via ribophagy is also shown, with possible regulatory links
highlighted. B. A more indirect model by which substrates could regulate the observed activity-
dependent MINA53 phenotypes, in which each of the processes has the potential to regulate

any of the others.
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7.4 Autophagy, anchorage-independent growth, and cancer

Whatever the mechanism by which MINAS53 regulates autophagy, the enhanced
autophagy levels in cells lacking MINA53 activity could explain their increased
anchorage-independent growth; Autophagy has been implicated in stimulating K-
Ras transformation. Overexpression of K-Ras induces Atg-5 and -7, and their
suppression by shRNA inhibits anchorage-independent growth and xenograft
tumourigenesis (Kim et al.,, 2011b), (Guo et al., 2011). It has been proposed that
autophagy promotes K-Ras transformation by maintaining a healthy pool of
organelles for cell proliferation and providing energy metabolites during periods
of low nutrient availability (Brech et al., 2009). Autophagy also supports increased
glucose uptake in Ras-transformed cells, suggesting one possible mechanism by

which autophagy promotes transformation (Lock et al., 2011).

In the context of human cancer, autophagy is thought to have either an inhibitory
or a stimulatory role, depending on the stage of tumourigenesis. Currently, it is
thought that autophagy negatively affects tumour initiation but once the tumour is
established it promotes cell survival and enhances adaptation to various stresses
(Liu and Ryan, 2012). It is interesting to speculate that these opposing roles of
autophagy could explain the observation that MINAS53 is upregulated in some

cancers, and downregulated or inactivated in others.

Our attempts to model the role of MINA53 enzyme activity in tumour growth were
unsuccessful; whereas MINAS3 regulates autophagy in an enzyme-dependent
manner in vitro, xenograft growth was largely enzyme-independent. This suggests

that MINA53-dependent regulation of autophagy (which is an activity-dependent
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phenotype) is unlikely to play a significant role in xenograft tumour growth, at
least in the cellular model described here. It would be useful to repeat an isogenic
MINAS3 rescue experiment in a human tumour cell line to explore this further;
efforts are underway using an A549 ShRNA knockdown clone (Chapter 2), which

showed complete loss of MINAS53 activity (Chapter 4).

Why xenograft tumour growth was largely independent of enzyme activity when
anchorage-independent growth was completely dependent is unclear but
presumably relates to the more complex environment in which cells grow in a

tumour.

7.5 MINA53 regulates gene expression

Chapter 3 describes a gene expression profiling experiment that was undertaken in
order to identify candidate genes and signaling pathways that could play a role in
the MINAS53-dependent phenotypes observed early in this study. Overall, chronic
loss of MINAS3 activity only had modest effects on gene expression. Although
these effects were both positive and negative, and activity-dependent and -
independent, the largest group of regulated genes was that repressed by MINA53
activity. Pathway analysis indicates these genes are involved in translation,
proliferation, cell growth, cell metabolism, cell signaling and ATP production.
Interestingly, several of the most downregulated genes were elongation
translation factors (elFs), which are commonly upregulated in tumours, and
correlate with increased survival and proliferation. For example, eI[F4B which was
downregulated uniquely in the MINA53 KO+HA-MINA53 MEF background, is

required for tumour cell growth and survival (Shahbazian et al, 2010). It is
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possible that activity-dependent repression of gene expression may contribute to
the role of MINA53 in anchorage-independent growth, or in fact any of the other

phenotypes described here (Figure 7.2B).

How does MINAS3 activity regulate gene expression? The mechanism(s) involved
could be direct, such as hydroxylation of a transcription factor or an extra-
ribosomal function of Rpl27a (Figure 7.2A), or more indirect, downstream of
effects on ribosomal function for example (Figure 7.2B). Interestingly, many
ribosomal proteins are known to have extra-ribosomal functions; ribosomal
protein S3 functions as a DNA repair endonuclease (Kim et al., 1995), ribosomal
protein L13a interacts with the IFN-gamma activating inhibitor of translation
(GAIT) complex to inhibiting translation of specific mRNAs (Mazumder et al,,
2003), (Kapasi et al., 2007), and ribosomal protein L10 regulates c-Yes tyrosine
kinase (Oh et al,, 2002). Furthermore, under conditions of nucleolar stress specific
ribosomal proteins can migrate from the nucleolus into the nucleus where they
interact with and inhibit MDM2 E3 ligase activity leading to p53 activation (Chen
et al, 2007), (Dai and Lu, 2004), (Jin et al, 2004), (Lohrum et al, 2003).
Interestingly, it was recently suggested that Rpl27a might also be involved in a
similar mechanism as Rpl27a mutation phenocopies models of elevated p53 in
mice (Terzian et al,, 2011). Taken together, these reports suggest that exploring
the role of Rpl27a hydroxylation in regulating transcription factor activity would
be of interest. However, since the described isogenic MEF model was immortalized
with Large-T Antigen, these cells would not be suitable for studying any

consequences on p53 activity.
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Although MINAS3 is enriched in the nucleolus, it is also found diffusely expressed
through the nucleoplasm (Chapter 3, and (Eilbracht et al., 2005). This could be
consistent with a direct role for MINA53 in regulating gene expression (Figure
7.2A), perhaps at the level of chromatin conformation (similar to a histone
demethylase) or transcription factor activity (akin to FIH). Targeting of factors
regulating gene expression could be consistent with the localisation of MINAS53 to
the IL4 promoter (ChIP analysis) (Okamoto et al, 2009) and the regulation of
histone methylation marks (Lu et al., 2009) likely indirect as we have not detected
any histone demethylase activity). Although existing proteomic data has not yet
provided any good candidates for substrates in these pathways, it is interesting to
note that the MINAS53 hydroxylation motif in Rpl27a (G-[LM]-H-[HKR]-H-R) is
present in several proteins, including transcriptional regulators (Figure 7.3).
Interestingly, one of these, termed ZFHX3 (ATBF1), is a large transcriptional
repressor protein consisting of 23 zinc-fingers, the last of which at the extreme C-
terminus contains the putative MINA53 hydroxylation motif. Since ZFHX3/ATBF1
is a tumour suppressor gene that is mutated or deleted in several cancers (Cho et
al, 2007), (Sun et al,, 2007), (Kataoka et al.,, 2001) this protein warrants further

investigation as a candidate MINAS53 substrate that regulates gene expression.

7.6 MINA53 is mutated and inactivated in cancer

Despite the discrepancy between the effects of MINA53 activity in anchorage-
independent growth in vitro versus xenograft growth in vivo, there is good genetic
evidence for a negative role of MINA53 activity in some human tumours. Chapter 6
describes two MINA53 mutations detected in human tumours; G175R was

sequenced from a breast carcinoma, and P34 1R from an ovarian serous carcinoma
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Accession Name Description Function

P46776 RPL27A 60S ribosomal protein L27a Ribosomal function/assembly
Q15911 ZFHX3 Zinc finger homeobox protein 3 Transcriptional repressor
Q14929 ZN169 Zinc finger protein 169 Transcriptional regulation
Q96H40 ZN486 Zinc finger protein 486 Transcriptional regulation
Q01538 MYT1 Myelin transcription factor 1 Transcription factor

Q9NYV4 CDK12 Cyclin-dependent kinase 12 Transcriptional elongation/RNA splicing
P50748 KNTC1 Kinetochore-associated protein 1 Mitotic checkpoint

Q7L2E3-2 DHX30 ATP-dependent RNA helicase RNA unfolding

Q96LT4-2 SAMDS8 Sphingomyelin synthase-related protein 1 Lipid metabolism

015169-2 AXIN1 Axin-1 Beta-catenin destruction
Q5KSL6 DGKK Diacylglycerol kinase kappa Generates phosphatidic acid
Q8N3F8 MILK1 MICAL-like protein 1 Cytoskeletal regulator
QINYC9 DYH9 Dynein heavy chain 9, axonemal Force generating protein
Q8NEM7 FA48A FAMA48A p38 MAPK Activation

Q01959 SC6A3 Sodium-dependent dopamine transporter Amine transporter

Q99698-3 LYST Lysosomal-trafficking regulator Sorting of endosomal proteins
Q81Y33-4 MILK2 MICAL-like protein 2 Cytoskeletal regulator
Q13488 VPP3 V-type proton ATPase 116 kDa subunit a isoform 3 |Proton channel

Figure 7.3. Candidate substrates for MINA53 identified in silico. The online Prosite tool was
searched with the Rpl27a hydroxylation motif G-[LM]-H-[HKR]-H-R, with conservative
substitutions allowed in regions identified as less critical for Rpl27a modification (Dr Wei Ge,
Schofield Laboratory). This search returned 18 hits in humans, and included Rpl27a and 5

transcriptional regulators.
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tumour. Reconstituting these mutants into the isogenic MINA53 KO model
suggested they were likely inactive, since they failed to repress the anchorage-
independent growth or autophagy phenotypes. Indeed, preliminary biochemical
analysis of cells expressing G175R confirmed the complete absence of Rpl27a
hydroxylation. This is consistent with the structural analysis indicating that this

mutation is likely to strongly interfere with binding of 20G.

During the course of writing this thesis a new mutation of MINA53 (K389N) was
reported in a colon adenocarcinoma (Wellcome Trust Sanger Institutes COSMIC
database). K389 resides on the edge of the C-terminal domain and points towards
the dimerisation domain, perhaps playing a role in an interaction between these
two domains that would be disrupted upon mutation to the shorter side chain of
Asparagine (Figure 7.4). It will be interesting to reconstitute this new cancer

mutant into our MINA53 KO model in order to assess its enzymatic activity.

Although relatively few cancer mutations have been sequenced thus far, the
proportion of mutations overall is 3% (3 mutations in 94 examples), with 8% in
breast and large intestine (1 out of 12 in each case), and 100% in ovarian cancer (1
out of 1). It is interesting to note that the cancer types in which mutations have
been sequenced thus far correlate with those with reduced MINA3 mRNA
expression (Chapter 6). Therefore, it is possible that inactivating mutations in
MINAS53 will be sequenced in other tumour types such as lymphoma, lung and
kidney cancer in the future. Overall, these findings suggest the need for a focused
effort to specifically sequence MINAS3 in a large number of tumours, particularly

those in which MINA53 mRNA is downregulated. In conclusion, inactivating

157



Figure 7.4. MINA53 K389N mutation in colon adenocarcinoma. K389 (red) is located on the
edge of the C-terminal domain of MINA53 pointing towards residues (green) on the predicted
dimerisation domain (left panel). The K389N mutation (orange) results in a shorter side chain
that could disrupt any interaction between the two domains (right panel). Images were produced

using Chimera software and data from the Oppermann laboratory (SGC, Oxford; PDB 2XDV).
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mutations provide strong genetic evidence that MINA53 activity plays a role in
suppressing tumour growth. How it does this is not clear, but considering the data
I have presented on MINAS53’s role in regulating autophagy, correlating MINAS53

status and autophagy in human tumours would be of interest.

7.7 20G Oxygenases as cancer targets

As discussed above, | have shown that MINA53 is underexpressed or mutationally
inactivated in specific tumour types, suggesting it is a tumour suppressor gene in
some cells. Interestingly, other 20G Oxygenases have also been implicated as
tumour suppressor genes; UTX is a H3K27 histone demethylase that is mutated
and inactivated in several cancers (van Haaften et al., 2009), and the H3K36me1/2
demethylase JHDM1B is a putative tumour suppressor that is mutated in
lymphoma and underexpressed in glioblastoma multiforme (Cloos et al.,, 2008),

(Frescas et al., 2007).

The majority of the available literature on MINAS53 argues that it is generally
overexpressed in tumours and therefore a good anti-cancer target. Other 20G
Oxygenases have also been reported as overexpressed in cancer and suggested as
potential chemotherapeutic targets, including JMJD2C and JARID1, (Blair et al,
2011), (Ishimura et al., 2009; Italiano et al., 2006). The work in this thesis suggests
that an essential aspect of any preclinical investigation into the candidacy of a 20G
Oxygenase as an anti-cancer target should include a survey of its expression and

mutational status in a variety of tumour types.
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Chapter 8

Materials and Methods
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8.1 Reagents

8.1.2 Buffers
PBS
Phosphate-buffered saline (PBS) PBS was purchased in tablet form (Sigma-

Aldrich) and prepared by dissolving 1 tablet in 200ml MilliQ-grade water.

PBST

0.1% (v/v) Tween-20 in PBS.

PBSTB

PBS with 0.5 % (v/v) Triton-X-100 and 1% (w/v) BSA.

Agarose gel loading buffer (5x)

50% (v/v) 10x TBE, 50% (v/v) glycerol, 0.05% (w/v) bromophenol blue.

SDS-PAGE resolving (lower) gel buffer (4x)

Tris-HCI pH 8.8 1.5 M, sodium dodecylsulphate (SDS) 0.4% (w/v).

SDS-PAGE stacking (upper) gel buffer (4x)

Tris-HCl pH 6.8 1.5 M, SDS 0.4% (w/v).

SDS-PAGE electrophoresis buffer (10x)

Tris(-hydroxymethyl)aminomethane (Tris) 0.25 M, glycine 1.9 M, SDS 1% (w/v).

The 10x concentrate was diluted to 1x using MilliQ-grade water prior to use.
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Protein transfer buffer (20x)
Tris 0.2 M, glycine 2 M. 20x transfer buffer was diluted to 1x using MilliQ-grade

water plus 5% (v/v) methanol.

SDS-PAGE sample buffer (6x)
Upper gel buffer (4x) 7 ml, glycerol 30% (v/v), SDS 10% (w/v), DL-dithiothreitol

(DTT) 0.6 M, bromophenol blue 0.05% (w/v); in a total volume of 10ml.

JIES protein extraction buffer
NaCl 100 mM, TrisHCl pH 7.4 20 mM, MgCl; 5 mM, Nonidet P-40 (NP40) 0.5%
(v/v). Complete EDTA-free protease inhibitor cocktail (Roche Applied Science) was

added immediately before use.

RIPA protein extraction buffer
Tris-HCl pH 7.4 50 mM, NP40, 1% (v/v), Sodium deoxycholate 0.5%, NaCl 150 mM,
EGTA 1 mM, Na3VOs 1mM, NaF 1mM. Complete EDTA-free protease inhibitor

cocktail was added immediately before use.

Urea-SDS buffer
Urea 6.87 M, glycerol 8.6% (v/v), sodium-dodecyl sulphate 0.9%, Tris-HCI pH 7.5

8.6 mM. Add 1 mM DTT before use and protease inhibitors if needed.

10% (w/v) Polyethylenimine (PEI)
10 ml of polyethylenimine plus 70 ml MilliQ-grade water. Titrate the solution to
pH7.9 with concentrated HCl, and adjust the final volume to 100 ml with MilliQ-

grade water. Filter-sterilised and stored at 4°C.
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TFBI

Potassium acetate 30 mM, RbClz 100 mM, CaClz 10 mM, MnCL2 50 mM, glycerol
15% (v/v). Reagents were dissolved in 50 ml of MilliQ-grade water followed by
addition of glycerol and pH adjusted to 5.8 using acetic acid 0.2 M. MilliQ-grade

water was added to a final volume of 100 ml, filter-sterilised and stored at 4°C.

TFBII

3-(N-morpholino)propanesulfonic acid 10 mM, CaCl; 10 mM, RbCl; 10 mM were
diluted in 5 ml of MilliQ-grade water before addition of glycerol 15% (v/v), and pH
adjusted to 6.5 by NaOH 1M. MilliQ-grade water was added to a final volume of 100

ml, filter-sterilised and stored at 4°C.

A1 Buffer
Tris-HCl 20 mM pH7.8, NaCl 100 mM, KCI 20 mM, MgCl2 10 mM, 2-
Mercaptoethanol 6 mM, sucrose 5% (w/v), Triton-X100 1%, 1x Complete protease

inhibitor.

A2
Tris-HCl 20 mM pH7.8, NaCl 100 mM, KCI 20 mM, MgCl2 10 mM, 2-

Mercaptoethanol 6 mM, sucrose 32% (w/v).

Buffer C

Tris pH7.5 50 mM, MgCl; 5 mM, KCl 25 mM.
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Buffer A
Trifluoroacetic acid 0.1% (v/v), MilliQ-grade water (stored at 4°C, pre-warmed to

room temperature before use).

Buffer B

Trifluoroacetic acid 0.08% (v/v), acetonitrile.

Protein extraction buffer for polyribosome profiling
HEPES-KOH 20 mM pH7.4, MgCl: 15 mM, KCl 200 mM, Triton X-100 1% (v/v),
cycloheximide 100 pg/mL, DTT 2 mM, heparin 1 mg/mL. The last three

components were added fresh.

Sucrose buffer for polyribosome profiling
7% and 47% (w/v) sucrose solutions were made up in NH4Cl 50 mM, 50 mM Tris-

Acetate pH 7.0, MgClz2 12 mM, and pH adjusted to 7.4 with 96% (v/v) Acetic acid.

8.2 Cell biology reagents
Actinomycin-D, LY294002, Cycloheximide, Sparsomycin, Anisomycin, Rapamycin,

and Chloroquine were all purchased from Sigma.

8.3 Bacterial techniques

8.3.1 Solutions and media
All bacterial growth media were autoclaved at 121°C and 100kPa for 15 minutes

before use.
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YB
Yeast extract (Invitrogen) 0.5% (w/v), Tryptone (Invitrogen) 2% (w/v), MgS0O4 0.5

% (w/v), pH adjusted to 7.6 by KOH 1M before autoclaving.

Luria-Bertani medium (LB)
Obtained in powder form (Invitrogen) and dissolving at 2 % (w/v) in MilliQ-grade
water before autoclaving. For LB-agar plates, 1.5 % (w/v) agar was added prior to

autoclaving.

SoC

SOC media was purchased from Invitrogen.

Ampicillin
Ampicillin selection was achieved using 100 ug/ml ampicillin added to liquid and

solid culture media.

8.3.2 Bacterial strains
All cloning and site-directed mutagenesis procedures were carried out in XL10-
Gold ultracompetent cells (Stratagene), Turbo competent cells (NEB) or

Escherichia coli (E. coli) strain DH5alpha.

8.3.3 Generation of competent DH5alpha for transformation
A single colony was picked and inoculated in 5ml of YB and grown overnight at
220rpm and 37°C. The next morning the culture was back-diluted 100-fold into

400 ml YB media and cells grown to an ODsso of 0.5, cooled on ice and then
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centrifugation at 3250g and 4°C for 5 minutes. The cell pellet was subsequently
resuspended in 160ml ice-cold TFBI and incubated on ice for 5 minutes followed
by centrifugation. The pellet was resuspended in 16ml of ice-cold TFBII and
incubated on ice for 15 minutes before divided into 200 ul aliquots and storage at -

80°C.

8.3.4 Transformation

50ul of competent bacteria were used per transformation together with 5ul of
ligation reaction or 50 to 100ng of plasmid DNA. Bacteria were thawed on ice and
incubated together with DNA for 30 minutes before heat-shocked at 42°C for 45
seconds. Cells were placed back on ice before addition of 0.5 ml of SOC media and
incubation at 37°C with shaking at 220rpm for 1 hour. Cells were pelleted by
centrifugation and then resuspended in 50ul of SOC medium before plating on

ampicillin agar plates and incubation at 37°C overnight.

8.4 DNA techniques

8.4.1 Isolation and purification of plasmid DNA

Small-scale DNA plasmid purifications were commonly performed using a QIAprep
spin miniprep kit from Qiagen. Alkyline lysis of the bacteria was followed by
transfer of DNA onto a silica membrane under high-salt conditions and subsequent
washes with a high-salt content. DNA was then eluted by a low-salt solution. Large-
scale DNA preparations were done using a HiSpeed plasmid maxi kit from Qiagen.
Alkaline lysis of cells was followed by binding of DNA onto an anion-exchange

resin under conditions of low salt, medium-salt washing and then elution using a
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high-salt solution. The eluted DNA was further concentrated by isopropanol

precipitation. DNA was usually eluted in MilliQ-grade water.

8.4.1 Quantification of DNA

DNA was quantified using a NanoDrop ND-1000 spetrophotometer. MilliQ-grade
water was used as a blank measurement. Usually 2ul of the DNA sample was used
for each measurement. Absorbance was measured at 260 nm and purity
determined by the 260 nm/280nm ratio. A DNA solution with a ratio around 1.9

was considered to be of sufficient quality.

8.4.2 Amplification of DNA by Polymerase Chain Reaction (PCR)

Usually 50 ul reactions were used containing 50 ng DNA template, 10 pmol of each
oligonucleotide forward and reverse primer, 1x Cloned Pfu reaction buffer, and 0.2
mM dNTPs. Cloned Pfu Turbo DNA polymerase (2.5U, Stratagene) was added last.
The reaction mixture was prepared on ice. PCR reactions were carried out using a
PTC-200 Peltier thermal cycler (M] Research), using the 25-30 cycles of the

following conditions, or similar; 96°C 45s, 60°C 60s, 72°C 120s (per Kb).

8.4.3 Site-directed mutagenesis (SDM)

Specific primers were designed for each MINA53 mutation and mutants made in
the pCMV SPORT6 MINAS3 IMAGE clone background by PCR. A standard SDM
included; 50 ng template, 20 pmol each primer, 1x Cloned Pfu reaction buffer,
dNTP 1 mM, and 2.5U cloned Pfu DNA polymerase in a total reaction volume of
50ul. SDM PCR was carried out with 20 cycles of the following, or similar; 95°C 30s,

55 or 58°C 1 min, 68°C 12 min. Samples were treated with Dpnl for 1h at 37°C for
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the digestion of parental DNA and then transformed into XL-10 gold

ultracompetent cells for antibiotic selection.

8.4.4 Construction of plasmids

The pBabe_PURO SV40 Large T construct was provided by P. Jat and used for
retroviral infection and immortalisation of MEFs. Mouse MINA53 mutants were
created by SDM as above; each construct was then amplified by PCR using
oligonucleotides to encode a HA-epitope tag at the N-terminus, and subsequently
cloned into pEF6 and pBabe-Neo (Addgene) by restriction enzyme digestion and
ligation. Mouse K-Ras G12V was amplified by PCR from template DNA (Addgene)
and cloned into pWZL-hygro vector (Addgene). In a standard subclone PCR
reaction 50ng plasmid DNA was used, together with 20 pmol of each primer 2.5U
Pfu DNA polymerase, 0.2 mM dNTP, and 1x Cloned Pfu reaction buffer in a total
volume of 50ul. Subclone PCR was carried out as follows: 95°C 30s, 55 or 58°C 1
min, 72°C 3 min with 35 cycles. Samples were separated on a 1% (w/v) agarose
electrophoresis gel (agarose dissolved in 1x Tris/Borate/EDTA buffer (Sigma-
Aldrich, USA) with ethidium bromide 2 ug/ml (Sigma-Aldrich, USA)). PCR products
of the correct size were excised using a scalpel and UV light source before purifing
inserts using a Illustra GFX PCR DNA and gel band purification kit (GE Healthcare,
USA). Inserts and plasmids were then digested using restriction enzymes and
buffers from New England Biolabs according to manufacturer’s protocol. In
general, 1 ug of plasmid or 14 ul of PCR fragment were digested with 10U of each
enzyme and 1 ul of appropriate restriction buffer, supplemented with Bovine
Albumin serum (Sigma-Aldrich, USA) where required, in a total volume of 10 pl.

Digestion was carried out for 4h or overnight at 37°C. Following digestion, vector
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DNA was incubated for 15 min at 37°C with calf intestinal alkaline phosphatase
(New England Biolabs, USA) to remove 5’ phosphate groups. Digested vectors were
separated on a 1% (w/v) agarose gel, excised and purified as above, while inserts
were purified from solution using the same Kkit. All ligation reactions were
performed using 20U T4 DNA ligase and 1 x T4 buffer (New England Biolabs, USA)
in a total volume of 10 pl. Ligation was performed overnight at 16°C with a molar

ratio of 3:1 insert to vector.

8.4.5 DNA sequencing
All plasmid inserts were sequence verified using specific primers by Source

BioScience plc, Oxford.

8.4.6 Plasmids for protein expression in mammalian cells
pBabe_PURO_SV40_LargeT_antigen
pWZL_Hygro_K-Ras_G12V

pBabe_NEO_EV

pBabe_NEO_HA-MINAS53

pBabe_NEO_HA_MINA53 H179A

pBabe_NEO_HA-MINAS53 P341R

pBabe_NEO_HA-MINAS53 G175R

8.5 Mammalian cell biology techniques

8.5.1 Cell culture
All cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)

supplemented with foetal bovine serum (FBS) 10%, L-glutamine 2 mM, penicillin
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50 IU/ml and streptomycin 50 ug/ml. Most cell lines were maintained under
specific antibiotic selection (see below). Cells were maintained in a humidified

atmosphere with 5% COz at 37°C.

8.5.2 Plasmid transfection

Plasmids were transfected into cells using either PEI or Fugene6 (Promega)
according to the manufacturers protocol. For a 6-well dish 1 ug of DNA was
transfected into cells at 50% confluency. Plasmid DNA was first added to Optimem
(Invitrogen) and vortexed before addition of 3 ul of Fugene-6. Samples were
vortexed and incubated at room temperature for 30 min. Transfection mixtures
were then added dropwise to cells and results analysed 48 to 72h post-

transfection.

8.5.3 siRNA transfection

Cells were seeded in 6-well plates at 1x10> cells/well, and the following day
transfected with 20 nM MINAS53 siRNA (MINA #10 (#1) or MINA 4563 (#2),
Dharmacon) or 20 nM control siRNA (dHIF, Dharmacon) using Oligofectamine
according to the manufacturer’s protocol (Invitrogen). Results were analysed by

western blot 48h after transfection.

8.5.4 Mammalian cell lysate preparation
Before cell lysis, culture media was removed cells washed twice in ice-cold PBS.
For immunoprecipitation cells were lysed in either JIES buffer (U20S-MINA53

inducible cells) or in RIPA buffer (MEFs). For western blot cells were lysed in JIES
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buffer or Urea-SDS buffer containing 1x Complete EDTA-free protease inhibitor
cocktail (Roche). Protein extracts were quantified using a DC protein assay (Bio-

Rad).

8.5.5 Immunoprecipitation

Cells were lysed as above and HA-tagged MINA53 immunoprecipitated with anti-
HA-antibody coupled agarose resin (Sigma) overnight at 4°C. Beads were then
sedimented at 2000 rpm for 1 min followed by six washes with 1ml JIES buffer.

Complexes were eluted by resuspening beads in 2xSDS-PAGE sample buffer.

8.5.6 Western blot

Proteins were resolved in 7.5%, 10% or 15% SDS-polyacrylamide gels run at 180V
for 1h, or on 8-16% NuSep gradient gels (Generon) run at 200V for 40 min, before
transfering to Immobilon P membrane (Millipore) for 1h at 100V. Membranes
were blocked for 1h in PBST with 5% (w/v) skim-milk powder. Membranes were
then incubated in primary-antibody in the same buffer, overnight at 4°C. The
following day membranes were washed in PBST and incubated with a secondary
antibody for 1h before final washing. Signals were visualized by
chemiluminescence (Pierce, Thermo Scientific). The following antibodies and
dilutions were used: anti-MINA53 (anti-rabbit-Ab, 1:1000, Invitrogen), anti-
MINAS53 (anti-mouse-Ab, 1:1000, Invitrogen), HA-HRP (1:4000, Roche Applied
Science), anti-Rpl27a (1:1000, Abcam), anti-Rpl3 (1:1000, Proteintech), anti-Rpl4
(1:1000, Proteintech,), anti-S6 (1:1000, Cell signaling), anti-p-S6 (240/244)
(1:1000, Cell signaling), anti-LC3 A/B (1:1000, Cell signaling), anti-COX-4 (1:1000,

Cell signaling), anti-FLAG-HRP (Sigma) and anti-g-actin-HRP (1:2000, Abcam).
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8.5.7 MTT assay

Cells were seeded at 2000 cells/well in a 96-well plate. The following day cells
were incubated in 10 pl of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetra-
zoliumbromide salt (MTT, Roche) solution for 4h, followed by solubilisation with
200 pl of solubilisation solution (Roche) overnight. The cells were then quantified

for formazan product using a spectrophotometer at 590 nm.

8.5.8 MTS assay

Cells were seeded out at 2000 cells/well in a 96-well plate and incubated with 20ul
of MTS reagent (CellTiter 96R Aqueous One solution Cell proliferation assay,
Promega) for 1h at 37°C before analysis for the formazan product using a

spectrophotomer at 490 nm.

8.5.9 Construction of MINA53 shRNA A549 stable cell lines

Five different sShRNA constructs (MISSION, Sigma-Aldrich) were transfected into
HEK293T cells using Fugene-6 as above, to screen for the hairpin giving the most
efficient knockdown. One MINAS53 shRNA construct (TRCN0000130530
NM_032778.3-1528s1c2 TRC 1) showed the most efficient knock-down by western
blot, as compared to the control shRNA. Control and MINA53 shRNA plasmids
were subsequently transfected into A549 cells using Fugene-6 and selected the
following day using puromycin (1 ug/ml). Cells were subsequently seeded in 15cm
dishes and cultured for three weeks before picking clones to screen for MINA53
knockdown. Three independent clones were established for the control shRNA and

for MINAS53 shRNA and kept under continuous puromycin (1 pg/ml) selection.
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8.5.10 Construction of MINA53 shRNA 293T stable cell lines
HEK293T cells were transfected with the same control and MINA53 shRNA
constructs described above using Fugene-6. Transfected cells were kept under

continous puromycin (1 pg/ml) selection.

8.5.11 Generation of primary MEFs from mice

Mice were culled by cervical dislocation and embryos extracted, before the
removing the head, and one limb for genotyping. After removal of the liver, the
embryo was macerated using scalpels and forceps (performed by Dr Mathew
Coleman). Macerated tissue was then incubated for 5 min at 37°C in 3 ml trypsin.
Samples were then dispersed using a pipette and re-incubated for 5 min at 37°C.
DMEM medium was then added to stop trypsinisation and the cells centrifuged at
1000 rpm for 5 min. The supernatant was removed, cells were resuspended in
fresh culture media and then seeded in 10 cm dishes and incubated at 37°C
overnight. The media was replaced the following day and after 1 week mouse

embryonic fibroblasts (MEFs) had grown out.

8.5.12 Establishment of immortalized MEFs

Phoenix retroviral packaging cells were used to generate the pBabe-puro SV40
Large T antigen for MEF immortalisation. Phoenix cells were seeded by adding
1/6% of a confluent T175 flask into a 15cm dish. The following day 25 pg of
plasmid was resuspended in 5 ml of Optimem plus 100 pl PEI. After incubating at
room termpature for 30 min, samples were added dropwise to the Phoenix cells.
Fresh culture media was added the following day and retroviral-containing media

harvested 3 days subsequently. The retroviral media was sedimented at 1000 rpm
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for 5 min to remove contaminating Phoenix cells and then filtered through a 0.45
um sterile filter. The purified retroviral supernatant was then diluted with 5 ml
DMEM and Polybrene added to 5 pg/ml (which improves infection efficiency by
neutralizing charge repulsion between the virus and the cell surface). This
retroviral media was then added to wild-type, heterozygous and MINA53 knockout
MEFs cells that had been seeded the previous day at 1x10> cells/well in a 6-well
plate. Infections were incubated at 37°C for 8h before adding 20 ml culture media.

Immortalised MEF cells were subsequently selected for using 1 pg/ml puromycin.

8.5.13 Establishment of K-Ras transformed MEF cell lines

Transformed cells were created by infection with a retrovirus expressing
oncogenic K-Ras, essentially as described above. In short, Phoenix cells were
seeded in 15 cm dishes and the following day transfected with pWZL-hygro K-Ras
G12V. Three days after tranfection, retroviral media were harvested and filtered
before infecting wild-type and knock-out MEFs. K-Ras expressing cells were

selected 48h post-infection using 200 pg/ml hygromycin (Roche Applied Science).

8.5.14 Establishment of MINA53 KO MEFs reconstituted with empty vector
(EV), HA-MINA53 and HA-MINA53 H179A

MINA53-reconstituted cells were created by infection with either a control empty
retroviral vector, or the same vector expressing wildtype HA-MINAS53 or various
mutants, as described above. Transformed and reconstituted MEFs were selected
using 200 pg/ml G418 and 200 pg/ml Hygromycin. For passage 50 pg/ml G418

was used.
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8.5.15 Doxycycline-inducible 3X-FLAG-tagged MINA53

Doxycycline-inducible 3X-FLAG-tagged MINAS3 expressing cells were created by
Dr Nicholas Granatino by transfecting U20S cells with pUHD10-3X-FLAG-MINAS53
and selection in 400 pg/ml G418 and 200 ug/ml hygromycin B. MINAS53
expression was induced by treating the cells with 0.5 ug/ml doxycycline every 24
hours. The cells were maintained in DMEM supplemented with 10% Tet-approved
fetal calf serum (Takara), plus penicillin and streptomycin under standard

conditions.

8.5.16 Clonogenic survival assay

Cells were seeded at the indicated concentrations in 6-well or 10 cm plates and
grown for 3-4 weeks. Media was removed, and cells carefully washed in PBS before
staining with methylene blue (50% (v/v) ethanol, 0.25% (w/v) 1,9-dimethyl-
methylene blue (Sigma-Aldrich)) for 30 min. Staining media was removed, plates
washed in PBS and the plates left to dry. The following day the number of stained

colonies were manually counted.

8.5.17 Soft-agar growth assay

A 2% (w/v) stock solution of Noble agar (Sigma-Aldrich) was diluted to 0.6% in
DMEM containing 20% (v/v) FBS. 2ml was aliquoted per well of a 6-well plate and
allowed to solidify. Cells were then resuspended in 0.3% Noble agar solution in
20% FBS medium and added onto the solidified layer. Plates were incubated
overnight at 37°C before adding 200 pul of DMEM containing 10% FBS to each well.
This was repeated twice a week for 2-3 weeks until the clones were easily detected

by eye. Tetrazolium salt (Sigma-Aldrich) was used to stain the clones; 500 pl of a 1
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mg/ml stock was added per well and incubated overnight before visualizing and

colony counting the following day.

8.5.18 Tumourgenicity of reconstituted MINA53 MEFs in nude mice

K-Ras transformed MEF cells (1 x 107) were resuspended to 100 ul before mixing
with an equal volume of Matrigel (BD Science) and injection into the flank of a 6-8
week old female BALC/c nude mice. Tumour growth was measured three times a
week and tumour volume calculated (length x width x height x t/6, Tomayko et al,
1989). For the pilot xenograft experiment, K-Ras transformed MINA53 KO+EV and
MINA KO+HA-MINAS3 cells were used (n = 7, two injections per mice, one from
each cell line). Tumour growth was followed for 19 days. In the main study, four
cell lines were used (K-Ras transformed wildtype MEFs, MINA53 KO+EV, MINAS53
KO+HA-MINA53 and MINA53 KO+HA-MINA53 H179A MEFs) with seven BALC/c
nude mice per cell line (28 mice in total, each mouse injected once). Tumour
growth was followed for 55 days before termination. All procedures were carried
out under Home Office regulations. Cell injections and tumour growth
measurements were performed by Ji-Liang Li and Esther Bridges (Harris

laboratory, WIMM, University of Oxford.

8.5.19 Immunofluorescence

HA and nucleolin staining

Cells were seeded in tissue culture slides (BD Bioscience) and fixed in 4 % (w/v)
paraformaldehyde for 15 minutes at room temperature followed by PBS washes.
Cells were then permeabilised in PBST for 10 minutes before washing twice in

PBSTB. Samples were incubated for 1h with anti-nucleophosmin antibody (1:100,
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Santa Cruz Biotechnology, USA) diluted in PBSTB. After PBSTB washes, the cells
were incubated with anti-HA-FITC (1:250, Sigma-Aldrich, USA) and anti-rabbit
Alexa Flour-555® (1:1000, Invitrogen) antibodies for 1h, also diluted in PBSTB.
After a final wash in PBS, cells were mounted in Vectashield with DAPI (Vector
Laboratories) and the edges of the coverslip were sealed with DPX (Fisher
Scientific) and allowed to set for 24h at room temperature in the dark. Images
were acquired using a confocal microscope (Zeiss 510 MetaHead) and analysed

using LSM 510 software v4.2 (Carl Zeiss GmbH).

Mitotracker staining

Prior to fixation, cells were labelled with 250 nm Mitotracker® Red CMXRos
(Invitrogen) for 15 minutes at 37°C. Cells were then fixed in 4% (w/v)
paraformaldehyde for 15 minutes at room temperature followed by PBS washes.

Samples were mounted and images acquired as above.

Lysotracker staining

Cells were labeled with 50 uM Lysotracker (Molecular Probes) for 1h at 37°C
before fixation in 4% (w/v) paraformaldehyde for 15 minutes at room
temperature and then PBS washes. Samples were mounted and images acquired as

above.

8.5.20 RNA extraction, cDNA preparation, and Q-PCR
RNA was extracted from cells using TRI solution (Sigma-Aldrich) and prepared
according to the manufacturer’s protocol. In short, 200 pl of Chloroform (Sigma-

Aldrich) was added to 1 ml of the TRI solution containing the RNA and centrifuged
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at 18,000xg for 15 minutes. The upper phase was retained and incubated with 500
ul Isopropanol before centrifugation at 18,000xg for 15 minutes. Pellets were
washed with 75% (v/v) ethanol and dried before resuspending in 20 pl of RNAse-
free DEPC-water (Ambion, USA). Samples were incubated at 60°C for 15 minutes
and cDNA synthesised using a cDNA Reverse Transcriptase kit (Applied
Biosystems) according to manufacturers protocol. Q-PCR was performed using
SYBR green dye (Applied Biosystems), with oligonucleotide primers specifically
designed for each target. Samples were prepared according to manufacturer’s
protocol (Applied Biosystems) and analysed using a StepOnePlus Q-PCR machine

from Applied Biosystems.

8.5.21 Isolation of ribosomes

Cells were lysed in buffer A1 and centrifuged at 18,000xg for 20 min at 4°C. 10ml
of the protein extract was then carefully layered onto 28 ml Buffer A2 in a
polyallomer tube before centrifugation at 100,000xg for 3h at 4°C (SW28 rotor).
Ribosomal pellets were either resolubilised in UREA/SDS for analysis by
Coomassie blue (Imperial protein stain, Thermo Scientific) staining or western
blotting, or were further processed for HPLC purification or whole-protein MS of

Rpl27a (see below).

8.5.22 Polyribosomal profiling

Cells were seeded to be 80-90% confluent 48 hours later at the time of harvest.
Sucrose gradients were prepared one day before use in order to form a continuous
gradient (stored at 4°C), as follows. Five different sucrose solutions were made by

mixing 7% (w/v) and 47% (w/v) sucrose buffers into the following: 7%, 17%
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(7%,47% at 3:1 ratio), 27% (7%,47% at 1:1 ratio), 37% (7%:47% at 0.68:1 ratio),
47%. Ultracentrifuge tubes (Seton Scientific) were immersed in dry ice with
ethanol. 7ml of 47% sucrose solution was added to each tube and allowed to
freeze for 15min. This process was then repeated with the 37%, 27%, 17% and 7%
sucrose solutions in turn, with each solution layered on top of the last. These
discontinuous gradients were then left overnight at 4°C to diffuse into continuous
gradients. At the day of the harvest cells were treated with cycloheximide (100
ug/ml) for 15 min and then harvested in 1ml of polyribosome lysis buffer,
subjected to 20 strokes of a dounce homogeniser using a Type B pestle before
centrifugation at 14,000 x g for 5 min at 4°C. The supernatant was retained and the
RNA concentration determined by Nanodrop. Sample equivalent to 500 ug RNA
was gently layered on top of the gradient before ultracentrifugation at 100,000g
for 4h at 4°C. Approximately 1h before completion of the spin the gradient
fractionator used for polyribosome analyses was flushed with MilliQ-grade water,
followed by 70% (v/v) ethanol, a second wash with MilliQ-grade water before
sample tube piercing and displacement with Fluorinert (Sigma). The combined
system consisted of a; TRIS peristaltic pump (Teledyne Isco), tube piercer and fluid
displacement unit (Brandel), Type II FlowCell optical unit (Teledyne Isco), UA-6
UV/VIS detector, and Retriever 500 sample collector (Teledyne Isco). Ribosomal
subunits were displaced from the gradient at a flow rate of 5 ml/min and rRNA

detected at 254nm.

8.5.23 Microarray analysis
Total RNA was purified using a mirVana kit (Ambion). The quantity and quality of

the RNA was determined using the Agilent BioAnalyzer 2100 (Agilent
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Technologies). Gene expression data were obtained from two biological replicates
from each of four cell lines: WT MEFs, MINA53 KO+EV, MINA53 KO+HA-MINA53
and MINA53 KO+HA-MINA53 H179A. Samples were hybridized to Illumina
MouseWG-6 v2 BeadChips and chips scanned with Illumina BeadArray Reader.
GenomeStudioV2010.1 (Illumina Inc) was used for data extraction. Data was
analysed using GenePattern software (Broad Institute) and IPA pathway analysis

(Ingenuity Systems).

8.5.24 Hypoxia experiment

Hypoxia was performed at 0.1% O: in a humidified atmosphere containing 5% CO>
at 37°C, for 72 hours using a Ruskinn hypoxia station. Cells were lysed in buffer A1
in the presence of the generic 20G oxygenase inhibitor N-oxalylglycine (NOG;
Santa Cruz Biotechnology) at 1mM. Endogenous Rpl27a was purified as described

above.

8.5.25 Purification of endogenous Rpl27a

Ribosomal pellets prepared as above were resuspended in Tris pH8 10 mM,
Mg(CH3C00)2 70 mM and 70% (v/v) glacial acetic acid before rotating at 4°C for 1
hour to precipitate rRNA. Samples were centrifuged at 18,000xg for 10 minutes at
4°C before removing the supernatant and mixing with 4 volumes of ice cold
acetone. Ribosomal proteins were precipitated at -20°C for 2 hours followed by
centrifugation at 18,000xg for 10 minutes at 4°C. Pellets were washed once in
acetone before vacuum drying and then resuspending in 2% (v/v) acetic acid/10%
(v/v) acetonitrile. 250ug ribosomal protein were then loaded onto a Vydac214TP

C4 (250mmx4.6mm) HPLC column (GRACE discovery) prequilibriated in 10%
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Buffer C (C2H3N/0.08% (v/v) TFA) and 90% Buffer D (0.1% (v/v) TFA) and
separated with the following gradient at a flow rate of 1ml/minute: 10 min 10%
Buffer C, 10-25 min 10-20 % Buffer C, 25-180 min 20-43 9% Buffer C. Protein
absorbance was measured at 214nm and fractions collected between 95 and 130
minutes. HPLC fractions were vacuum dried overnight and either resuspended in
6M Urea/100 mM Tris pH7.8 to identify fractions containing Rpl27a by dot-blot
with anti-Rpl27a antibody, or subjected to in-solution trypsinolysis as described

below.

8.6 Mass Spectrometry

8.6.1 In-solution trypsinolysis of Rpl27a

Dried HPLC fractions containing Rpl27a were resuspended in 100 ul 6M Urea/100
mM Tris pH7.8 prior to reduction with 5 ul 200 mM DTT for 1 hour, alkylation with
20ul 200 mM Iodoacetamide for 1 hour, and then quenching with 20 ul 200mM
DTT for 1 hour. Samples were diluted with 775 ul MilliQ-H20 then digested in-
solution with 1 pg trypsin (Sigma-Aldrich) at 37°C overnight. Peptides from
digested samples were then purified using C18 pipette tips according to the
manufacturers protocol (Pierce), vacuum dried and resuspended in 20 ul of Buffer
A (2% (v/v) acetonitrile, 0.1% (v/v) formic acid) prior to MS analysis. All MS was

performed by the Kessler laboratory at the Oxford Proteomics Facility.

8.6.2 Mass Spectrometry analysis

Dried samples were resuspended in 20 ul of Buffer A and subjected to LC-MS/MS

(Waters, Acquity, 75 pm x 250 mm, 1.7 pum particle size) analysis using a Thermo
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LTQ Orbitrap Velos (Thermo Scientific) at a resolution of 30000. MS/MS spectra
were acquired in CID mode, selecting up to 20 precursors. Peptides were separated
by a linear gradient of 1-40% (v/v) Acetonitrile in 120 min at a flow rate of 250
nl/min. MS/MS spectra were extracted from raw files by ProteoWizard MSConvert
(http://proteowizard.sourceforge.net/) using the 200 most intense peaks in each
and converted into MGF files. The peaklists were searched against the I[Pl human
database (v3.87, 91464 entries) using Mascot (http://www.matrixscience.com/)
v2.3.01, allowing one missed cleavage and 20 ppm/0.5 Da mass deviations in
MS/MSMS. Carbamidomethylation of cysteine was a fixed modification. Oxidation
of methionine and histidine as well as deamidation of asparagine and glutamine
were used as variable modifications. Annotation of oxidized methionines and
histidines was  performed manually and assisted with  ModLS
(http://cpfp.sourceforge.net/overview.html) as part of data analysis using the

Central Proteomics Facilities Pipeline.

8.6.3 Whole-protein mass spectrometry UPLC system

Endogenous RP127a was purified as described above and analysed by reversed
phase ultra-performance liquid chromatography (RP-UPLC) and electrospray
ionisation time-of-flight mass spectrometry (ESI-TOF MS) (all whole-protein was
performed by Rok Sekirnik, Schofield laboratory, Oxford). The method used a
Waters BEH C4 reversed phase column (2.1 x 150mm, 1.7 um particle size, 300 A
pore size). A flow rate of 0.3 ml/min was used with the column held at 40°C using a
Waters Acquity UPLC system connected directly to a Waters LCT ESI-TOF MS. The
column was equilibrated with solvent A (0.1% (v/v) formic acid in water). 5 pL of

ribosomal protein sample was injected onto the column and proteins eluted using
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a stepped gradient from solvent A to solvent B (0.1% formic acid in acetonitrile).
The following MS parameters were used: Polarity: ES+; Capillary voltage: 3,000V;
Sample cone voltage: 35V; Extraction cone voltage: 2.5V; Desolvation temperature:
250°C; Cone gas flow rate: 10 L/hour; Desolvation gas flow (N2): 500 L/hour. The
mass spectra were acquired from 150 to 3200 m/z using MassLynx 4.1 software
(Waters) and protein spectra deconvoluted using Maxent 1 with a range 3 to 30
kDa (0.1 Da resolution). Masses were confirmed using manual component analysis.

Sodium formate was used to calibrate the instrument.
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