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Abstract

Human 2-oxoglutarate (2OG) and iron-dependent oxygenases catalyse an emerging

post-translational modification, hydroxylation, on a range of substrates including DNA,

RNA and protein. Despite the well-recognised roles of 2OG oxygenases in oxygen

sensing and epigenetic regulation of transcription, much work remains to be done to

elucidate the roles of the less well-characterised family members in physiology and

disease. Myc-induced nuclear antigen (MINA) is a 2OG oxygenase that catalyses

histidyl hydroxylation of the large ribosomal subunit protein RPL27A. The paradox-

ical role of MINA in cancer, however, suggests the potential existence of additional

substrates or functions. Here, we identify and explore a novel role of MINA in ep-

ithelial morphogenesis. We begin by characterising the physiological and pathological

cues that contribute to the nucleolar retention and release of MINA. We then identify

and characterise a novel activity-dependent and extra-nucleolar interaction between

MINA and a membrane-associated guanylate kinase, membrane palmitoylated protein

6 (MPP6). Subsequent studies explored the role of MINA localisation, activity and

MPP6 in epithelial morphogenesis. Overall, our findings suggest that extra-nucleolar

MINA functions as a tumour suppressor, possibly through its interaction with MPP6.

Moreover, the work presented in this thesis suggests a novel mechanism by which the

tumour suppressor function of MINA may be broadly inactivated in cancer.
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Chapter 1: Introduction

1.1 Hydroxylation, a post-translational modifica-

tion catalysed by 2-oxoglutarate oxygenases

1.1.1 Structural features and catalytic mechanism

The enzymatic incorporation of an alcohol or hydroxyl group (-OH) into an organic

molecule, hydroxylation, is a ubiquitous post-translational modification that occurs in

plants, prokaryotes and higher organisms including humans (Islam et al., 2018).

2-oxoglutarate (2OG) oxygenases, named as such due to their dependence on Krebs’

cycle intermediate 2-oxoglutarate (α-ketoglutarate), are a large family of proteins that

catalyse hydroxylation reactions. Whereas 2OG oxygenases in prokaryotes catalyse

a range of oxidative modifications, including desaturation, epoxidation, halogenation,

ring formation as well as hydroxylation (Islam et al., 2018), eukaryotic 2OG oxygenases

have, so far, only been found to catalyse hydroxylation or demethylation (which occurs

via a hydroxylation reaction).

Catalytic mechanism

In addition to 2-oxoglutarate, 2OG oxygenases require ferrous iron (Fe2+) and molec-

ular oxygen (O2) for catalytic activity. To assemble these cofactors, 2OG oxygenases

contain a conserved catalytic pocket that consists of eight anti-parallel β-sheets which

form a barrel-like structure known as a ‘double-stranded β-helix’ (DSBH, also often

1



referred to as ‘jelly-roll’ or cupin fold, Figure 1.1A). An overview of the conserved

catalytic mechanism in presented in Figure 1.1B. Fe(II) binding is mediated by a con-

served 2-His/1-Carboxylate (HX(D/E)XnH) motif, often referred to as a ‘facial triad’

(Clifton et al., 2006; Loenarz and Schofield, 2011). Water (H2O) molecules occupy the

remaining three iron-coordination sites. The catalytic cycle is initiated by binding of

2OG, followed by the substrate and, finally, O2. 2OG binds through hydrogen bonding

and electrostatic interactions with semi-conserved amino acids (K/R) and replaces wa-

ter on two of the three remaining Fe(II) coordination sites. Oxygen binding displaces

the final water molecule and initiates oxidative decarboxylation of 2OG into succinate

and carbon dioxide (CO2), thereby generating a highly reactive Fe(IV)=O (ferryl-oxo)

intermediate, which then oxidises the substrate (Loenarz and Schofield, 2011). The

catalytic cycle is completed by the dissociation of the hydroxylated substrate prod-

uct and succinate. Some hydroxylation reactions require the presence of an additional

cofactor, ascorbate (Vitamin C), as a reducing agent.

Chemical and molecular consequences of hydroxylation

2OG oxygenase-catalysed hydroxylation occurs at a carbon-hydrogen bond and is a

small and chemically neutral modification. However, the presence of a hydroxyl group

increases polarity and may act as a hydrogen bond donor or acceptor, and can change

the conformational preferences of the substrate (Loenarz and Schofield, 2011). Accord-

ingly, albeit a chemically small modification, the molecular consequences of hydroxy-

lation can be diverse (Figure 1.2). Hydroxylation can generate a stable product, for

instance modulating an interaction with binding partners (Lando et al., 2002; Yang

et al., 2011b) or influencing the substrate’s stability (Myllyharju, 2003; Yang et al.,

2011b). Alternatively, the hydroxylated product may be recognised and further modi-

fied by other enzymes (Ivan et al., 2001; Jaakkola et al., 2001). Moreover, hydroxylation

of methyl groups gives rise to an unstable intermediate that causes spontaneous release

of the hydroxymethyl group as formaldehyde (Klose et al., 2006). This reaction is re-

ferred to as demethylation via hydroxylation. Although theoretically possible, to date

no enzymes have been identified that can reverse stable hydroxylation.
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Figure 1.1: Structural features and catalytic mechanisms of 2OG oxyge-
nases. (A) 2OG oxygenases are characterised by a conserved catalytic pocket that
consists of eight anti-parallel β-sheets. Figure was adapted from Ploumakis and Cole-
man (2015). (B) Iron-binding is mediated by 2-His/1-carboxylate (Asp/Glu) motif.
The catalytic cycle is initiated by 2-oxoglutarate binding, thereby releasing two water
(H2O) molecules (1). Subsequent substrate and oxygen (O2) binding displaces the final
water molecule resulting in generation of a reactive oxygen-species (2). Oxidative de-
carboxylation of 2OG results in generation of succinate and substrate oxidation, with
release of CO2 (3,4). Finally, succinate and the hydroxylated substrate are released
(5).
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Figure 1.2: Molecular consequences of hydroxylation by 2OG oxygenases.
Stable hydroxylation (a) can alter the chemical properties of the substrate such as
stability, or mediate interactions between the substrate and its binding partners (b),
including recognition by other enzymes that catalyse subsequent modification of the
hydroxylated substrate. Hydroxylation can prevent binding of a partner (c). Hydrox-
ylation of methyl groups triggers spontaneous release of the hydroxymethyl group as
formaldehyde, resulting in a demethylated product (d).
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1.1.2 Overview of the functionally diverse roles of 2OG oxy-

genases

Once considered rare, it is now appreciated that 2OG oxygenase-catalysed hydrox-

ylation is a more common modification, with over 60 2OG oxygenases identified in

mammals. Besides the conserved catalytic core, 2OG oxygenases are structurally di-

verse. The presence of additional functional domains allows 2OG oxygenases to target

a range of biomolecules including proteins, nucleotides (DNA/RNA) and lipids (Islam

et al., 2018). So far, the 2OG oxygenases that modify proteins have been reported to

catalyse prolyl, lysyl, asparaginyl, arginyl, aspartyl, and histidyl hydroxylation (Single-

ton et al., 2014; Feng et al., 2014; Markolovic et al., 2018; Lando et al., 2002; Wilkins

et al., 2018; Stenflo et al., 1989; Ge et al., 2012).

Consistent with wide-ranging substrate specificities, 2OG oxygenases are function-

ally diverse, with a variety of reported roles including gene expression regulation,

translation, extracellular matrix modelling and fatty acid metabolism (Figure 1.3).

Moreover, a significant proportion of 2OG oxygenases remains largely understudied

and their functions have yet to be fully understood. Nonetheless, it is clear that 2OG

oxygenases regulate fundamentally important processes as most have been linked with

at least one, and in many cases, multiple disorders. These include developmental, neu-

rological, cardiovascular and immunological disorders, as well as cancer (reviewed in

Johansson et al., 2014; Ploumakis and Coleman, 2015).

1.1.2.1 Hydroxylation of extracellular and membrane proteins

Historically, hydroxylation was first identified in humans as a post-translational modi-

fication in fibrillar collagen (Kivirikko and Prockop, 1967). Collagens account for 90%

of the extracellular matrix (ECM) and are not only essential for the structural integrity

of the extracellular space, but also perform signalling functions (Cox, 2021).
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Figure 1.3: Overview of the functional diversity of 2OG oxygenases in cell
biology. (a) Prolyl hydroxylases (PHD1-3) and Factor-inhibiting HIF (FIH) regu-
late the hypoxia response through hydroxylation of the hypoxia-induced factor (HIF).
(b) Histone lysine demethylases (KDMs) and ten-eleven-translocation (TET1-3) pro-
teins regulate gene expression through demethylation of histone tails and DNA, re-
spectively. Alkylated DNA repair protein alkB homologue 5 (ALKBH5) and fat mass
and obesity-associated protein (FTO) regulate mRNA by catalysing demethylation
of N6-methyladenosine. Genomic integrity is guarded by ALKBH2/3. (c) Riboso-
mal oxygenases myc-induced nuclear antigen 53 (MINA53) and nucleolar protein 66
kDa (NO66) hydroxylate large ribosomal subunit proteins RPL27A and RPL8, respec-
tively. OGFOD1 targets the small ribosomal subunit protein RPS23. (d) ALKBH8
and tRNA-yW synthesising enzyme 5 (TYW5) hydroxylate tRNA to ensure accurate
translation. Hydroxylation of eRF1 by JMJD4 is required for efficient translation ter-
mination. (e) Procollagens are hydroxylated on prolyl and lysyl residues by P3/4HA1-3
and PLOD1-3, respectively, during collagen biogenesis in the endoplasmic reticulum.
(f) The functional consequence of hydroxylation of DRG1/2 and EGFD-containing
proteins by JMJD7 and ASPH, respectively, remains to be fully elucidated. Figure
was created using Inkscape. 6



Collagen fibrils consist of helices composed of three collagen chains. During the

biogenesis process, collagens are extensively modified by a variety of modifications,

including hydroxylation. Three subfamilies of 2OG oxygenases catalyse hydroxylation

of proline and lysine residues (reviewed in Gjaltema and Bank, 2017): three prolyl

4-hydroxylase α-subunit (P4HA1-3) enzymes mediate hydroxylation of various

proline to 4-hydroxyproline in procollagen which is important for thermal stability of

the triple helix. An additional three prolyl 3-hydroxylases (P3H1-3) hydroxylate

specific residues (Pro987, Pro944 and Pro707, respectively), which destabilises the

collagen fold to allow for other modifications. Conversion of lysine to hydroxylysine is

catalysed by three procollagen-lysine-2-oxoglutarate-5-dioxygenases (PLOD1-

3) and is subsequently further modified by glycosylation.

Aberrant hydroxylation of procollagen results in degradation with a consequent

reduction in collagen deposition in the extracellular space, which is, perhaps unsur-

prisingly, associated with both genetic and acquired connective tissue disorders such as

osteogenesis imperfecta or osteoporosis (reviewed in Gjaltema and Bank, 2017). Ab-

normalities in the ECM also support cancer progression, including through regulation

of cell proliferation, differentiation, cell survival, invasion and migration (reviewed in

Cox, 2021).

Aspartate/asparagine-β-hydroxylase (AspH, BAH) is a 2OG oxygenase that

is anchored to the membrane of the endoplasmic reticulum (ER) and catalyses as-

paraginyl and aspartyl hydroxylation in epidermal growth factor-like domains (EGFDs;

Stenflo et al., 1989). EGFDs are typically present in extracellular domains of transmem-

brane proteins, including Notch (Campbell and Bork, 1993). Although the function

of EGFD hydroxylation remains unclear, aberrant AspH expression (both overexpres-

sion and loss of expression) evokes tumour promoting properties such as increased cell

proliferation, invasion and migration (Dinchuk et al., 2002; de la Monte et al., 2006;

Dong et al., 2015). Interestingly, recent insights into the crystal structure revealed that

AspH binds EGFDs in an unusual manner, which led the authors to speculate that

AspH could act as a chaperone recognising misfolded (EGFDs; Pfeffer et al., 2019).
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1.1.2.2 Epigenetic regulation of gene expression

During normal development, as cells transition from a stem cell-like phenotype to dif-

ferentiated cells, they switch specific sets of genes on and off. Regulation of gene

expression at this level is achieved through proteins that covalently modify either the

DNA directly, or the histone proteins around which the chromatin is organised (Gibney

and Nolan, 2010). Over the last decade, it has become increasingly clear that ‘epige-

netic’ gene expression regulation plays a pivotal role in the progression of diseases such

as cancer (Sharma et al., 2010).

Histone proteins are octamers (comprising two copies of H2A, H2B, H3 and H4) that

contain N-terminal tails which are subject to a variety of reversible post-translational

modifications including phosphorylation, acetylation, methylation, sumoylation and

ubiquitination (reviewed by Bannister and Kouzarides, 2011). Histone tail modifica-

tions affect chromatin structure and gene transcription and represent a major level

of epigenetic gene expression regulation (Bannister and Kouzarides, 2011). Histone

tail methylation is catalysed by histone methyltransferases that transfer methyl groups

onto the ε-amino groups of lysine (K) and arginine (R) residues in histones H3 and

H4. Lysines can be mono-, di- or trimethylated, whereas arginines can be mono- and

dimethylated. Depending on the residue, methylation can either activate or repress

transcription (Bannister and Kouzarides, 2011; Gibney and Nolan, 2010).

Two distinct protein families are known to catalyse the reverse reaction, demethy-

lation. First identified were the flavin-dependent lysine-specific demethylases (LSDs/

KDM1) that can demethylate mono- and di-methylation (Shi et al., 2004). The sec-

ond family of histone demethylases is a subfamily of 2OG oxygenases characterised by

the presence of a ‘jumonji-C’ (JmjC) catalytic domain. This domain was first iden-

tified in the protein product of the jumonji (jmj ) gene. Jumonji means ‘cruciform’

in Japanese and the gene was named after the abnormal development of the neural

groove of jmj mutant mice (Takeuchi et al., 1995). It was later appreciated that JmjC

domain-containing proteins belong to the larger family of 2OG oxygenases.
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Figure 1.4: Histone lysine demethylases. (A) Overview of substrate specifici-
ties. KDMs target mono-, di- and trimethylated lysine residues on lysine 4 (H3K4), 9
(H3K9), 27 (H3K27) and 36 (H3K36) on the tail of histone 3 and lysine 20 on histone 4
(H4K20). (B) Summary of the domain organisation of the KDM subfamilies. Note: not
all members of a subfamily contain all domains outlined in this figure. Abbreviations:
JmjC/JmjN = Jumonji-C/Jumonji-N, PHD = plant homeobox, LRR = leucine-rich
repeat, zf = zinc finger, ARID = AT-rich interaction domain, TPR = tetratricopeptide
repeat, GATAL = GATA-like. (A-B) Figure was created with Inkscape.

Approximately 20 human JmjC domain-containing histone lysine demethylases

(KDMs) catalyse demethylation via a hydroxylation reaction. Hydroxylation of the

ε-methyl group produces an unstable intermediate that triggers spontaneous release of

the methyl group as formaldehyde. Unlike the flavin-dependent demethylases (LSDs),

KDMs can remove all three mono-, di- and trimethylated methyl groups (Johansson

et al., 2014). They represent the largest subfamily of 2OG oxygenases and can be

subdivided into 7 groups (KDM2-7) based on sequence homology, domain organisa-

tion and substrate specificity (reviewed in Johansson et al., 2014 and summarised in

Figure 1.4). Along with a JmjC catalytic domain, KDMs generally contain additional

functional domains (e.g. ARID, plant homeobox (PHD) domains or Zinc fingers) to

mediate nucleotide interaction (Figure 1.4B). Mutations in KDMs are frequently asso-

ciated with developmental disorders and cancer (Johansson et al., 2014).
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In addition to histone tail modifications, gene expression can be regulated through

direct methylation of the DNA. DNA methyltransferases (DNMTs) catalyse methy-

lation of the fifth carbon of cytosines (5-methylcytosine, 5mC), mostly in CpG dinu-

cleotides. DNA methylation in somatic cells generally induces transcriptional repres-

sion (Greenberg and Bourc’his, 2019). Active reversal of DNA methylation is catalysed

by the Ten-Eleven Translocation (TET) subfamily of 2OG oxygenases. TET1-3

consecutively catalyse conversion of 5-methylcytosine (5mc) to 5-hydroxymethylcytosine

(5hmC), 5-formylcytosine and 5-carboxylcytosine, all of which promote demethylation

(Figure 1.5; Tahiliani et al., 2009; Ito et al., 2011). Like DNA, RNA can be modified

to regulate gene expression. One of the most prevalent mRNA modifications that is

thought to regulate stability, splicing and translation, is N6-methyladenosine (m6A;

Meyer and Jaffrey, 2014). The reverse reaction is catalysed by two 2OG oxygenases,

alkylated DNA repair protein alkB homologue (ALKBH5; Zheng et al., 2013)

and fat mass and obesity-associated protein (FTO; Jia et al., 2011). An overview

of the m6A demethylation reaction is shown in Figure 1.5.

1.1.2.3 Regulators of cellular stress responses

2OG oxygenases are dependent on the availability of cofactors for catalytic activity

and are therefore susceptible to changes in metabolism/cellular environment. Conse-

quently, all 2OG oxygenases may act as stress responders (reviewed by Fletcher and

Coleman, 2020). For instance, gene expression regulation by histone lysine demethy-

lases KDM3A/B is regulated by ascorbate availability (Ebata et al., 2017). Moreover,

2OG oxygenases have been implicated in DNA repair and are vital in regulating the

hypoxic stress response.

Oxygen sensing by the prolyl hydroxylases and factor-inhibiting HIF

Probably the most famous members of the wider 2OG oxygenase family are the hy-

droxylases that function as oxygen sensors through modification of the transcription

factor Hypoxia-Inducible Factor (HIF). HIF is a heterodimer consisting of an alpha
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Figure 1.5: Nucleotide demethylation catalysed by the TET, ALKBH5 and
FTO enzymes. (A) Ten-Eleven Translocation (TET) 1-3 catalyse the conversion of 5-
methylcytosine to 5-hydroxymethylcytosine, 5-formylcytosine and 5-carboxylcytosine.
(B) Alkylated DNA repair protein alkB homologue (ALKBH5) and fat mass and
obesity-associated protein (FTO) catalyse demethylation of N6-methyladenosine to
adenosine via hydroxylation. (A,B) Figure was created using ChemDraw 19.1 and
Inkscape.

(HIFα) and beta (HIFβ) subunit. HIF is only activated in response to low oxygen,

when it initiates transcription of a wide range of target genes that regulate various

cellular processes such as differentiation, angiogenesis, cell survival, metabolism, etc.

(Schofield and Ratcliffe, 2004).

While HIFβ is constitutively expressed, activity and stability of HIFα is carefully

regulated. In the presence of oxygen, three prolyl hydroxylase-domain containing

proteins (PHD1-3, also called EglN2, EglN1 and EglN3, respectively) hydroxylate

HIFα on two conserved prolyl residues, P402 and P564 (Ivan et al., 2001; Masson

et al., 2001; Epstein et al., 2001; Bruick and McKnight, 2001). Hydroxylated HIFα is

subsequently recognised by the E3 ligase von Hippel-Lindau (pVHL), ubiquitinated and

degraded by the proteasome (Maxwell et al., 1999; Ohh et al., 2000; Ivan et al., 2001;

Jaakkola et al., 2001). In addition to the prolyl hydroxylases, a fourth hydroxylase

was identified to interact with and inhibit HIF transcriptional activity (Mahon et al.,

2001). Factor-inhibiting HIF (FIH) catalyses hydroxylation of asparagine 803 in
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a transactivation domain of HIFα, a modification which interferes with binding of the

transcriptional co-activators p300/CREB-binding protein (CBP; Lando et al., 2002;

Hewitson et al., 2002).

In hypoxic conditions, the PHDs and FIH are rendered inactive, thereby stabil-

ising HIFα and allowing association with the constitutively expressed HIFβ subunit

and transcriptional co-activators p300/CBP. In the nucleus, HIF binds to over a hun-

dred HIF responsive elements (HREs) and initiates transcription of HIF target genes

(Schofield and Ratcliffe, 2004; Figure 1.3a).

Reversal of DNA methylation damage by ALKBH2/3

In addition to enzymatic methylation by means of gene regulation, as discussed in sec-

tion 1.1.2.2, ‘random’ DNA methylation can occur as a result of exposure to alkylating

agents. This type of damage threatens genome integrity and therefore requires re-

pair. In eukaryotes, two members of the alkylated DNA repair protein alkB homologue

(ALKBH) subfamily, ALKBH2 and ALKBH3, are responsible for demethylation of

1-methyladenine and 3-methylcytosine (Duncan et al., 2002).

ALKBH2 and ALKBH3 are homologues of the Escherichia coli protein alkB that

also functions as a DNA demethylase (Falnes et al., 2002). Six other human homologues

exist (ALKBH1,4-8), one of which (ALKBH5) demethylates mRNA and has been men-

tioned above. The functions and biochemical activities of the other five are less clear

but include hydroxylation/demethylation of protein, RNA and/or DNA (Ploumakis

and Coleman, 2015).

1.1.2.4 Regulation of translation by 2OG oxygenases

Translation is a central theme in 2OG oxygenase biology (reviewed in Zhuang et al.,

2015) that starts at the earliest step: production of the translation machinery. Ri-

bosomes are the molecular machines that translate the mRNA messages to functional

proteins. Therefore, the rate of translation is directly correlated with the number of

ribosomes present in the cell. Ribosome biogenesis starts with the transcription of ri-
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bosomal RNA (rRNA) in the nucleolus (Pelletier et al., 2017). A subset of the histone

demethylases, KDM2 family members KDM2A and KDM2B, and KDM7 family mem-

ber PHF8 localise to the nucleolus and regulate rRNA transcription (Frescas et al.,

2007; Tanaka et al., 2010; Feng et al., 2010). Moreover, abovementioned 2OG oxyge-

nase ALKBH2 has been implicated in repair of ribosomal DNA (rDNA) methylation

damage (Li et al., 2013).

Transcribed rRNAs are subsequently assembled into ribosomal subunits together

with ribosomal proteins (RPs) that were translated in the cytoplasm and subsequently

imported in the nucleolus (Pelletier et al., 2017). RPs are subject to a range of post-

translational modifications, including hydroxylation. Two related hydroxylases, myc-

induced nuclear antigen 53 kDa (MINA53; herein referred to as MINA) and

nucleolar protein 66 kDa (NO66), catalyse histidyl hydroxylation of, respectively,

large ribosomal subunit proteins RPL27A and RPL8 (uL15 and uL2 according to the

new naming system (Ban et al., 2014)) on pre-60S subunits (Ge et al., 2012). More-

over, a third hydroxylase that is distantly related to the HIF prolyl hydroxylases,

2-oxoglutarate and Fe(II)-dependent oxygenase domain-containing protein

1 (OGFOD1), targets the small ribosomal subunit protein RPS23 (uS12 according

to the new naming system (Ban et al., 2014)) on proline-62 (Singleton et al., 2014).

The function of ribosomal hydroxylation remains elusive, but structural analyses have

indicated that the hydroxylated proteins occupy functionally important sites within

the ribosome (Yanshina et al., 2015; Singleton et al., 2014; Chandramouli et al., 2008;

Yanshina et al., 2020). Ribosomal hydroxylation will be further discussed in section

1.2.

Following assembly, the ribosomal subunits are transported to the cytoplasm where

the mature ribosome is assembled and translation can be initiated (Pelletier et al.,

2017). Accurate translation requires post-transcriptional modifications at the level of

tRNA (an overview of tRNA modifications, their functions and associated diseases is

presented in Duechler et al., 2016). Some tRNAs, for instance, contain hypermodi-

fied bases that are acquired through biosynthetic pathways. Arginine and glycine tR-
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NAs, for example, contain a hypermodified 5-methoxycarbonyl-hydroxymethyluridine

(mchm5U) within the anticodon loop, and synthesis of this hypermodified base requires

the 2OG oxygenase ALKBH8 (Fu et al., 2010; van den Born et al., 2011). Likewise,

hydroxywybutosine is a hypermodified guanosine at position 37 found in mammalian

phenylalanine-tRNA. Modification of wybutosine to hydroxywybutosine occurs in the

penultimate step of its biosynthetic pathway and is catalysed by the 2OG oxygenase

tRNA-yW synthesising enzyme 5 (TYW5; Noma et al., 2010).

Finally, hydroxylation of eukaryotic release factor 1 (eRF1) by jumonji domain-

containing protein 4 (JMJD4) is required for efficient translational termination

(Feng et al., 2014). In eukaryotes, translation termination is triggered by hydrolysis of

peptidyl-tRNA in the peptidyl transferase centre, which is mediated by a heterodimeric

complex consisting of release factors eRF1 and eRF3. eRF1 is responsible for initial

recognition of a stop codon in the mRNA sequence, after which eRF3 hydrolyses GTP.

Following GTP hydrolysis, eRF1 initiates hydrolysis of the peptidyl tRNA and release

of the polypeptide (Alkalaeva et al., 2006). JMJD4 catalyses C4 lysyl hydroxylation

of K63 in a highly conserved NIKS motif within the stop codon recognition domain

of eRF1 and promotes release of the protein product from the ribosome. Inhibition

of K63 hydroxylation results in stop codon readthrough in vivo (Feng et al., 2014).

Hydroxylation of K63 in eRF1 is nearly complete (>90%), consistent with a positive

role for JMJD4 in translation termination (Feng et al., 2014).

1.1.2.5 Fatty acid metabolism

β-oxidation of fatty acids in the mitochondria produces acetyl-CoA which can be used

in the Krebs’ cycle to produce ATP (Figure 1.6). For β-oxidation to occur, fatty acids

must be transported into the mitochondria, a process which requires carnitine as a

carrier. Carnitine can either be ingested via the diet or it can be synthesised by the cell

from proteins that contain trimethylated lysines (i.e. histones, see above). Nε-trimethyl

lysine is generated by lysosomal hydrolysis, after which carnitine is synthesised in the

cytosol in four steps, the first and last of which are catalysed by the 2OG oxygenases
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Figure 1.6: Lipid hydroxylation and regulation of fatty acid metabolism by
2OG oxygenases. Following lysosomal proteolysis, Nε-trimethyllysine is hydroxy-
lated by the mitochondrion-associated 2OG oxygenase Nε-trimethyl lysine hydroxylase
(TMLH). Following subsequent modifications of 3-hydroxy-Nε-trimethyllysine, the re-
sulting γ-butyrobetaine is hydroxylated by γ-butyrobetaine (BBOX) hydroxylase to
form carnitine. In addition to biosynthesis, carnitine can also be transported into the
cell following dietary food intake. Dietary chlorophyll is converted into phytanoyl-CoA,
which is subsequently subjected to a series of peroxisomal modifications, including hy-
droxylation by phytanoyl-CoA hydroxylase (PHYH), that allow metabolisation of the
fatty acid through mitochondrial β-oxidation (fatty acid oxidation, FAO). Abbrevia-
tions: FA = fatty acid. TCA = tricarboxylic acid. 2OG = 2-oxoglutarate. Figure was
created using Adobe Illustrator.

Nε-trimethyl lysine hydroxylase (TMLH) and β-butyrobetaine hydroxylase

(BBOX), respectively (Vaz and Wanders, 2002; Loenarz and Schofield, 2011).

Some dietary fatty acids require modification before they can be metabolised. One

example of this is phytanic acid (phytanoyl-CoA), which is converted to hydroxy-

phytanoyl-CoA by the 2OG oxygenase phytanoyl-CoA hydroxylase (PHYH). Mu-

tations in PHYH cause Refsum’s disease, which is characterised biochemically by the

accumulation of phytanic acid and can have detrimental neurological effects if untreated

(McDonough et al., 2005).
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1.1.2.6 Hydroxylases of the JmjC-only family

The aforementioned hydroxylases FIH, MINA, NO66, TYW5 and JMJD4 belong to

a subfamily of 2OG oxygenases called the ‘JmjC-only’ family. As the name suggests,

these proteins are characterised by the presence of a JmjC catalytic domain, but lack

other immediately recognisable functional domains. The JmjC-only subfamily com-

prises 10 members - MINA, NO66, FIH, JMJD4-8, TYW5 and HSPBAP1. With the

exception of TYW5, all JmjC-only proteins are confirmed or predicted protein hydrox-

ylases. Whereas substrate specificity of the JmjC-only hydroxylases has historically

been disputed (discussed below), their functional importance is clear, as evidenced by

their association with a variety of diseases including cancer (Ploumakis and Coleman,

2015).

JMJD5 is proposed to regulate a range of biological processes, including cell cycle

regulation and mitosis (Hsia et al., 2010; Ishimura et al., 2012; Huang et al., 2013; Wu

et al., 2016a; He et al., 2016), p53 signalling (Huang et al., 2015; Ishimura et al., 2016),

metabolism (Wang et al., 2014b, 2019a), DNA repair (Suzuki et al., 2006; Amendola

et al., 2017), differentiation (Youn et al., 2012; Zhu et al., 2014; Munehira et al., 2017;

Fuhrmann et al., 2018) and circadian rhythm (Jones et al., 2010). However, it remains

unclear how these observations are linked to its biochemical activity. An in vitro pep-

tide screening recently identified JMJD5 as capable of catalysing arginyl hydroxylation

of peptides from regulator of chromosome condensation domain-containing protein 1

(RCCD1) and ribosomal protein S6 (RPS6; Wilkins et al., 2018). It is not yet con-

firmed, however, whether these proteins act as JMJD5 substrates in vivo. Nonetheless,

jmjd5 is a fundamentally important gene as demonstrated by its embryonic lethality

(Oh and Janknecht, 2012; Ishimura et al., 2012) and links with cancer (Zhang et al.,

2015; Zhao et al., 2015; Wang et al., 2018).

The gene encoding JMJD6 was originally identified in a screen aimed at identi-

fying receptors for phosphatidylserine, a phospholipid that is displayed on apoptotic

cells and targets them for clearance (Fadok et al., 2000). However, later studies found
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that JMJD6 contains a JmjC domain and localises to the nucleus, rather than being a

membrane receptor (Cikala et al., 2004; Cui et al., 2004). Following the identification

of the JmjC domain, a domain then considered to be characteristic of histone demethy-

lases, JMJD6 was reported to catalyse histone arginine demethylation (Chang et al.,

2007). Later, JMJD6 was also reported to hydroxylate methylated arginine residues

of non-histone substrates, including the oestrogen receptor α (Poulard et al., 2014),

RNA helicase A (Lawrence et al., 2014), heat shock protein 70 (HSP70; Gao et al.,

2015), TNF receptor-associated factor 6 (Tikhanovich et al., 2015) and stress granule-

nucleating protein G3BP1 (Tsai et al., 2017). In addition to arginine, JMJD6 was also

proposed to function as a histone lysine hydroxylase (Unoki et al., 2013). Biochemi-

cal and crystallographic studies have however indicated that the catalytic activity of

JMJD6 is likely to be restricted to lysyl hydroxylation of non-histone proteins (Mantri

et al., 2010; Islam et al., 2019). Reported lysine hydroxylation substrates include the

arginine-serine-rich (RS) domain of splicing factor U2 small nuclear ribonucleoprotein

auxiliary factor 65-kilodalton subunit (U2AF65; Webby et al., 2009; Mantri et al.,

2011) and p53 (Wang et al., 2015b). In support of a role in RNA biology, proteomic

analyses identified interactions between JMJD6 and other splice factors, and JMJD6

also binds single-stranded RNA (Heim et al., 2014; Hong et al., 2010). Treatment

of cells with DNase I or RNase A confirmed that JMJD6 is more likely to associate

with RNA (Hahn et al., 2010). Perhaps consistent with a broad range of reported

substrates, JMJD6 is reported to regulate a variety of cellular processes, including cell

cycle regulation, angiogenesis and apoptosis (Boeckel et al., 2011; Wan et al., 2019).

Furthermore, JMJD6 also has reported functions that are independent of its catalytic

activity, including adipocyte differentiation (Reyes-Gutierrez et al., 2019). Altered

JMJD6 expression in humans has been associated with chronic hepatitis B pathogen-

esis (Chen et al., 2014), Huntington’s disease (Ratovitski et al., 2015), pre-eclampsia

(Alahari et al., 2015, 2018), diabetes (Yanagihara et al., 2017) and Waardenburg syn-

dome, a genetic condition characterised by facial abnormalities, hypopigmentation and

hearling loss (Wu et al., 2015). Furthermore, overexpression of JMJD6 has been noted
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in various cancers such as breast cancer (Lee et al., 2012; Poulard et al., 2015; Apre-

likova et al., 2016), lung cancer (Zhang et al., 2013), colorectal cancer (Wang et al.,

2014a), oral squamous cell carcinoma (Lee et al., 2016), melanoma (Liu et al., 2017),

hepatocellular carcinoma (Wan et al., 2019) and glioblastoma (Miller et al., 2017).

Although some of the molecular mechanisms have been attributed to now challenged

catalytical activities, jmjd6 is undisputedly an essential gene, as knockout mice die

shortly after birth and show significant developmental defects of multiple organs, in-

cluding the intestine, liver, kidneys, lungs, eyes and heart (Böse et al., 2004; Schneider

et al., 2004).

JMJD7 was recently found to target Developmentally Regulated GTPase 1 and

2 (DRG1/2), two closely related members of a highly conserved family of TRAnsla-

tion FACtor (TRAFAC) GTPases, for hydroxylation (Markolovic et al., 2018). The

functional consequences of hydroxylation of lysine 22 and 21 in DRG1 and DRG2,

respectively, are yet to be fully elucidated. Previous studies identified DRGs as RNA

interactors (Ishikawa et al., 2003). Consistent with this, Markolovic and colleagues

found that mutation of K21 or knockdown of JMJD7 affects the RNA binding affinity

of DRG2 in vitro (Markolovic et al., 2018). Although further work is required to con-

firm this hypothesis in a cellular context, this observation potentially further expands

the emerging roles for 2OG oxygenases in gene expression/translation.

The catalytic potential of JMJD8 has been questioned as it contains an aspar-

tic acid-to-histidine substitution at one of the conserved iron-coordinating residues

(Yeo et al., 2017). Studies on FIH have however indicated that two histidines may be

sufficient for iron binding and catalytic activity (Hewitson et al., 2008), raising the pos-

sibility that JMJD8 substrates may exist and are yet to be identified. JMJD8 localises

to the cytoplasm and is enriched in the endoplasmic reticulum due to the presence of

a signal peptide. Removal of the signal peptide, however, allows translocation to the

nucleus (Yeo et al., 2017; Khoueiry et al., 2017). Nuclear JMJD8 has been proposed

to function as a transcriptional co-repressor of the DNA hydroxylase TET1 (Khoueiry
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et al., 2017). JMJD8 also has reported roles in cellular metabolism (Boeckel et al.,

2016; Yeo et al., 2017), NFκB-signalling (Yeo et al., 2016; Su and Wang, 2019; Wang

et al., 2019b) and abberrant expression has been associated with cancer (Ding et al.,

2013; Wang et al., 2019b).

In addition to the aforementioned protein HIF, FIH targets arginine residues in

proteins that contain ankyrin repeat domains (ARDs) for hydroxylation. ARDs are

protein-protein interaction modules found in over 300 functionally diverse proteins.

Among those shown to be targeted by FIH are NFκB precursor p105 and the NFκB

inhibitor IκBα (Cockman et al., 2006), the intracellular domain of Notch1 (Coleman

et al., 2007), suppressor of cytokine signalling box protein 4 (ASB4; Ferguson et al.,

2007), myosin phosphatase target subunit 1 (MYPT1; Webb et al., 2009), cytoskeletal

ankyrin family member AnkyrinR (Yang et al., 2011a) and HECT domain and ankyrin

repeat-containing E3 ubiquitin protein ligase 1 (HACE1; Kim et al., 2019). However,

proteomic screens have indicated that these may just be the tip of the iceberg, and

that asparaginyl hydroxylation may be a ubiquitous modification of ARD-containing

proteins (Cockman et al., 2009). The functional consequences of FIH-catalysed ARD

hydroxylation may include modulation of protein-protein interactions, as has been

proposed for AnkyrinR and the recently identified E3 ubiquitin ligase HACE1 (Yang

et al., 2011a; Kim et al., 2019).

Heat shock protein beta-1 (HSPB1/Hsp27) associated protein 1 (HSP-

BAP1) was originally identified as interacting with heat shock protein 27 (Liu et al.,

2000; Jiang et al., 2001) and has mainly been studied in relation to neurological con-

ditions, including epilepsy (Xi et al., 2007, 2009; Kumar and Reddy, 2018; Srivastava

et al., 2012). Nonetheless, HSPBAP1 is expressed in other tissues (Jiang et al., 2001)

and has been linked with cancer (Saeed et al., 2015; Yang et al., 2015). Thus far, a

substrate has not been identified.

19



The JmjC-only family: hydroxylases or histone demethylases?

Given the presence of the JmjC catalytic domain, several of the JmjC-only family mem-

bers have been proposed to catalyse histone demethylation. Indeed, KDMs and JmjC-

only hydroxylases have likely evolved from a common prokaryotic ancestor (Chowdhury

et al., 2014). However, extensive biochemical and crystallographic studies have indi-

cated that KDMs and JmjC-only hydroxylases represent two subfamilies with distinct

structural features and substrate specificities, and that most JmjC-only oxygenases

function as hydroxylases rather than demethylases (Chowdhury et al., 2014; Williams

et al., 2014; Markolovic et al., 2016; Islam et al., 2019).

Key differences between KDMs and JmjC-only hydroxylases can be observed in

their overall domain architecture. KDMs generally contain multiple additional non-

catalytic domains required for nucleotide and/or histone binding (Markolovic et al.,

2016). JmjC-only hydroxylases lack these characteristic domains and are much shorter.

Instead, a common feature of JmjC-only hydroxylases, but not histone demethylases, is

the presence of a dimerisation domain that may mediate non-histone substrate binding

(Lancaster et al., 2004; Mantri et al., 2010; Kato et al., 2011; Del Rizzo et al., 2012;

Chowdhury et al., 2014; Markolovic et al., 2018).

Structural differences are also observed within the catalytic pocket itself. Hydroxy-

lases that target carbons in the middle of the amino acid side chain, like the JmjC-only

hydroxylases, generally contain an open active site conformation. In contrast, methy-

lation of lysine occurs at the terminus of the side chain, and therefore the catalytic

site of lysine demethylases tend to be narrower and the hydroxylation reaction occurs

deeper within the catalytic domain (Markolovic et al., 2016). Furthermore, as discussed

by Markolovic and colleagues, the type of interactions between enzyme and substrate

differ between KDM and JmjC-only hydroxylases. Whereas KDMs form hydropho-

bic interactions, JmjC-only hydroxylases appear to use hydrogen bonds. Available

enzyme-substrate crystal structures also suggest that JmjC-only hydroxylases bind

their substrates with opposite N-to-C directionality, compared to KDMs (Chowdhury

et al., 2014; Markolovic et al., 2016).
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Despite the seemingly subfamily-specific structural variations, the question remains

whether flexibility within the catalytic pocket would make it possible for members of

the JmjC-only family to accommodate histone substrates. In vitro studies, however, do

not support this possibility. Neither MINA (Ge et al., 2012), NO66 (Ge et al., 2012),

JMJD5 (Wilkins et al., 2018), JMJD6 (Islam et al., 2019) or JMJD7 (Markolovic et al.,

2018) are successful in catalysing demethylation of their reported histone substrates

under conditions in which other histone demethylases are active. Importantly, under

the same conditions all these enzymes were capable of catalysing stable hydroxylation

of peptide substrates.

1.2 Ribosomal hydroxylation

Thus far, four 2OG oxygenases have been identified that catalyse ribosomal protein

hydroxylation, one in prokaryotes, and three in eukaryotes. Before reviewing ribosomal

hydroxylase biology and function, an introduction to protein synthesis is provided.

1.2.1 Overview of the ribosome and translation

The mature human 80S ribosome consists of a large (60S) and small (40S) subunit. The

two subunits, each containing a set of ribosomal proteins (RPs) as well as ribosomal

RNAs (rRNAs), cooperate in order to translate messenger RNAs into polypeptides

(Lodish et al., 2007). The 40S subunit is responsible for binding and scanning of the

mRNAs. Upon recognition of a start codon, tRNAs are recruited to the 60S subunit,

which generates the peptide bonds. The 60S subunit contains three tRNA binding

sites. The amino acid-carrying tRNA is initially recruited to the acceptor (A) site,

where the mRNA codon is base-paired with the tRNA anticodon. Subsequently, the

tRNA moves to the polypeptide (P) site. Here, the amino acid is transferred from the

tRNA to the polypeptide chain. Peptide bond formation is catalysed in the peptide

transferase centre (PTC) of the large subunit. Finally, the tRNA is translocated to

the exit (E) site, from where it is released for recycling in the cytoplasm (Lodish et al.,

2007).
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rRNAs and RPs are subject to a variety of modifications (Venezia et al., 2019). Post-

translational modifications of RPs include methylation, acetylation, phosphorylation

and ubiquitination (Odintsova et al., 2003; Yu et al., 2005). Many of these PTMs occur

during biogenesis and are vital for the structural integrity and function of the ribosome

(Ren et al., 2010; Jack et al., 2011). However, emerging evidence suggests that PTMs

of rRNAs and RPs could also regulate translation of specific mRNAs by giving rise to

a heterogenetic pool of ‘specialised’ ribosomes (Xue and Barna, 2012). For example, a

recent study indicated that phosphorylation of RPL12 regulates translation of specific

mRNAs subsets during mitosis (Imami et al., 2018).

1.2.2 Ribosomal hydroxylases

Consistent with a continuously growing body of evidence supporting a widespread role

for 2OG oxygenases in the regulation of gene expression/translation, ribosomal proteins

have recently been identified as hydroxylation targets. Moreover, hydroxylation of

ribosomal proteins is an evolutionary conserved modification. To date, three 2OG

oxygenases have been reported to target ribosomal proteins in humans, MINA, NO66

and OGFOD1 (Ge et al., 2012; Singleton et al., 2014).

1.2.2.1 OGFOD1

2-Oxoglutarate and Fe(II)-dependent oxygenase domain-containing protein 1 (OG-

FOD1) is a prolyl hydroxylase that is distantly related to the HIF prolyl hydroxy-

lases (Horita et al., 2015). OGFOD1 localises to the nucleus, where it targets the 40S

ribosomal sprotein S23 (RPS23) on proline 62 (Singleton et al., 2014). Within the

mature ribosome, RPS23 Pro-62 is situated in a conserved loop in the decoding centre

(Singleton et al., 2014; Chandramouli et al., 2008). This is a functionally important

area responsible for guaranteeing translational accuracy. Indeed, reduced OGFOD1

expression induces a translational stress phenotype, as evidenced by the formation of

stress granules (Singleton et al., 2014). Similar phenotypes were observed in primary
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fibroblasts carrying a mutation in RPS23 (Arg67Lys) that interferes with hydroxy-

lation (Paolini et al., 2017). Moreover, Paolini and colleagues noted an increase in

stopcodon readthrough, an indication of impaired translational fidelity. The patient

that carried the mutation presented with intellectual disability, autism spectrum dis-

order, hearing loss and a range of dysmorphic features (Paolini et al., 2017). Although

the function of hydroxylation is not yet fully understood, hydroxylation at Pro-62 is

essentially complete, suggesting a positive role safeguarding the structural integrity of

the ribosome.

The functional importance of RPS23 hydroxylation is further exemplified by its

evolutionary conservation. RPS23 Pro-62 hydroxylation is present in Drosophila as

well as yeast (Loenarz et al., 2014; Katz et al., 2014). In yeast, loss of OGFOD1

homologue Tpa1p is associated with reduced translational accuracy (Loenarz et al.,

2014). In addition to a translational stress phenotype, loss of OGFOD1 is associated

with reduced growth and translation both in Drosophila and mammals (Loenarz et al.,

2014; Katz et al., 2014; Singleton et al., 2014). Consistent with a positive role in

translation, high expression of OGFOD1 has been noted in breast cancer (Kim et al.,

2015) and laryngeal papilloma (Yin et al., 2020). Moreover, in both reports, OGFOD1

was found to support cell proliferation.

1.2.2.2 NO66, MINA and YcfD

A first hint at a possible function for NO66 and MINA (also called nucleolar protein 52

kDa, NO52) in ribosome biogenesis came from two studies that identified each protein

as expressed in nucleoli isolated from Xenopus laevis oocytes (Eilbracht et al., 2004,

2005). Moreover, subsequent immunolocalisation studies revealed that both MINA

and NO66 localise to the granular component, a nucleolar compartment associated

with later stages of ribosome biogenesis, particularly the processing of the preribosomal

particles. Succeeding these early studies, combined proteomic and biochemical analyses

identified NO66 and MINA as histidyl hydroxylases of 60S ribosomal proteins RPL8

His-216 and RPL27A His-39, respectively. Nuclear magnetic resonance (NMR) analyses

23



Figure 1.7: MINA and NO66 target conserved histidine residues in ribo-
somal proteins located close to functionally important sites. (A) MINA and
NO66 catalyse β-carbon histidyl hydroxylation. (B) MINA catalyses hydroxylation of
RPL27a His-39, which localised near the tRNA exit site (E-site). NO66 target His-216
of RPL8, located near the peptidyl transferase centre where the peptide bonds formed.
(C) His-39 and His-216 are evolutionary conserved residues within RPLa and RPL8,
respectively. Figure adapted from Bundred, Hendrix, and Coleman (2018).

indicate that hydroxylation occurs on the β-carbon (Ge et al., 2012; Figure 1.7A).

Despite the similarities between MINA and NO66, hydroxylation of RPL27A and RPL8

occurs in a non-redundant fashion (Ge et al., 2012).

The consequences of RPL27A and RPL8 hydroxylations are, like RPS23, yet to

be fully elucidated, though hydroxylation of both sites was found to be essentially

complete (>90%) in several human cancer cell lines and tumour samples as well as in

normal human placenta, again supportive of a structural role (Ge et al., 2012). Con-

sistent with this, recent structural studies aimed at predicting the function of RPL8

and RPL27A within the mature ribosome indicated that hydroxylation of both pro-

teins is likely required for proper conformation and stability (Yanshina et al., 2015,

2020). RPL8 is located close to the peptidyl transferase centre (PTC) within the 60S

subunit where peptide bond formation is catalysed. Moreover, His-216 is located near

the site where P-site tRNA contacts 28S rRNA. The data presented by Yanshina and
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colleagues suggest that the hydroxyl group at His-216 introduces a structural rearrange-

ment of the 23S rRNA that ensures proper conformation of the PTC in the mature

ribosome (Yanshina et al., 2015). RPL27A is located in the vicinity of the tRNA exit

(E) site. Based on recent structural models of the ribosome, Yanshina and colleagues

suggested that hydroxylation-mediated hydrogen bonding may stabilise the ribosome

and ensure translational activity (Yanshina et al., 2020). Indeed, transfection of exoge-

nous RPL27A mutated at His-39 reduced translational activity of Human Embryonic

Kidney 293 T-antigen (HEK293T) cells (Yanshina et al., 2020).

Recent structural and biochemical studies have indicated that ribosomal hydrox-

ylation is evolutionary conserved in prokaryotes. MINA and NO66 share a common

ancestor in Escherichia coli, YcfD, that catalyses arginyl hydroxylation of the large

ribosomal subunit protein L16 at position 81 (Ge et al., 2012). RPL16 Arg-81 is lo-

cated in proximity to the P-site tRNA. Although the function of Arg-81 is still unclear,

RPL16 is reportedly essential for peptidyl transferase activity, association of the sub-

units and stabilisation of A-site tRNA (Moore et al., 1975; Kazemie, 1975; Voorhees

et al., 2009).

Consistent with a function in translation, the ribosomal oxygenases have links with

cell proliferation. An increased growth potential was noted upon overexpression of

NO66 in NIH3T3 cells, whereas the inverse was true upon NO66 depletion by RNA

interference in the lung cancer cell lines LC219 and A549 (Suzuki et al., 2007). Likewise,

MINA depletion with small-interfering RNA (siRNA) suppressed the proliferation of

human cervical (HeLa), lung (A549) and colon (SW620) carcinoma cells (Tsuneoka

et al., 2002; Yu et al., 2014; Teye et al., 2004). However, both NO66 and MINA

have reported roles in addition to cell growth, that are unlikely to be explained via

their respective roles in bulk ribosome biogenesis, raising the possibility that additional

substrates may exist (further discussed in the next section). For instance, in addition

to a positive role in proliferation, increased NO66 expression has been associated with

an increased invasion and migration potential in colorectal cancer (Nishizawa et al.,

2017).
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1.3 Additional targets for NO66 and MINA?

Despite the similarities between NO66 and MINA, a growing number of studies would

suggest that NO66 and MINA have additional, separate, functions that are likely in-

dependent of their roles in ribosome biogenesis.

1.3.1 NO66

A proteomic screen identified NO66 as an interactor and repressor of Osterix (Osx), an

osteoblast-specific transcription factor that regulates osteoblast differentiation (Sinha

et al., 2010). Short hairpin RNA (shRNA)-mediated suppression of NO66 increased

the expression Osx target genes and accelerated osteoblast differentiation in proteoblast

cells (Sinha et al., 2010). Although the mechanism for NO66-mediated transcriptional

repression remains unclear, a variety of possible mechanisms have been suggested (Fig-

ure 1.8). These include recruitment of epigenetic modifiers such as the polycomb

repressive complex 2 (PRC2; Brien et al., 2012) or histone deacetylase 1A (HDAC1A;

Sinha et al., 2014; reviewed in Bundred et al., 2018). Moreover, like other JmjC-only

oxygenases, NO66 has been reported to directly regulate gene expression via histone

demethylation (Sinha et al., 2010, 2014). Although unbiased biochemical and struc-

tural analyses have indicated that it is unlikely that NO66 has histone demethylase

activity (Ge et al., 2012; Chowdhury et al., 2014; Wang et al., 2015a), repression of Os-

terix target genes is evidently dependent on the catalytic activity of NO66 (Sinha et al.,

2010). Taken together, these experiments suggest that NO66 may have additional hy-

droxylation targets. Consistent with this idea, in addition to nucleolar localisation,

NO66 is enriched in nucleoplasmic ‘dots’ in a variety of cell lines (Eilbracht et al.,

2004). The function of NO66 in these dots is unknown, but could perhaps involve a

novel substrate related to a cellular process independent of ribosome biogenesis.
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Figure 1.8: NO66 in skeletal development. (a) The transcription factor Osterix
(Osx) promotes osteoblast differentiation and bone development/maturation via regu-
lation of osteoblast-specific target genes. (b) NO66 interacts with the transactivation
domain of Osx, ultimately leading to transcriptional repression of Osx target genes.
The underlying molecular mechanism remains unclear, but may involve recruitment of
epigenetic modifiers. Figure adapted from Bundred, Hendrix, and Coleman (2018).
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1.3.2 MINA

Like NO66, MINA has reported cellular activities of which the underlying molecular

mechanisms have yet to be confirmed, but that are potentially difficult to explain via

a role in protein translation. These include a role in regulation of T-cell differentiation

and paradoxical roles in tumourigenesis.

1.3.2.1 Roles for MINA in immunology

Expression studies in mouse tissues identified MINA as a ubiquitously expressed pro-

tein, with increased expression in a few organs including testis, colon, spleen and

thymus (Tsuneoka et al., 2006). Consistent with high expression in organs with well-

known function within the immune system, MINA has been reported to regulate T-cell

differentiation: genetic and transcriptional profiling studies in mice identified MINA

as a determinant of T helper type 2 (TH2) bias (Okamoto et al., 2009). TH2 bias is the

tendency of näıve T cells to differentiate into interleukin-4 (IL-4) secreting TH2 effec-

tor cells. Okamoto et al. found that MINA specifically binds, and thereby represses,

the IL4 promoter (Figure 1.9). In addition to TH2 bias, MINA has been reported

to promote TH17 differentiation (Yosef et al., 2013). In this study, MINA expression

was found to be strongly induced during TH17 differentiation, and signature TH17 cy-

tokines and transcription factors such as Rorc, Batf and Irf4 were repressed following

nanowire-mediated knockdown of MINA by siRNA. Furthermore, knockdown of MINA

upregulated the expression of Foxp3, the master regulator of Treg differentiation (Fig-

ure 1.9).

Imbalances between T-cell subsets have been linked with autoimmune and inflam-

matory diseases (Raphael et al., 2016). Consistent with a role for MINA in regulation

of multiple T-cell subsets, ablation of MINA expression in mice has been associated

with reduced TH2 and TH17-related pathological immune responses following treatment

with methacholine or silica, respectively (Mori et al., 2013; Thakur et al., 2015).
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Figure 1.9: MINA is involved in T-cell differentiation and cell proliferation.
(A) MINA promotes TH2 differentiation through repression of interleukin (IL-4) ex-
pression (top). TH17 differentiation is promoted through activation of transcription
factors such as Irf4, whilst repressing expression of the signature Treg-specific tran-
scription factor Foxp3 (bottom). (B) Paradoxical roles of MINA in tumourigenesis.
MINA is overexpressed in several human cancer types (red box), potentially through
regulation of ribosome biogenesis/translation and chromatin/gene expression. How-
ever, MINA may also function as a tumour suppressor in some contexts (blue box),
possibly through regulation of invasion/metastasis. Figure adapted from Bundred,
Hendrix, and Coleman (2018).

Moreover, MINA has been implicated in the onset of atopic asthma in humans.

A study in the Chinese Han population identified a single nucleotide polymorphism

(SNP) of the mina gene that was associated with an increased risk of atopic asthma

(Chen et al., 2011).

Overall, the molecular mechanisms underlying the roles of MINA in immunology

are poorly understood. Whether or not they require MINA hydroxylase activity has

not yet been studied. However, the links to transcriptional regulation and chromatin

association might be consistent with an extra-nucleolar function that is distinct from

ribosome biogenesis.
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1.3.2.2 Roles for MINA in cancer

Elevated MINA expression levels have been observed in several cancer types, including

colon (Teye et al., 2004), oesophageal (Tsuneoka et al., 2004), lung (Zhang et al., 2005;

Komiya et al., 2010), gingival squamous cell carcinoma (Kuratomi et al., 2006), renal

(Ishizaki et al., 2007), lymphoma (Teye et al., 2007), neuroblastoma (Fukahori et al.,

2007), liver (Ogasawara et al., 2010; Huo et al., 2017), gastric (Xing et al., 2014; Aziz

et al., 2020), pancreatic (Tan et al., 2014; Kumar et al., 2017), breast cancer (Thakur

et al., 2014) and multiple myeloma (Wu et al., 2016b). Moreover, MINA overexpression

was associated with poor prognosis in several of these studies (Tsuneoka et al., 2004;

Thakur et al., 2015; Fukahori et al., 2007; Xing et al., 2014; Wu et al., 2016b).

Interestingly, evidence has emerged supporting a more complex role for MINA in

cancer. Komiya et al. discovered that low MINA expression levels in early stage lung

cancer were associated with poor prognosis (Komiya et al., 2010). Overexpression of

MINA inhibited cell proliferation in the human lung adenocarcinoma cell line A549,

but not in the squamous lung cancer cell line H226B. Instead, manipulation of MINA

levels by shRNA increased the number of invading H226B cells (Komiya et al., 2010).

Consistent with this observation, MINA knockdown was recently reported to affect

the expression of important cell differentiation markers in A549 cells (Geng et al.,

2017). Additionally, a study in breast cancer patients underlined the potential context-

dependent role of MINA. In this study, MINA expression was found to predict a poor

outcome in lymph node negative patients, however the opposite effect was observed

in lymph node positive breast cancer patients (Thakur et al., 2014). Furthermore, a

study investigating MINA expression levels in oesophageal squamous cell carcinoma

highlighted that high MINA expression does not always correlate with high levels of

proliferation, as assessed by Ki-67 staining (Tsuneoka et al., 2004).

Although the links between MINA expression in tumours and patient survival are

clear, little attention has yet been paid to its relative subcellular distribution in normal

versus tumour samples. As such it is not yet clear whether tumour-associated functions

30



of MINA are restricted to ribosome biogenesis and the nucleolus, or could be related to

alternative functions in other subcellular compartments. Furthermore, there has been

a general paucity of studies investigating the role of MINA hydroxylase activity in

cell biology and disease, including cancer. As such, there is an urgent need to explore

alternative functions of MINA and to relate these to its nucleolar versus extra-nucleolar

localisation.

1.4 Aim of this study

In this thesis, we aim to increase our understanding of the functions and regulation

of 2OG oxygenases, with a specific focus on MINA. It is clear from MINA’s complex

and evidently context-dependent role in cancer, as outlined in the previous section,

that the biology of MINA likely exceeds its role in ribosome biogenesis. However, it

is not currently clear which mechanisms might explain some of the observed disease-

associated phenotypes, and how MINA’s activity is regulated to exert these different

roles.

The specific aims of this study were to 1) examine the subcellular localisation of

MINA and investigate the factors contributing to the regulation of its localisation; 2)

identify and characterise potential novel candidate substrates; 3) examine the extra-

nucleolar cellular functions of MINA and investigate to which extent these are depen-

dent on its catalytic activity.
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Chapter 2: Physiological and patho-

logical regulation of MINA localisa-

tion

2.1 Introduction

MINA expression has been extensively studied in the context of cancer. Studies per-

formed in a range of cancer cell lines have linked high MINA expression levels with a

pro-proliferative role (Tsuneoka et al., 2002; Teye et al., 2004; Yu et al., 2014). How-

ever, as mentioned in Chapter 1, MINA expression does not always correlate with

high levels of proliferation (Tsuneoka et al., 2004; Teye et al., 2004; Tsuneoka et al.,

2006). Furthermore, evidence has emerged suggesting that low expression levels could

contribute to increased invasion and migration and could therefore promote tumouri-

genesis (Komiya et al., 2010; Geng et al., 2017). As discussed by Bundred, Hendrix,

and Coleman (2018), the molecular mechanisms behind MINA’s role in physiology, as

well as disease, have yet to be established.

Several studies have characterised the expression and subcellular localisation of

MINA. Nucleolar enrichment of MINA is reported in many cancer cell lines, including

HeLa cervical adenocarcinoma, SW620 colorectal adenocarcinoma, TE-11 oesophageal

squamous cell carcinoma and A549 lung adenocarcinoma cells (Tsuneoka et al., 2002;
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Teye et al., 2004; Tsuneoka et al., 2004; Yu et al., 2014). In addition, most of these

studies also acknowledged nucleoplasmic localisation of MINA (Tsuneoka et al., 2002,

2004). One study even noted differences in nucleolar/nuclear distribution when com-

paring cell lines: Eilbracht and colleagues reported that, whereas MINA was highly

enriched in the nucleoli of SV80 human lung fibroblasts, MINA was mostly nuclear in

human umbilical vein endothelial cells (HUVECs, Eilbracht et al., 2005). However, de-

spite the fact that variations in MINA localisation have been described across cell lines,

little consideration has been given to the possibility that MINA might have distinct

roles depending on where it is localised in the cell. Although different functional assign-

ments might be consistent with this, including a proposed histone lysine demethylase

(KDM) activity, such activities are currently disputed. This raises the possibility that

compartment-specific functions of MINA are yet to be fully understood.

Based on MINA’s apparent context-dependent oncogenic versus tumour suppressor

role (see Chapter 1), as well as its differential localisation, we hypothesise that MINA’s

subcellular localisation might be regulated, and that MINA’s extra-nucleolar functions

might contribute to its tumour suppressor activity. The work presented in this chapter

describes our efforts to characterise the determinants of MINA’s subcellular locali-

sation. The initial observation that MINA staining is heterogeneous in the human

colorectal adenocarcinoma cell line Caco-2 prompted us to further explore MINA’s re-

sponse to a variety of factors, including cell density, the presence of ribosomal RNA

and oxygen availability.

2.2 Results

2.2.1 Localisation of MINA in common cancer cell lines

Most of the work aimed at characterising MINA has been performed in rapidly prolif-

erating cancer cell lines or tumour samples (Tsuneoka et al., 2002; Teye et al., 2004; Yu

et al., 2014). Consistent with a role in protein translation, it is perhaps unsurprising

that MINA has been found highly expressed and enriched in the nucleoli of tumour
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cells (Tsuneoka et al., 2002; Teye et al., 2004; Tsuneoka et al., 2004; Yu et al., 2014).

As a first effort to explore MINA localisation in more detail, we set out to confirm the

subcellular localisation of endogenous MINA in a small set of readily available common

cancer cell lines. The proto-oncogene KRAS is a common driver of cell proliferation

in cancer cells, and is often associated with a highly transformed phenotype. Hence,

we selected two KRAS wild-type cell lines (the colorectal cancer cell line Caco-2 and

osteosarcoma cell line U2OS) and two cell lines in which KRAS is constitutively ac-

tive (the lung adenocarcinoma cell line A549 (KRAS G12S) and colorectal cancer cell

line SW620 (KRAS G12V)). Caco-2 and U2OS cells have a more epithelial and flat-

tened morphology, whereas A549 and SW620 cells are mesenchymal and ‘transformed’

in appearance. As presented in Figure 2.1, indirect immunofluorescence (IF) analysis

showed that MINA is enriched in the nucleoli in Caco-2 and U2OS, but also present

in a diffuse manner in the nucleoplasm of these cell lines. Interestingly, in Caco-2, we

noted a heterogeneous staining pattern: whereas nucleolar enrichment was evident in

some cells, in others MINA was found evenly distributed in the nucleoli and nucleo-

plasm. In contrast to Caco-2 and U2OS, MINA was observed almost exclusively in the

nucleoli of A549 and SW620 cells (Figure 2.1).

2.2.2 Generation and characterisation of stable doxycycline-

inducible 3xFLAG-MINA Caco-2 cell lines

Caco-2 is an intestinal epithelial cell line derived from a human colorectal adenocar-

cinoma and is a relatively well-differentiated cell line that undergoes spontaneous en-

terocytic differentiation in culture and is widely used as a model to study cell polar-

ity/differentiation (Sambuy et al., 2005). As depicted in Figure 2.1, a heterogeneous

staining pattern of endogenous MINA was noted in these cells, suggesting that perhaps

some level of physiological regulation of MINA localisation might be retained in these

cells. For these reasons, we decided that this cell line would be a suitable model to

study the localisation of MINA in a semi-physiological context.
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Figure 2.1: Differential localisation of MINA in cancer cell lines. Repre-
sentative immunofluorescence images showing nucleolar and/or nucleoplasmic MINA
staining. Cells were fixed with methanol and stained for endogenous MINA (Invitrogen,
cat. no. 39-7300; shown in magenta) and the nucleolar marker nucleolin (green). Nu-
clei were visualised with DAPI. Scale bars represent 10 µm. Images were acquired using
a Zeiss LSM 880 confocal microscope equipped with a 40x (Caco-2, U2OS and A549)
or 60x (SW620) C-Apochromat 1.2 W Korr M27 objective and ZEN black software.
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In order to study further the determinants controlling MINA localisation, we gen-

erated stable cell lines expressing doxycycline (Dox)-inducible 3xFLAG-tagged MINA.

Expression of exogenous, tagged MINA does not only allow for easier detection, it also

allows us to study MINA variants. cDNA sequences encoding wild-type or catalyt-

ically inactive 3xFLAG-tagged MINA were cloned into the pTIPZ lentiviral vector.

The sequence encoding catalytically inactive MINA contains an alanine substitution

at iron-coordinating residue His-179 (H179A). The pTIPZ vector is a derivative of the

commercially available pTRIPZ™ vector (Open Biosystems) that lacks the Turbo red

fluorescent protein (TurboRFP) reporter gene. pTIPZ is a Tet-On vector that contains

a tetracycline-inducible promoter which, upon addition of doxycycline, drives expres-

sion of the gene of interest. Constitutive expression of a puromycin resistance gene

allows for selection of successfully transduced cells. A schematic of the pTIPZ vector

is shown in Appendix A.

Following antibiotic selection and elimination of any untransduced cells, a doxycy-

cline dose titration was performed to compare overexpression levels between wild-type

and catalytically inactive MINA, as well as to compare endogenous and exogenous

MINA protein levels, with the ultimate aim of identifying a doxycyline concentration

sufficient for physiological expression of exogenous MINA (Figure 2.2). Similar protein

levels of 3xFLAG-MINAWT and 3xFLAG-MINAH179A were obtained with each dose of

doxycycline (Figure 2.2A). Furthermore, a low dose of doxycycline of 0.1 µg/mL was

sufficient for overexpression of 3xFLAG-MINA (Figure 2.2B).

Next, to test whether exogenous, tagged MINA behaved similarly to endogenous

MINA, the subcellular localisation was assessed following induction with doxycycline at

a concentration of 0.1 µg/mL. Unless otherwise indicated, exogenous 3xFLAG-MINA

was detected with an antibody raised against endogenous MINA that was a gift from Dr

Schmidt-Zachmann. Empty vector controls were used in each experiment to confirm

that the detected signal was of exogenously expressed MINA (an example is shown

in Figure 2.4A). Interestingly, and analogous to our previous observation in Caco-2,

wild-type 3xFLAG-MINA was enriched in the nucleoli in some, but not all of the cells
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Figure 2.2: Characterisation of stable Caco-2 cell lines expressing
doxycycline-inducible 3xFLAG-MINA. (A,B) Cell extracts from stable Caco-
2 cells expressing either pTIPZ empty vector (EV), wild-type (WT) or catalytically
inactive (H179A) 3xFLAG-MINA were immunoblotted for FLAG (A,B) and MINA
(B). β-actin (42 kDa) was used as loading control. Cells were treated with doxycycline
(dox) at the indicated concentrations for 48 hours to allow for expression of 3xFLAG-
MINA. Uncropped images of all Western blots presented in this thesis can be found in
Appendix C.
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Figure 2.3: 3xFLAG-MINA enriches in the nucleoli of some, but not all
of the cells. Representative immunofluorescence images of stable Caco-2 cells ex-
pressing wild-type (WT) 3xFLAG-MINA. Expression of exogenous 3xFLAG-MINA
(magenta) was induced with 0.1 µg/mL doxycycline for 48 hours before the cells were
fixed with 4% (w/v) paraformaldehyde (PFA) and 3xFLAG-MINA was detected using
an antibody raised against endogenous MINA. To confirm that the detected signal was
of overexpressed, exogenous 3xFLAG-MINA, an empty vector control was used (not
shown). Cells were counterstained for the nucleolar marker nucleophosmin-1 (NPM,
green). Nuclei were visualised with DAPI. Scale bar represents 20 µm. Images were ac-
quired using a Zeiss LSM 880 confocal microscope equipped with a 40x C-Apochromat
1.2 W Korr M27 objective and ZEN black software.

(yellow arrow, Figure 2.3). Indeed, in a significant proportion of the cells MINA was

localised in the nucleoplasm (cyan arrow).

2.2.3 MINA localisation depends on cell confluence

As previously mentioned, most studies in which MINA was found highly enriched

in the nucleoli were performed in rapidly proliferating mesenchymal-like cancer cells

such as HeLa (Tsuneoka et al., 2002). Caco-2 cells are different in this respect as

they are capable of forming a functional monolayer by establishing cell:cell contacts

such as tight junctions (Sambuy et al., 2005). Moreover, Caco-2 differentiation in

culture is associated with a withdrawal from the cell cycle (Mariadason et al., 2002).

Interestingly, diffuse staining of MINA in the nucleoplasm has been reported in the

breast adenocarcinoma cell line MCF-7 (Eilbracht et al., 2005). Like Caco-2, MCF-7

cells retain certain characteristics of a differentiated epithelium (Comşa et al., 2015).

Based on these reports, together with our own observations, we hypothesised that

MINA translocation could be part of the transition from individually proliferating cells
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to a polarised epithelium. To test this, cells were either seeded at a low density and fixed

before they reached confluency, or they were seeded at a higher density and allowed

to grow to a confluent monolayer. Subsequently, MINA localisation was analysed by

indirect immunofluorescence. As shown in Figure 2.4, wild-type 3xFLAG-MINA was

enriched in the nucleoli of most cells (63%) in subconfluent cultures. However, in

the cells grown to confluence, it was evident that all MINA had translocated to the

nucleoplasm. Moreover, we found that MINA localisation might be partially dependent

on its catalytic activity, as 3xFLAG-MINA H179A was enriched in the nucleoli of only

37% of the cells in subconfluent cultures, compared to 63% of cells expressing wild-type

3xFLAG-MINA (Figure 2.4B).

2.2.4 MINA re-locates to the nucleolus following disruption

of the monolayer

The transition from proliferating cells to a differentiated epithelium, mesenchymal-

epithelial transition (MET), is a reversible process of which the reverse, epithelial-

mesenchymal transition (EMT), is often utilised by cancer cells to escape growth re-

strictions. Given our observation that MINA translocates from the nucleolus to the

nucleoplasm in cells that have formed a monolayer, we hypothesised that, when these

cell:cell contacts are disrupted, MINA would re-enter the nucleolus. To test this, in a

confluent monolayer, a scratch was made to disrupt the monolayer. Subsequently, the

cells were given 24 hours to recover, after which they were fixed and MINA localisa-

tion was analysed. First, it was confirmed that, in confluent cells at a distance from

the disrupted monolayer, MINA was localised in the nucleoplasm (Figure 2.5, panel

1). However, at the site of the scratch (indicated by the dotted line), the cells were

less confluent and MINA had translocated back into the nucleolus, as evidenced by

colocalisation of MINA with the nucleolar marker nucleophosmin (NPM; Figure 2.5,

panel 2), thus confirming our hypothesis.
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Figure 2.4: MINA localisation in Caco-2 depends on cell confluence and
catalytic activity. (A) Representative immunofluorescence images showing the lo-
calisation of wild-type (WT) and catalytically inactive (H179A) 3xFLAG-MINA in sub-
confluent and confluent conditions. Cells were incubated with 0.1 µg/mL doxycycline
for 48 hours to induce expression of 3xFLAG-MINA. Cells were fixed with PFA and
stained for MINA (magenta) and the nucleolar marker nucleophosmin (NPM, green).
Nuclei were visualised with DAPI. Scale bars represent 20 µm. Images were acquired
using a Zeiss LSM 880 confocal microscope equipped with a 40x C-Apochromat 1.2
W Korr M27 objective and ZEN black software. (B) Quantification of (A). Samples
were blinded and cells were quantified based on whether or not nucleolar enrichment
could be observed. Bar graph represents an average of two independent experiments.
A total of two hundred cells were counted for each condition in each experiment.
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Figure 2.5: MINA relocates to the nucleolus upon disruption of the mono-
layer. A scratch was introduced to disrupt a confluent monolayer of Caco-2 cells
expressing wild-type (WT) 3xFLAG-MINA. Cells were fixed 24 hours after the scratch
was made. Re-localisation of 3xFLAG-MINA to the nucleolus was observed at the site
of the scratch (top, indicated by the dashed white line). In contrast, at a distance
of the scratch, 3xFLAG-MINA remained in the nucleus (bottom). Cells were stained
for MINA (magenta) and nucleolin (NCL, green). Nuclei were visualised with DAPI.
Scale bars represent 50 or 10 (enlargements) µm. Images were acquired using a Zeiss
LSM 880 confocal microscope equipped with a 40x C-Apochromat 1.2 W Korr M27
objective and ZEN black software. Expression of 3xFLAG-MINA was induced with
0.1 µg/mL for 24 hours before the scratch was made.

2.2.5 MINA localisation correlates with ribosome biogenesis

MINA has been reported to hydroxylate the large ribosomal subunit protein RPL27A

(Ge et al., 2012). Hence, we hypothesised that MINA might be localised in the nucle-

oli when cells are actively proliferating (i.e. at low density) because of the greater

demand for ribosomes and protein translation. To begin to explore this, we first

compared protein synthesis rates in confluent and subconfluent cells where we had

observed differential MINA localisation. Nascent protein synthesis was monitored us-

ing a Click-iT Assay Kit (Invitrogen). This approach involves the incorporation of

an azide-containing methionine analogue, L-azidohomoalanine (AHA), into newly syn-

thesised proteins. Subsequently, after cell fixation, the click reaction is performed

using a fluorescently labelled alkyne. In the presence of copper sulphate (CuSO4), the

azide and alkyne form a triazole conjugate (Figure 2.6A), allowing specific detection

of AHA-containing proteins. This assay was first validated by confirming that pro-
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tein translation was inhibited (and thus no signal was generated) following treatment

with the protein synthesis inhibitor cycloheximide (CHX, Figure 2.6B). Thereafter, we

compared AHA incorporation in cells where MINA is predominantly nucleolar with

cells showing nucleoplasmic MINA staining. As shown in Figure 2.6C, the overall level

of AHA signal (nuclear, nucleolar and cytoplasmic) was lower in confluent cells with

nuclear MINA staining, consistent with the hypothesis that the overall translation rate

is decreased in these cells. Furthermore, in cells cultured in subconfluent conditions,

the most intense AHA signal was detected in the nucleoli (Figure 2.6C). We speculate

that this is due to highly abundant newly synthesised nucleolar proteins. Interestingly,

3xFLAG-MINA co-localised with these, consistent with a role for nucleolar MINA in

the early stages of ribosome biogenesis (Figure 2.6C).

Next, since ribosome biogenesis is dependent on the coordinated transcription of

ribosomal RNA (rRNA) by RNA polymerase I and synthesis of ribosomal proteins,

we considered whether rRNA transcription might regulate MINA localisation. It was

previously reported that actinomycin D (AMD), a dose-dependent RNA polymerase

I/II inhibitor, affects MINA localisation in the breast adenocarcinoma cell line MCF-7

(Eilbracht et al., 2005). Consistent with this, short treatment of Caco-2 cells with a

low (RNA polymerase I specific) dose of AMD (40 ng/mL) was sufficient to induce

translocation of MINA from the nucleolus to the nucleoplasm (Figure 2.7). To confirm

that inhibition of RNA polymerase I is responsible for this change in localisation, we

tested two other drugs, CX-5461 and ML-60218, which have been reported to specif-

ically inhibit RNA polymerase I and III, respectively (Drygin et al., 2011; Wu et al.,

2003). Whereas RNA polymerase I localises to the nucleolus and only transcribes ribo-

somal RNAs, RNA polymerase III functions in the nucleoplasm and is responsible for

the transcription of tRNAs, some stable RNAs as well as 5S rRNA (Paule and White,

2000). As depicted in Figure 2.7, whereas CX-5461 interfered with nucleolar locali-

sation of MINA, ML-60218 did not, demonstrating that MINA translocation results

specifically from RNA polymerase I inhibition, consistent with an important role for

active rRNA transcription and/or ribosome biogenesis in the nucleolus.
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Figure 2.6: MINA localisation correlates with the rate of translation. (A)
Schematic of the azide-alkyne click reaction. (B) Incubation with L-azidohomoalanine
(AHA) to monitor protein synthesis. Caco-2 cells were either untreated, treated with
AHA or AHA and cycloheximide (CHX) for 1 hour before the cells were fixed and the
click reaction was performed. (C) 3xFLAG-MINA is enriched in the nucleoli of cells
with high levels or protein synthesis. Stable Caco-2 cells expressing wild-type 3xFLAG-
MINA and seeded at a high or low density were treated with AHA (magenta) for 1 hour
before the cells were fixed and the click reaction was performed. Expression of 3xFLAG-
MINA was induced for 48 h with 0.1 µg/mL doxycycline. 3xFLAG-MINA was detected
by immunostaining with an antibody raised against MINA (cyan). (B,C) Nuclei were
visualised with DAPI. Scale bars represent 20 (B) or 10 (C) µm. Images were acquired
using a Zeiss LSM 780 confocal system equipped with a 40x C-Apochromat 1.2 W Korr
M27 objective and ZEN black software.

43



EV
Untreated Untreated AMD CX-5461 ML-60218

M
IN

A

3xFLAG-MINA WT

N
C

L
D

N
A

M
IN

A
N

C
L

Figure 2.7: Active ribosome biogenesis retains MINA in the nucleolus in
Caco-2. Caco-2 cells expressing an empty vector (EV) or wild-type (WT) 3xFLAG-
MINA were either untreated or treated with 40 ng/mL actinomycin D (AMD), RNA
polymerase I inhibitor CX-5461 or RNA polymerase III inhibitor ML-60218 . Prior
to treatment, expression of 3xFLAG-MINA was induced for 48 h using 0.1 µg/mL
doxycycline. Cells were stained for MINA (magenta) and nucleolin (NCL, cyan). Nuclei
were visualised with DAPI. Scale bars represent 20 µm. Images were acquired using a
Zeiss LSM 880 confocal microscope equipped with a 40x C-Apochromat 1.2 W Korr
M27 objective and ZEN black software.
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We next wanted to explore whether ribosome biogenesis was as critical a deter-

minant of MINA localisation in cells in which we had observed a more homogenous

and predominantly nucleolar localisation than Caco-2. As shown in Figure 2.1, MINA

is mostly nucleolar in the colorectal cancer cell line SW620. Therefore, we reasoned

that this cell line would be a suitable model to study interventions that trigger nucle-

olar release, such as drug treatment. Analogous to section 2.2.2, stable cell lines were

generated by transduction with a pTIPZ empty vector (EV) or a vector containing

doxycycline-inducible 3xFLAG-MINA. Initial characterisation of 3xFLAG-MINA ex-

pression showed that a concentration of 50 ng/mL doxycycline is sufficient to induce

overexpession of 3xFLAG-MINA (Figure 2.8A). Next, it was confirmed that also in

this cell line, translocation of MINA from the nucleolus to the nucleoplasm is induced

by the inhibition of RNA polymerase I (AMD and CX-5461), but not III (ML-60218;

Figure 2.8B).

2.2.6 Nucleolar MINA localisation is not dependent on high

oxygen availability

Protein synthesis in an energy-consuming process that is highly sensitive to cellular

stress. One type of stress that is particularly relevant to 2OG oxygenases is hypoxia,

as these enzymes depend on the availability of cofactors, including oxygen, for catalytic

activity. During hypoxia, global protein synthesis is reduced in order to conserve ATP

(Liu and Simon, 2004). As we have observed that MINA is preferentially localised in the

nucleoplasm in cells with reduced ribosomal protein synthesis, we sought to characterise

the effect of low oxygen levels on MINA localisation. Caco-2 cells expressing 3xFLAG-

MINA seeded at low density (where we anticipate nucleolar localisation) were placed

in a hypoxia chamber containing 1% oxygen for 16 hours. Subsequently, the cells were

fixed and stained for MINA and the nucleolar marker nucleolin (NCL). However, no

significant differences in the localisation of MINA or the morphology of the nucleoli

were observed, at least not at this level of oxygen (Figure 2.9).
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Figure 2.8: Active ribosome biogenesis retains MINA in the nucleolus in
SW620. (A) Characterisation of stable SW620 cell lines transduced with lentivirus en-
coding a pTIPZ empty vector (EV) or doxycycline-inducible wild-type (WT) 3xFLAG-
MINA. Expression of 3xFLAG-MINA was induced for 48 h with the indicated concen-
trations of doxycycline (dox). Cell extracts were immunoblotted for MINA (53 kDa).
β-actin (42 kDa) was used as loading control. (B) SW620 cells expressing an empty
vector (EV) or 3xFLAG-MINA were either untreated or treated with 40 ng/mL acti-
nomycin D (AMD), RNA polymerase I inhibitor CX-5461 or RNA polymerase III
inhibitor ML-60218. Prior to treatment, expression of 3xFLAG-MINA was induced for
48 h using 0.1 µg/mL dox. Cells were stained for MINA (magenta) and nucleolin (NCL,
cyan). Nuclei were visualised with DAPI. Scale bars represent 10 µm. Images were ac-
quired using a Zeiss LSM 880 confocal microscope equipped with a 60x C-Apochromat
1.2 W Korr M27 objective and ZEN black software.
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Figure 2.9: Moderate hypoxia does not trigger MINA translocation. Rep-
resentative images of Caco-2 cells expressing wild-type 3xFLAG-MINA. Expression of
3xFLAG-MINA was induced with 0.1 µg/mL doxycycline for 48 h before the cells were
incubated at 21% (normoxia) or 1% (moderate hypoxia) oxygen for 16 hours. Following
fixation with PFA, the cells were stained for MINA (magenta), nucleolin (NCL, cyan).
Nuclei were visualised with DAPI. Scale bars represent 15 µm. Images were acquired
using a Zeiss LSM 780 confocal microscope equipped with a 40x C-Apochromat 1.2 W
Korr M27 objective and ZEN black software.

2.2.7 Identification of a nucleolar localisation signal in MINA

Having observed that MINA localisation may be regulated by the cell, it was of inter-

est to investigate whether nucleolar localisation is achieved by a nucleolar localisation

signal: if MINA contains such a signal, it could be experimentally mutated in order to

specifically explore the extra-nucleolar functions of MINA. Whereas it is widely appre-

ciated that nuclear proteins contain sequences for nuclear entry and export, it is less

well known if such sequences exist for nucleolar localisation. Nonetheless, nucleolar

localisation sequences have been described for a number of proteins. Recently, a sys-

tematic analysis of 46 reported nucleolar localisation sequences (NoLSs) was conducted

by Scott et al. to investigate whether there is any consensus among these reported mo-

tifs (Scott et al., 2010). Whereas no specific consensus motif was derived from their

analysis, the authors concluded that, in general, nucleolar localisation signals are char-

acterised by the presence of basic residues (48% of the residues within reported NoLSs

were found to be basic) that are solvent-accessible and almost exclusively located in
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α-helices (42%) or coils (57%). Subsequently, Scott et al. used the sequence and sec-

ondary structure (predicted using the JPred server) of the 46 reported NoLSs to train

an artificial neural network (ANN) to computationally predict NoLSs and designed a

publicly available web tool (NoD; Scott et al., 2010, 2011). Here, the entered amino

acid sequence is divided into consecutive windows of 13 residues and each window is

scored based on residue prevalence, secondary structure elements and position within

the full-length protein. If the average score of 8 consecutive windows >0.8, a region

spanning 20 residues is predicted as a NoLS. The threshold score of 0.8 was selected

based on the ratio of true versus false positives.

Based on MINA’s primary amino acid sequence and JPred-predicted secondary

structure, the NoD algorithm did not predict a high scoring NoLS. However, two regions

nearly reached the threshold score, one at the N-terminal end (Figure 2.10A, red box),

and one around amino acids (AAs) 100-125 (Figure 2.10A, blue box). The latter was

of particular interest as AAs 109-126 (KKK(X13)RK) were previously proposed, but

not experimentally confirmed, to form a bipartite nuclear localisation signal (Eilbracht

et al., 2004).

We next sought to evaluate whether any of the basic residues within the identified

regions are evolutionary conserved. Phylogenetic analyses of the ribosomal oxygenases

NO66 (RIOX1) and MINA (RIOX2) indicated that both proteins have likely evolved

from a common ancestor (Chowdhury et al., 2014; Bräuer et al., 2018). Moreover, in

contrast to NO66 which is found throughout the animal kingdom, MINA is absent in

most invertebrates as well as certain lower eukaryotes such as Drosophila melanogaster

and Caenorhabditis elegans, indicating that MINA has likely more recently evolved

from NO66. Therefore, sequence comparisons were performed in higher eukaryotes.

As depicted in Figure 2.11, high levels of sequence conservation are evident across all

organisms assessed, including the residues within the regions of interest.

We then mapped the basic residues within the identified regions on the crystal

structure. As the N-terminus of MINA is not included in the reported structure, we

first focussed on amino acids 100-125. Within this region, amino acids R125/K126 are
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Figure 2.10: Prediction of a nucleolar localisation signal (NoLS) in MINA.
(A) NoLS prediction by NoD (http://www.compbio.dundee.ac.uk/nod) identifies two
candidate regions in MINA. (B) Protein sequence of human MINA. Basic residues
potentially required for nucleolar localisation are indicated in pink and blue. JmjC
catalytic domain is indicated in light grey. Dark grey arrows represent the eight β-
sheets (βI - βVIII) that make up the catalytic core. UniProt ID = Q8IUF8.
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10. 20. 30. 40. 50.
MINA (human) 1 MPKKAKPTGSGKEEGPAPCKQMKLEAAGGPSALNFDSPSSLFESLISPIKTETFF 55

MINA (chimpanzee) 1 MPKKAKPAGSGKEEGPVPCKQMKVEAAGGPSALNFDSPSSLFESLISPIKTETFF 55

MINA (pig) 1 MPKKAKPAGNGKEEEPVPCKQVKVEAAGEPSPLNFDSPSVLFESLISPIKTETFF 55

MINA (mouse) 1 MPKKVQPTGDENEEASVPCKRVKEELPETLSVLNFDSPSSFFESLISPIKVETFF 55

MINA (duck) 1 MPKKGGRQAEMGKEMQVQCKRAKVEAACSLAVMSFESPDSLFGSLISPIKPEVFF 55

60. 70. 80. 90. 100. 110.
MINA (human) 56 KEFWEQKPLLIQRDDPALATYYGSLFKLTDLKSLCSRGMYYGRDVNVCRCVNGKK 110

MINA (chimpanzee) 56 KEFWEQKPLLIQRDDPALATYYGSLFKLTDLKSLCSRGMYYGRDVNVCRCVNGKK 110

MINA (pig) 56 KEFWEKKPLLIQRNDPVLATYYRSLFRLSDLKSLCSRGIYYGRDINVCRCVSGKK 110

MINA (mouse) 56 KEFWEQKPLLIQRDDPVLAKYYQSLFSLSDLKRLCKKGVYYGRDVNVCRSISGKK 110

MINA (duck) 56 REYWEQKPLLVQRNDPLLAAYYQSLFQLPDLKELCSQGLYYGRDINICRCVNGKK 110

120. 130. 140. 150. 160.
MINA (human) 111 KVLNKDGKAHFLQLRKDFDQKRATIQFHQPQRFKDELWRIQEKLECYFGSLVGSN 165

MINA (chimpanzee) 111 KVLNKDGKAHFLQLRKDFDQKRATIQFHQPQRFKDELWRIQEKLECYFGSLVGSN 165

MINA (pig) 111 KVFNKGGKVHFLQLRKDFDQKKATIQFHQPQRFKDELWRIQEKLECYFGSLVGSN 165

MINA (mouse) 111 KVLNKDGRAHFLQLRKDFDQKRATIQFHQPQRYKDELWRIQEKLECYFGSLVGSN 165

MINA (duck) 111 KVLNKEGKVNYMQLKKDFDQKKATIQFHQPQRFKEELWKIQEKLECYFGSLVGSN 165

170. 180. 190. 200. 210. 220.
MINA (human) 166 VYITPAGSQGLPPHYDDVEVFILQLEGEKHWRLYHPTVPLAREYSVEAEERIGRP 220

MINA (chimpanzee) 166 VYITPAGSQGLPPHYDDVEVFILQLEGEKHWRLYHPTVPLAREYSVEAEERIGRP 220

MINA (pig) 166 VYLTPAGSQGLPPHYDDVEVFILQLEGEKHWRLYQPTVPLAREYSVEAENRIGKP 220

MINA (mouse) 166 VYMTPAGSQGLPPHYDDVEVFILQLEGTKHWRLYSPTVPLAHEYSVESEDRIGTP 220

MINA (duck) 166 VYITPQGSQGLPPHYDDVEVFILQLEGEKHWRLYKPTVHLAREYNVESEDRIGKP 220

230. 240. 250. 260. 270.
MINA (human) 221 VHEFMLKPGDLLYFPRGTIHQADTPAGLAHSTHVTISTYQNNSWGDFLLDTISGL 275

MINA (chimpanzee) 221 VHEFMLKPGDLLYFPRGTIHQADTPAGLAHSTHVTISTYQNNSWGDFLLDTISGL 275

MINA (pig) 221 AYEFMLKPGDLLYFPRGTIHQADTPPGLAHSTHLTISTYQSSSWGDFLLDTISGL 275

MINA (mouse) 221 THDFLLKPGDLLYFPRGTIHQAETPSGLAYSIHLTISTYQNNSWGDCLLDSISGF 275

MINA (duck) 221 THEFVLKPGDLLYFPRGTIHQADTPPGISYSTHVTISTYQNNSWGDFLLDAIPGL 275

280. 290. 300. 310. 320. 330.
MINA (human) 276 VFDTAKEDVELRTGIPRQLLLQVESTTVATRRLSGFLRTLADRLEGTKELLSSDM 330

MINA (chimpanzee) 276 VFDTAKEDVELRTGIPRQLLLQVESTTVATRRLSGFLRTLADRLEGTKELLSSDM 330

MINA (pig) 276 VFDMAKADVEFRAGIPRQLLLQVETTDVAT.RLSGFLRMLADRLEGTKELFSTDM 329

MINA (mouse) 276 VFDIAKEDVALRSGMPRRMLLNVETPADVTRKLSGFLRTLADQLEGREELLSSDM 330

MINA (duck) 276 VFDTAKEDVALRTSIPRQLLMQVDIAD.STKKLSSILRMLADRLENTRELRSSDM 329

340. 350. 360. 370. 380.
MINA (human) 331 KKDFIMHRLPPYSAGDGAELSTPGGKLPRLDSVVRLQFKDHIVLTVLPDQDQSDE 385

MINA (chimpanzee) 331 KKDFIMHRLPPYSAGDGAELSTPGGKLPRLDSVVRLQFKDHIVLTVLPDQDQSDE 385

MINA (pig) 330 KKDFALNRLPPYYVGDGAELSTPDGELPRLDSTVRLQFRDYVVLTVGPDQDPSDE 384

MINA (mouse) 331 KKDFVKHRLPPFFEGNGTETMDPGKQLPRLDNIIRLQFKDHIVLTVGPDKNPFDE 385

MINA (duck) 330 KKDFIMNRLPPYLGCD.SDPLTPGGKLPKLDSQIRLQFRDHAIITVEPDQENSDE 383

390. 400. 410. 420. 430.
MINA (human) 386 AQEKMVYIYHSLKNSRETHMMGNEEET.........EFHGLRFPLSHLDALKQIW 431

MINA (chimpanzee) 386 AQEKMVYIYHSLKNSRETHMMGNEEET.........EFHGLRFPLSHLDALKQIW 431

MINA (pig) 385 SQEKMVYVYHSLKNRRETHMMGNEEET.........ESHGLRFPLSHLDALKQIW 430

MINA (mouse) 386 AQQKVVYIYHSLKNVRQMHMIGEEEES.........EIFGLRFPLSHVDALKQIW 431

MINA (duck) 384 VRREMVYVYHSLKNRRETHMMGTEDDDATTEEGMSQQTHGLRFPLSYFDALKQIW 438

440. 450. 460.
MINA (human) 432 NSPAISVKDLKLTTDEEKESLVLSLWTECLIQVV 465

MINA (chimpanzee) 432 NSPAISVKDLKLTTDEEKESLVLSLWTECLIQVV 465

MINA (pig) 431 NSSAISVKDLKLTTDEEKQSLVLSLWTECLIQVI 464

MINA (mouse) 432 CGSPIRVKDLKLDTDEEKENLALSLWSESLIQVL 465

MINA (duck) 439 SGSTVYVKELNLTSDAEKENLALSLWTECLIEVF 472

X non-conserved

X similar

X � 50% conserved

X all match

Figure 2.11: Conservation of candidate NoLS residues. Sequence alignment of
human (Homo sapiens, UniProt ID = Q8IUF8), chimpanzee (Pan troglodytes, Uniprot
ID = H2QMZ6), pig (Sus scrofa, UniProt ID = M3V811), mouse (Mus musculus,
Q8CD15) and duck (Anas platyrhynchos platyrhynchos, Uniprot ID = U3IAG8) MINA
protein sequence. Arrows indicate residues of interest within in the regions identified
as candidate NoLSs. Sequence alignment was generated using Clustal Omega.
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within an α-helix and their side chains are solvent-exposed (Figure 2.12). In contrast,

K109-111 are within a β-sheet (not shown), which was found to be particularly un-

usual for NoLSs (Scott et al., 2010). Moreover, the C-terminal part of a bipartite NLS

within certain nucleolar proteins has previously been shown to be involved in targeting

the protein to the nucleolus (Scott et al., 2010). Therefore, we considered R125/K126

as residues of interest to experimentally test their contribution to MINA nucleolar

localisation. To investigate whether R125/K126 are indeed involved in nucleolar local-

isation, these residues were mutated to glycine and the effect on subcellular localisation

was analysed by indirect immunofluorescence. As shown in Figure 2.12B, mutation of

R125G/K126G (NoLS) is sufficient for exclusion from the nucleolus. Interestingly, and

perhaps importantly, nuclear localisation remains unaffected.

Having identified a nucleolar localisation mutant with potential utility for future

functional studies, we next wanted to investigate whether MINA retains its hydroxylase

activity upon mutation of R125/K126. It was important to test whether or not the

nucleolar mutant is catalytically active for two reasons. Firstly, in order to interpret

the effects of the mutations on localisation, as we have previously observed that nu-

cleolar enrichment is partially dependent on MINA’s catalytic activity (Figure 2.4B).

Secondly, to support the correct interpretation of results arising from future functional

experiments. To this end, vectors encoding hemagglutinin (HA)-tagged MINA that was

either wild-type, catalytically dead (H179A) and/or unable to localise to the nucleolus

(R125G/K126G, NoLS) were transfected into HEK293T cells, immunoprecipitated and

subjected to an in vitro hydroxylation assay. HA-MINA was used rather than FLAG-

MINA due to the existence of an established protocol for measuring HA-MINA purified

from HEK293T cells. It was previously published that MINA efficiently catalyses hy-

droxylation of an RPL27A peptide in vitro (Ge et al., 2012). Consequently, HA-tagged

MINA was incubated at 37°C with or without RPL27A peptide in buffer contain-

ing Fe(II), 2OG and ascorbate. Hydroxylase activity was detected indirectly using a

Succinate-Glo™ JmjC Demethylase/Hydroxylase Assay kit purchased from Promega.

Here, succinate, produced as a by-product of the hydroxylation reaction (Figure 1.1B),
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Figure 2.12: Localisation of R125/K126 and effect of mutation on subcel-
lular localisation. (A) Ribbon representation of a MINA monomer showing residues
that contribute to MINA nucleolar localisation (R125/K126) in pink and the catalytic
domain in yellow. Protein Data Bank (PDB) ID = 4BXF. Structures were visualised
using PyMOL. DSBH = double-stranded beta helix. (B) Effect of R125G/K126 muta-
tions on subcellular localisation. Caco-2 cells expressing either wild-type or 3xFLAG-
MINA R125G/K126G (NoLS) were fixed and stained for MINA (magenta) and nucle-
olar protein nucleophosmin (NPM, green). Expression of 3xFLAG-MINA was induced
by treatment with 0.1 µg/mL doxycycline for 48 hours. Nuclei were visualised with
DAPI. Scale bars represent 10 µm. Images were acquired using a Zeiss LSM 880 con-
focal microscope equipped with a 40x C-Apochromat 1.2 W Korr M27 objective and
ZEN black software.
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Figure 2.13: Mutation of R125G/K126G does not affect the intrinsic
enzymatic activity of MINA. In vitro hydroxylation assay of RPL27A peptide
using HA-MINA immunopurified from transiently transfected HEK293T cells. (A)
Coomassie blue staining showing the amount of enzyme used in (B). (B) The indicated
HA-MINA variants were incubated with 2OG, ascorbate, Fe(II) and with or without
RPL27A peptide for 5 min at 37°C before hydroxylation was measured indirectly using
a Succinate-Glo assay. Representative result from 1 biological repeat is shown. The
experiment was repeated twice. Values represent the average + SD of three technical
repeats. Absorbance was adjusted to correct for differences in MINA loading (see A).
This experiment was performed in collaboration with Dr Regina Andrijes.

is converted into ATP, which is subsequently converted into light in a luciferase reac-

tion. As shown in Figure 2.13, MINA retains its catalytic activity following mutation

of the nucleolar localisation signal (NoLS). Furthermore, as expected, MINA is cat-

alytically inactivated upon mutation of iron-coordinating site His179 (H179A, Figure

2.13).

2.3 Discussion

Combined sequence and structural analysis of MINA allowed us to identify two residues

(R125/K126) that contribute to the nucleolar localisation of MINA. Although we have

not confirmed if both residues are required, and whether other residues also contribute,

mutation of these residues was sufficient for exclusion of MINA from the nucleolus
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(Figure 2.12). Instead, MINAR125G/K126G localises to the nucleoplasm. R125/K126 were

previously suggested to be part of a bipartite nuclear localisation signal (NLS), together

with K100/K101/K102 (Eilbracht et al., 2005). It is not unprecedented that the C-

terminal part of a proposed bipartite NLS in a nucleolar protein is in fact responsible

for nucleolar localisation (Huang et al., 2005).

Several mechanisms have been described to control subcellular protein localisa-

tion. Transport to membrane-bound structures, such as the nucleus or mitochondria,

is mainly controlled by short targeting sequences that are well characterised. How-

ever, unlike many other subcellular compartments, the nucleolus is not contained by a

membrane. For this reason, it is widely believed that nucleolar localisation is achieved

through binding and retention by core nucleolar proteins. Nonetheless, evidence is

emerging supporting the existence of nucleolar localisation sequences (Scott et al.,

2010). Although R125/K126 fit the definition of (part of) a NoLS, as proposed by Scott

et al., it is possible that other factors contribute to nucleolar entry and/or retention.

Proteomic screens performed by ourselves and others have identified nucleophosmin

(NPM), a prominent nucleolar protein, as interacting with MINA in a variety of cell

lines including Caco-2 (Wang et al., 2015a and Coleman Lab, unpublished). The MINA

residues contributing to this interaction are currently unknown, but could potentially

include R125/K126.

The work described in this chapter suggests that multiple factors may be involved

in the nucleolar retention of MINA, including active rRNA transcription and nucleolar

protein synthesis. We would predict that the latter is related to the abundance of

ribosomal proteins, including the MINA substrate RPL27A. Consistent with this, an

experimental mutation in MINA (H179A) that interferes with substrate binding and

RPL27A hydroxylation, partially interferes with nucleolar retention. It is interesting to

speculate whether expression of an RPL27A hydroxylation site mutant (H39A) might

also interfere with nucleolar localisation MINA. It is currently unclear if mutation of

His-39 in RPL27A interferes with MINA binding, but this would be expected based

on the interaction profile of related JmjC oxygenases, including FIH and JMJD7, with
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their substrates (Cockman et al., 2006; Markolovic et al., 2018).

Other factors contributing to nucleolar retention could include direct or indirect

binding to rRNA. Indeed, inhibition of rRNA transcription by inhibitors actinomycin

D and CX-5461 interfered with the nucleolar localisation of MINA (Figure 2.7, 2.8B

and Eilbracht et al., 2005). Similarly, it was previously reported that treatment of

cells with RNase, but not DNase, triggers nucleolar release of MINA (Eilbracht et al.,

2005). How rRNA could directly contribute to MINA nucleolar localisation is unclear.

Ribosomal oxygenases MINA and NO66 possess a C-terminal winged helix (WH) do-

main of unknown function. In other proteins, winged helix domains have been reported

to mediate nucleic acid binding (Teichmann et al., 2012). However, sequence analysis

of the WH domain in MINA has revealed an overall negative charge, making direct

binding to nucleic acids unlikely (Chowdhury et al., 2014).

Ribosome biogenesis is one of the most energy-consuming cellular processes. As

a result, nucleoli are highly dynamic structures that respond to cellular growth and

metabolic requirements, but also to (metabolic) stress (Boulon et al., 2010). Consistent

with the latter, Eilbracht and colleagues have previously reported nuclear translocation

of MINA in response to serum starvation (Eilbracht et al., 2005). Another type of

stress relevant to both ribosome biogenesis and 2OG oxygenases is hypoxic stress. In

the conditions tested (16 h incubation at 1% O2), we did not observe major effects of

hypoxia on MINA localisation (Figure 2.8). However, neither did we note alterations in

the number or morphology of the nucleoli, as evaluated by nucleolin (NCL; Figure 2.8).

We could speculate that perhaps Caco-2 cells are relatively resistant to reduced oxygen

levels: non-invasive studies have shown that epithelial cells in the colonic regions of

the intestine can be exposed to physiological oxygen (‘physioxia’) levels as low as 2 -

0.04% (He et al., 1999). Moreover, MINA reportedly has a high affinity for oxygen and

is therefore relatively insensitive to hypoxia, maintaining approximately 50% activity

even in severe hypoxia (0.1% O2; Dr Mathew Coleman, personal communication). In

light of this, it would be of interest to perform further studies looking at the effect of

severe and prolonged hypoxia on MINA localisation and function.
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Consistent with high levels of rRNA transcription and protein synthesis, our data

predict that cells that are actively proliferating have MINA sequestered in the nucleolus.

We observed relocation from the nucleoplasm to the nucleolus following disruption of

a monolayer in a wound healing assay (Figure 2.5). Moreover, our preliminary data

suggest MINA is enriched in the nucleolus of cells with a less differentiated and more

mesenchymal phenotype (Figure 2.1), consistent perhaps with the frequent nucleolar

localisation of MINA in tumour samples and rapidly proliferating normal tissues such

as the testes (Teye et al., 2004; Tsuneoka et al., 2006). Several studies, so far, have

compared fast-proliferating and differentiated cell types in both normal and tumour

tissues (Teye et al., 2004; Tsuneoka et al., 2004; Teye et al., 2007). However, these

studies have only focussed on relative staining intensity and overall expression levels,

with little consideration for how the subcellular localisation of MINA correlates with

proliferation or clinical parameters. It would therefore be of interest to study MINA

localisation during mesenchymal-epithelial transition in non-transformed tissues, or

to examine how the subcellular localisation of MINA in tumour samples correlates

with the genomic profile and markers of proliferation such as Ki67. Interestingly,

although not discussed in detail by the authors, clear differences in the staining intensity

of nuclear MINA (diffusely nuclear versus predominantly nucleolar) can be observed

between sections of (moderately) well-differentiated versus poorly differentiated colon

cancer tissues (Teye et al., 2004).

Overall, our observations indicate that the subcellular localisation of MINA may

be regulated and support the notion of separate functions for MINA, including yet

to be determined extra-nucleolar functions. In the next chapter, using the nucleolar

localisation mutant identified in this chapter, we begin to explore what these functions

might be.
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Chapter 3: Identification and char-

acterisation of a novel protein com-

plex interacting with extra-nucleolar

MINA

3.1 Introduction

In the previous chapter, we characterised the factors contributing to the retention

of MINA in the nucleolus and investigated which signals trigger translocation to the

nucleoplasm. Subsequently, we successfully identified the residues required for nucleolar

localisation of MINA. This work raises questions about what other functions of MINA

might exist, and which of these might take place in the nucleoplasm, as opposed to the

nucleolus.

MINA has been implicated in a variety of cellular processes in addition to RPL27A

hydroxylation, ribosome biogenesis and translation. One of these is a role in T-cell

differentiation (Okamoto et al., 2009; Yosef et al., 2013), which was discussed in Chapter

1 of this thesis. Additionally, MINA has also been proposed to regulate the expression

of proteins involved in cell cycle progression (Ma et al., 2015; Zhang et al., 2005; Aziz

et al., 2020) and a proteomic screen linked MINA with proteins involved in DNA
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double-strand break repair (Wang et al., 2015b). MINA was also reported to suppress

epithelial-mesenchymal transition (EMT) through regulation of the GSK-3β/β-catenin

signalling pathway (Geng et al., 2017). Recently, reduced expression of genes regulating

stemness and stem cell proliferation was reported following CRISPR-Cas9 mediated

MINA knockout (Zhang et al., 2020). Most of these roles were linked with a previously

reported histone demethylase activity of MINA, which was likely assigned incorrectly

based on more recent structural and biochemical analyses (as discussed in more detail

in Chapter 1). Although it is possible that MINA has a direct or indirect role in

at least some of the above mentioned pathways, more extensive research is required,

particularly with respect to its catalytic activity and the importance of its subcellular

localisation.

In this chapter, an unbiased proteomic approach was employed to identify extra-

nucleolar interactors of MINA in order to try and help improve our understanding of

its alternative functions. Having identified a novel candidate substrate, the interaction

was extensively validated and characterised both biochemically and in a variety of

cellular contexts.

3.2 Results

3.2.1 Identification of a novel, extra-nucleolar, candidate sub-

strate complex

In 2OG oxygenases, iron coordination is essential for catalytic activity (Lando et al.,

2002; Coleman et al., 2007; Ge et al., 2012; Singleton et al., 2014; Feng et al., 2014;

Markolovic et al., 2018). Mutation of one or more of the Fe(II) binding residues can

prevent substrate binding: this method has previously led to the successful discovery of

eRF1 and DRG1/2 as substrates of JMJD4 and JMJD7, respectively (Feng et al., 2014;

Markolovic et al., 2018). Indeed, binding of RPL27A to MINA is reduced upon ala-

nine substitution of iron-coordinating site His-179 (H179A; see Figures 3.4C and 3.11C
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Figure 3.1: Stable expression of doxycycline-inducible 3xFLAG-MINA and
mutants in Caco-2. Caco-2 cells were transduced with a pTIPZ empty vector
(EV) or vectors encoding the indicated 3xFLAG-tagged MINA mutants, selected with
puromycin and expression was induced for 48 hours using the indicated concentrations
of doxycycline (dox). Cell extracts were immunoblotted for MINA (53 kDa) and FLAG.
β-actin (42 kDa) was used as loading control.

for examples). In order to search for novel MINA candidate substrates resident in

different subcellular compartments, vectors encoding doxycycline-inducible 3xFLAG-

MINA NoLS and NoLS/H179A mutants were generated (as described in section 2.2.2).

Following transduction and puromycin selection of caco-2 cells, inducibility by doxycy-

cline was assessed by a dose titration, shown in Figure 3.1. Subsequently, FLAG-tagged

MINA was immunopurified and interactors were identified by liquid chromatography

and tandem mass spectrometry (LC-MS/MS). Sample preparation, LC-MS/MS and

subsequent analysis were performed by the Advanced Mass Spectrometry Facility at the

University of Oxford. Following LC-MS/MS analysis, the spectra were cross-referenced

with the human Universal Protein Resource (UPR) database using the Mascot software

(Matrix Science). Over a thousand proteins were identified in each sample. The top

250 identified interactors in the 3xFLAG-MINA WT sample were filtered against an

empty vector control to remove contaminants, after which 36 hits remained. Subse-

quently, the score threshold was set to 100 or more, and the emPAI threshold was set

to 1 or more. Finally, 28 interactions were assigned as specific to wild-type MINA.

Table 3.1 lists the 28 identified MINA interactors according to the Exponentially

Modified Protein Abundance Index (emPAI). The emPAI is calculated based on the
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protein coverage by peptide matches and provides a relative quantitative value (see Ishi-

hama et al., 2005 for reference). Importantly, this list includes two known MINA inter-

actors, ribosomal protein 27A (RPL27A) and nucleophosmin (NPM1), which thus vali-

dates the screen. Perhaps consistent with the biochemical and structural evidence that

MINA is a hydroxylase rather than a histone demethylase (Ge et al., 2012; Chowdhury

et al., 2014), no histone proteins co-purified with MINA. Moreover, we did not detect

any RPL8, confirming that there is no overlap in substrate specificity between MINA

and NO66. The 28 identified interactors were subsequently subjected to STRING anal-

ysis (Szklarczyk et al., 2019). An overview of the identified networks is presented in

Figure 3.2A. Interestingly, functional enrichment analysis according to biological pro-

cess indicated enrichment of several processes related to membrane biology (Figure

3.2B) which were attributed to the protein network highlighted in orange in Figure

3.2A. We next filtered the 28 identified interactors for those that showed altered bind-

ing between wild-type and extra-nucleolar (NoLS) MINA (Table 3.2) and those that

interact with MINA in an activity-dependent manner (Table 3.3). We identified one

protein that showed increased interaction with extra-nucleolar MINA and that was

dependent on the activity of MINA, membrane palmitoylated protein 6 (MPP6).

Next, we queried the results of additional MINA proteomic screens that had been

performed by the Coleman group in other contexts. A preliminary screen in the epithe-

lial bone osteosarcoma cell line U2OS focussed on only wild-type MINA, and identified

the interactors shown in Table 3.4. Interestingly, 19 of the 28 candidates identified in

Caco-2 were also identified in U2OS (11 when applying the same filtering criteria as

Caco-2).

Finally, the results of the Caco-2 screen were cross-referenced with results from a

previous screen performed in K-Ras G12V transformed mouse embryonic fibroblasts

(MEFs). A list of the interactors also identified in this screen is shown in Table 3.5.

It should be noted that, due to low abundance of the bait (approximately 10 times

lower than in Caco-2), the filtering thresholds were amended to a score of >40 and an
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Protein Accession WT H179A NoLS N/H
Name no. emPAI emPAI emPAI emPAI

MINA Q8IUF8 4253 1120 3312 1224

PRDX1 Q06830 11.4 7.2 11.7 14.3

DLG3 Q92796 10.6 5.0 6.0 9.4

MPP7 Q5T2T1 9.8 25.0 7.1 7.1

NPM1 P06748 8.2 3.2 0.4 0.9

WDR55 Q9H6Y2 6.4 2.0 0.7 0.4

LIN7C Q9NUP9 5.8 5.8 2.6 1.9

RPL27A E9PLL6 5.67 0.57 2.12 0

KLHL36 Q8N4N3 4.3 3.3 3.3 3.6

CRIPT Q9P021 3.9 3.9 6.3 3.9

VIM P08670 3.9 4.3 0 0.6

RCC2 Q9P258 3.8 6.3 7.7 8.4

GNL1 P36915 3.8 4.9 2.0 2.7

LIN7A O14910 3.2 3.2 1.9 0

NME1 P15531 3.1 1.6 0 0

LLGL1 Q15334 3.0 3.3 6.9 5.7

ARMCX3 Q9UH62 2.7 10.2 20.7 23.2

ALKBH5 Q6P6C2 2.5 2.2 3.9 4.4

MAPK1 P28482 2.1 3.9 3.9 2.9

PRDX2 P32119 1.9 1.9 3.9 2.9

FAU J3KN89 1.7 1.7 1.7 1.7

PPFIBP2 Q8ND30 1.6 3.4 1.9 3.0

DLG1 Q12959 1.6 1.6 1.0 2.7

PPP2CB P62714 1.5 0.0 1.5 0.9

MPP6 Q9NZW5 1.3 0.0 5.2 0.0

STRAP Q9Y3F4 1.3 1.9 1.9 1.0

NACA Q13765 1.3 0.2 0.5 0.2

BTF3 P20290 1.2 0.3 0.3 1.2

MARCKS P29966 1.1 0.3 0.8 0.8

Table 3.1: List of 28 proteins interacting with wild-type MINA in Caco-2. Shown
are names, accession numbers and emPAI values of proteins identified as interacting with
wild-type MINA in descending order of abundance. The bait is highlighted in grey. Last
three columns represent the abundance of the indicated proteins as identified in H179A,
NoLS and NoLS/H179A mutant samples. Expression of 3xFLAG-MINA was induced for
48 hours using 1 µg/mL doxycycline. Abbreviations: WT = wild-type; H179A = catalyti-
cally inactive MINA mutant; NoLS = nucleolar localisation mutant; N/H = NoLS/H179A;
EEF1A1 = elongation factor 1α1; PRDX1 = peroxiredoxin-1; DLG3 = disks large homolog
3; MPP7 = membrane palmitoylated protein 7; NPM1 = nucleophosmin 1; WDR55 = WD
repeat-containing protein 55; LIN7C = Lin-7 homolog C; RPL27A = 60S ribosomal protein
L27A; KLHL36 = Kelch-like protein 36; CRIPT = cysteine-rich PDZ-binding protein; VIM
= vimentin; RCC2 = required for completion of mitosis and cytokinesis 2; GNL1 = guanine
nucleotide-binding protein-like 1; LIN7A = Lin-7 homolog A; NME1 = nucleoside-binding
protein like 1; LLGL1 = lethal giant larvae protein homolog 1; ARMCX3 = armadillo repeat-
containing X-linked protein 3; ALKBH5 = alkB homologue 5; MAPK1 = mitogen-activated
protein kinase 1; PRDX2 = peroxiredoxin-2; PPFIBP2 = liprin-beta-2; DLG1 = discs large
homolog 1; PPP2CB = protein phosphatase 2A catalytic subunit beta isoform; MPP6 =
membrane palmitoylated protein 6; STRAP = serine-threonine kinase receptor-associated
protein; NACA = nascent polypeptide-associated complex subunit alpha; BTF3 = basic
transcription factor 3; MARCKS = myristoylated alanine-rich C-kinase substrate.
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Figure 3.2: Network and functional enrichment analysis of MINA inter-
actors. (A) STRING network analysis (https://string-db.org). Network involving
known substrate RPL27A and nucleolar components are shown in blue. Newly identi-
fied network including peripheral membrane proteins is shown in orange. (B) Top 15
categories of Gene Ontology (GO) biological processes as identified by STRING enrich-
ment analysis (https://string-db.org). Score represents the log10 of observed proteins
in the sample / expected number of proteins in a random sample of the same size.
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Protein name WT NoLS

MINA 4253 3312
ARMCX3 2.7 20.7
RCC2 3.8 7.7
LLGL1 3.0 6.9
MPP6 1.3 5.2
NPM1 8.2 0.4
WDR55 6.4 0.7
LIN7C 5.8 2.6
RPL27A 5.7 2.1
VIM 3.9 0.0
NME1 3.1 0.0
NACA 1.3 0.5
BTF3 1.2 0.3

Table 3.2: List of nucleolar/nucleoplasmic-dependent MINA interactors.
Table shows emPAI values of proteins that showed either increased (red) or decreased
(blue) interaction (fold change >2) with extra-nucleolar (NoLS) MINA compared to
wild-type MINA. emPAI values for the bait are shown in grey.

emPAI >0.5. Despite these limitations, this screen successfully identified RPL27A and

nucleophosmin (NPM1; Table 3.5). Moreover, MPP6 and LIN7C were also identified

as interacting with MINA in an activity-dependent manner (Table 3.6).

Overall, the results of the proteomic screens point towards a possibly novel function

for MINA in membrane biology, with MPP6 and LIN7 as extra-nucleolar, activity-

dependent interactors that warrant further investigation. Both proteins are suggested

or confirmed scaffold proteins that mediate protein complex formation at the plasma

membrane (Chyt la et al., 2020; Straight et al., 2006). MPP6 belongs to the wider

family of membrane-associated guanylate kinases (MAGUKs) that play important roles

in epithelial and neuronal membrane biology (Funke et al., 2005; Ye et al., 2018). This

family also includes the above identified proteins MPP7, DLG1 and DLG3. A more

detailed introduction on epithelial cell polarity and the functions of MPP6, LIN7 and

other MAGUKs will be provided in the next Chapter. For the remainder of this

Chapter, we focus on validating and characterising the interaction between MINA,

MPP6 and LIN7C biochemically and in cellular a context.
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Protein WT H179A NoLS NoLS/H179A

MINA 4253 1120 3312 1224
RPL27A 5.7 0.6 2.1 0
MPP6 1.3 0 5.2 0
NACA 1.3 0.2 0.5 0.2

Table 3.3: List of activity-dependent MINA interactors. Results of the pro-
teomic screen were filtered (fold change >2) for proteins that were identified as inter-
acting with catalytically active (wild-type (WT) or extra-nucleolar (NoLS)) MINA but
not with catalytically dead iron-binding mutants (H179A and NoLS/H179A). Shown
are emPAI values. Bait values are highlighted in grey.

Protein name Accession no. Score emPAI No. of sequences

MINA Q8IUF8 18908 1025 55
NPM1 P06748 1723 26.2 17
MPP6 Q9NZW5 1445 20.7 39
WDR55 Q9H6Y2 1067 10.4 22
PRDX1 Q06830 659 27.7 16
VIM P08670 603 3.1 16
GNL1 P36915 526 1.6 14
LIN7C Q9NUP9 522 11.9 11
RCC2 Q9P258 397 1.9 13
RPL27A E9PLL6 391 15.4 10
LIN7A O14910 323 4 8
CRIPT Q9P021 123 2.3 3
DLG1 Q12959 335 0.5 9
KLHL36 Q8N4N 249 0.68 7
NACA H0YHX 163 0.8 3
ALKBH5 Q6P6C2 136 0.4 3
BTF3 P20290 56 1.6 2
MPP7 Q5T2T1 56 0.1 1
NME1 P15531 39 0.6 1
STRAP Q9Y3F4 32 0.1 1

Table 3.4: List of MINA interactors first identified in Caco-2 and validated
in U2OS. Highlighted in grey are proteins that meet the criteria set for Caco-2 filtering
(score >100, emPAI >1). The bait (MINA) is highlighted in blue. This screen was
performed by Dr Mathew Coleman.
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Protein name Accession no. Score emPAI No. of sequences

MINA Q8CD15 4714 134 44
NPM1 Q61937 1068 22.5 16
RPL27A P14115 213 4.3 6
MPP6 Q9JLB0 138 0.6 6
MAPK1 P63085 68 0.6 4
LIN7C O88952 48 0.5 2
WDR55 Q9CX97 34 0.1 1
STRAP Q9Z1Z2 31 0.1 1
PRDX1 ns ns ns ns
VIM ns ns ns ns
RCC2 ns ns ns ns
GNL1 ns ns ns ns

Table 3.5: List of MINA interactors first identified in Caco-2 and validated
in K-Ras G12V MEFs. Highlighted in grey are proteins that meet the criteria of
a score >40 and emPAI >0.5. Criteria were revised due to lower abundance of the
bait (approx. 10 times lower than Caco-2; highlighted in blue). ns = non-specific (also
detected in empty vector control). This screen was performed by Dr Mathew Coleman.

The results of the proteomic screen were first validated by immunoblot against

MPP6 and LIN7C following immunoprecipitation (IP) of HA- or FLAG-tagged MINA

from extracts of HEK293T or Caco-2 cells, respectively (Figure 3.3). Antibody vali-

dation by siRNA revealed that the LIN7C antibody recognises both LIN7C (22 kDa,

lower band) and LIN7A (26 kDa, upper band) (Dr James Bundred, data not shown).

Furthermore, consistent with the results of the proteomic screen (Tables 3.1 and 3.2),

both proteins were also detected as interacting with the nucleolar localisation mutant

(NoLS), suggesting they are possible extra-nucleolar substrates (Figure 3.3). Interest-

ingly, although preliminary at this point, we noted that binding of MPP6 to the NoLS

mutant was stronger than to wild-type MINA (Figure 3.3A and B). The interaction

between endogenous MINA and MPP6 was also confirmed by immunoprecipitation of

endogenous MPP6 from HEK293T cells (Figure 3.3C).

Next, we sought to test the activity-dependent and extra-nucleolar interaction be-

tween MINA and MPP6/LIN7 in other cell lines. For this reason, a pTIPZ empty vec-

tor (EV) or vectors containing the doxycycline-inducible 3xFLAG-MINA WT, H179A,

NoLS or NoLS/H179A series were first transduced into SW620. A doxycycline titra-
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Protein name WT H179A

MINA 134 112
RPL27A 4.3 0.7
MPP6 0.6 0
LIN7C 0.5 0

Table 3.6: List of activity-dependent MINA interactors first identified in
Caco-2 and validated in K-Ras G12V MEFs. Values represent emPAI. The bait
is highlighted in blue. This screen was performed by Dr Mathew Coleman.
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LIN7 in an activity-dependent manner. (A) Anti-HA immunoprecipitates from
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structs were immunoblotted for MPP6 (61 kDa), LIN7A/C (26/22 kDa), HA (MINA,
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lysates of stable Caco-2 cells expressing the indicated doxycycline-inducible 3xFLAG-
MINA constructs were immunoblotted as indicated. Expression of exogenous 3xFLAG-
MINA was induced for 48 h using 1 µg/mL doxycycline. Input = 0.6% (MPP6,
LIN7A/C), 31% (FLAG, β-actin). (C) Co-immunoprecipitation of endogenous MINA
with MPP6. Endogenous MPP6 was purified from extracts of HEK293T cells and
immunoblotted for MINA (53 kDa) and MPP6 (61 kDa, GeneTex antibody). MINA
coprecipitates with anti-MPP6 but not with the control (CTRL; species-matched con-
trol IgG) IP. Input = 0.14% (MINA), 11% (MPP6).
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tion is shown in Figure 3.4A. We confirmed that, when overexpressed in this cell line,

wild-type 3xFLAG-MINA and H179A localise to the nucleoli, whereas the nucleolar

mutants (NoLS and NoLS/H179A) were excluded from this subnuclear compartment

(Figure 3.4B). Subsequently, anti-FLAG immunoprecipitation experiments showed that

LIN7C and/or MPP6 coprecipitate with 3xFLAG-MINA WT and NoLS in an activity-

dependent manner (Figures 3.4C). Consistent with the results shown in Figure 3.3, it

appears as though more MPP6 may coprecipitate with the NoLS mutant than with

WT MINA (Figure 3.4C). Importantly, RPL27A was confirmed to coprecipitate with

wild-type MINA, but not with the nucleolar localisation mutant (Figure 3.4C).

U2OS cells were also transduced with the 3xFLAG-MINA-containing vector series

(Figure 3.5). A doxycycline titration is shown in Figure 3.5A. Although expression

levels of exogenous MINA were similar to endogenous MINA when using a doxycycline

concentration of 10 ng/mL, indirect immunofluorescence analysis showed significant

heterogeneity in expression levels of 3xFLAG-MINA, with no detectable expression

in many cells (data not shown). Therefore, to validate the results of the proteomic

screen by immunoprecipitation experiments, we used a concentration of 1 µg/mL of

doxycycline. As presented in Figure 3.5B, the activity-dependent association between

3xFLAG-MINA and endogenous MPP6 was confirmed also in this cell line. Moreover,

MPP6 also precipitated with the nucleolar mutant (NoLS), but not with the double

mutant (NoLS/H179A). It should be noted however, that at this concentration, similar

to Caco-2, exogenous MINA is expressed in the nucleoli as well as nucleoplasm (Figure

3.5). This may explain why similar amounts of MPP6 precipitated with WT and

NoLS-mutated MINA. In summary, the experiments presented in Figures 3.3, 3.4 and

3.5 suggest that MPP6 and LIN7A/C are extra-nucleolar interactors of MINA and that

this interaction is prevalent in a range of cell lines.

Next, it was of interest to investigate how the MINA-MPP6-LIN7 complex is

formed. The interaction between MPP6 and LIN7 was previously reported (Kamberov

et al., 2000; Tseng et al., 2001) and is mediated via the highly conserved N-terminal

L27 domain of MPP6 (Tseng et al., 2001). Having identified both proteins as MINA
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interactors, we therefore sought to clarify whether MPP6 independently interacts with

MINA or whether LIN7 mediates complex formation. To this end, HA- and FLAG-

tagged MPP6 and MINA constructs were generated, respectively. We first confirmed

that, when co-overexpressed in HEK293T cells, the interaction between MPP6 and

MINA remains activity-dependent (Figure 3.6A). We noted that MINA overexpression

did not affect the interaction between MPP6-HA and endogenous LIN7A/C (Figure

3.3A). Next, FLAG-MINA was co-overexpressed with MPP6-HA that was either full-

length (FL) or that lacked the L27 domains responsible for LIN7 binding (MPP6110-541,

a schematic is shown in Figure 3.6B). As shown in Figure 3.6C, whereas LIN7 only

coprecipitated with full-length MPP6, FLAG-MINA was bound to both MPP6FL and

MPP6110-541. Therefore, we conclude that the interaction between MPP6 and MINA

is largely independent of LIN7 binding (Figure 3.6C), and we next focussed on charac-

terising the interaction between MPP6 and MINA in more detail.

3.2.2 Subcellular localisation of the MINA:MPP6 complex

To extend the validation of the proteomic screen, which suggests that MPP6 is an

extra-nucleolar MINA-interacting protein, we characterised the interaction in condi-

tions where MINA is either enriched in the nucleolus or in the nucleoplasm. As shown

in Chapter 2, MINA is predominantly nucleolar in SW620 colorectal cancer cells (Fig-

ure 2.1), and translocation to the nucleoplasm is successfully triggered by treatment

with 40 ng/mL actinomycin D (AMD, Figure 2.8). Further to this, we found that an

increased amount of MPP6 co-precipitated with wild-type MINA (Figure 3.7) follow-

ing AMD treatment. Importantly, as noticed before, the interaction of MPP6 with

FLAG-MINA NoLS was greater than wild-type MINA, and this was not further ele-

vated by AMD treatment (Figure 3.7), consistent with the possibility that MINA and

MPP6 interact outside of the nucleolus. These data therefore suggest that nucleolar

localisation is not required for, and might even interfere with, MPP6 binding.

The data presented in Chapter 2 suggest that MINA can be localised in either in the

nucleolus or in the nucleoplasm. However, mammalian MPP6, as well as its Drosophila
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melanogaster orthologue, are reported to be peripheral membrane proteins (Shingai

et al., 2003; Wu et al., 2007; Moyer and Jacobs, 2008; Kamijo et al., 2016), raising

questions about how and when MINA and MPP6 co-localise. It was therefore of interest

to investigate the subcellular localisation of MPP6 and, specifically, to assess whether at

least in some conditions, MPP6 might localise to the nucleus. Due to initial suspicions

about the specificity of the available reagents for the detection of endogenous MPP6 by

immunofluorescence, stable cell lines constitutively expressing C-terminally HA-tagged

MPP6 were generated. First, MPP6-HA localisation in low versus high density cultures

was assessed, given the observation that MINA translocates depending on cell density.

As expected based on published reports, MPP6 was localised in close proximity to

the membrane in a confluent monolayer (Figure 3.8A). Interestingly however, in low

density cell culture conditions, we also noted nuclear MPP6 in a proportion of the

cells. In addition to indirect immunofluorescence, nuclear and cytoplasmic localisation

of MPP6-HA was confirmed by subcellular fractionation (Figure 3.8B). Furthermore,

in the highly transformed and rapidly proliferating cervical adenocarcinoma cell line

HeLa, MPP6, either transiently expressed (MPP6-HA) or endogenous, was consistently
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absent from the membrane, but was instead present in the nucleus and cytoplasm

(Figure 3.8C and D).

Having independently observed both MINA and MPP6 in the nucleoplasm, we next

sought to investigate whether they in fact co-localise. First, we assessed the localisa-

tion of FLAG-MINA and MPP6-HA by indirect immunofluorescence in Caco-2 cell

lines stably expressing FLAG-MINA and transiently transfected with MPP6-HA and

confirmed that both proteins are partly co-localised in the nucleoplasm (Figure 3.9A).

Although co-localisation by immunofluorescence is consistent with a potential interac-

tion, it is not sufficient in isolation to conclude that two proteins physically interact

in a specific compartment. Therefore, additional orthogonal assays are beneficial. One

example of such an experiment is a proximity ligation assay (PLA). Here, the secondary

antibodies are conjugated with oligonucleotide probes that circularise only when two

proteins are in very close proximity (<40 nm) to each other, consistent with them inter-

acting (Jarvius et al., 2007). Moreover, this technique allows detection of interactions

at the single protein level. Further details about the multi-step PLA protocol are pre-

sented in the Materials and Methods chapter in this thesis. As shown in Figure 3.9B,

PLA foci were concentrated in the nucleoplasm of cells co-overexpressing FLAG-MINA

and MPP6-HA, consistent with the immunofluorescence data shown in Figure 3.9A.

Moreover, PLA foci were also observed following co-expression of MPP6-HA with the

nucleolar localisation mutant (FLAG-MINANoLS), consistent with our coprecipitation

data. Furthermore, PLA foci were only present in cells that were fixed whilst at low

density, before a confluent monolayer had been formed (Figure 3.9C), consistent with

the redistribution of MPP6 to the membrane in confluent cells (shown in Figure 3.8).

Taken together, our immunofluorescence and proximity ligation studies suggest that

MINA and MPP6 colocalise in the nucleoplasm of low density cells.

In order to further investigate the effect of confluence on the MINA:MPP6 interac-

tion we performed an immunoprecipitation experiment. Specifically, FLAG-MINA was

immunoprecipitated from Caco-2 cells expressing an empty vector (EV), FLAG-MINA

WT or a nucleolar localisation mutant (NoLS) that were either seeded at a low or high
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Figure 3.8: Nuclear localisation of MPP6 in proliferating cells. (A) Localisa-
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tutively expressing C-terminally HA-tagged MPP6 were fixed with PFA and stained
for HA (magenta). Scale bar represents 10 µm. (B) Biochemical fractionation of a con-
fluent monolayer of stable Caco-2 cells constitutively expressing an empty vector (EV)
or MPP6-HA. Cell extracts were immunoblotted for HA (MPP6, 61 kDa), Na+/K+

ATPase subunit α-1 (113 kDa), β-tubulin (50 kDa) and Poly (ADP-ribose) polymerase
(PARP, 113 kDa). (C,D) Nuclear/cytoplasmic localisation of MPP6 in HeLa. Scale
bars represent 20 µm. (C) HeLa cells transiently transfected with an empty vector
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HeLa cells were fixed with PFA and stained for endogenous MPP6 (Atlas Antibodies,
shown in magenta) and F-actin (grey). (A,C-D) Nuclei were visualised with DAPI
(cyan). Images were acquired using a Zeiss LSM 880 confocal microscope equipped
with a 40x C-Apochromat 1.2 W Korr M27 objective and ZEN black software.
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density, and coprecipitation of endogenous MPP6 was assessed. Consistent with the

data presented in Figure 3.9, more MPP6 co-precipitated with wild-type FLAG-MINA

extracted from subconfluent cells than from confluent cells (Figure 3.10A). We also

noted increased coprecipitation of MPP6 with the NoLS mutant in subconfluent cells,

even though the localisation of the NoLS mutant in subconfluent and confluent cells

appears to be identical (Figure 3.10B), indicating that nuclear enrichment of MPP6

may be an important factor for the interaction. Overall, the data presented in this

section suggest that a (narrow) window may exist where MINA and MPP6 are both

present in the nucleoplasm at the same time. Although further analyses are required,

we could speculate that this window may be cell cycle-specific or exist in response to

certain growth-associated signalling cues.

3.2.3 Biochemical characterisation of the MINA:MPP6 com-

plex

In addition to characterising where and when the interaction between MINA and MPP6

occurs in cells, it was of interest to characterise the molecular determinants of the

MINA:MPP6 interaction. We considered that understanding this in more detail might

support subsequent studies investigating the function of the interaction.

3.2.3.1 MPP6 interacts with MINA in a specific and substrate-like manner

The observation that MINA interacts with MPP6 in a manner that is dependent on its

catalytic activity (i.e. MINA H179A does not bind MPP6) would suggest that MPP6 is

possibly a substrate. Following on from this observation, we sought to further explore

MPP6’s candidacy as a novel MINA substrate.

The crystal structure of MINA in complex with an RPL27A peptide revealed that,

in addition to residues that are located within the catalytic domain, residues within

the dimerisation (Asp333) and winged helix (Met405) domains also form interactions

with RPL27A that are essential for efficient hydroxylation of H39 in vitro (Chowdhury
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Figure 3.9: MINA and MPP6 co-localise in the nucleoplasm. (A,B)
Co-localisation of 3xFLAG-MINA and MPP6-HA in stable Caco-2 cells expressing
doxycycline-inducible 3xFLAG-MINA and transiently transfected with MPP6-HA was
assessed by indirect immunofluorescence using antibodies against the FLAG (MINA,
magenta) and HA (MPP6, cyan) tags (A) and a proximity ligation assay (PLA, green
foci, B). Scale bars represent 20 µm (A) and 10 µm (B). (C) Co-localisation of 3xFLAG-
MINA WT/NoLS and endogenous MPP6 was revealed by PLA (green foci) in subcon-
fluent, but not in confluent Caco-2 cells. Scale bars represent 10 µm. (A-C) Expression
of 3xFLAG-MINA was induced for 48 h using 0.1 µg/mL doxycycline. Cells were fixed
with PFA. Nuclei were visualised with DAPI (grey). Images were acquired using a
Zeiss LSM 880 confocal system equipped with a 40x C-Apochromat 1.2 W Korr M27
objective and ZEN black software. 76
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et al., 2014; Figure 3.11A). To determine whether these residues are also important

for interaction with MPP6, we replaced D333 and M405 with alanine. Consistent

with the literature, mutation of D333/M405 reduced RPL27A binding (Figure 3.11B).

Interestingly, these substitutions also reduced binding of endogenous MPP6, although

not to the same extent as their effect on RPL27A binding, or the effect of MINA H179

mutation (H179A; Figure 3.11B).

Next, we assessed the effect of cofactor presence on binding. It is well established

that 2OG oxygenases require Fe(II), oxygen and 2OG as cofactors for catalytic activity.

For this reason, HEK293T cells expressing HA-tagged MINA were treated for 15 hours

with iron-chelator desferrioxamine (DFO) or dimethyloxalylglycine (DMOG), a cell-

permeable precursor of the competitive 2OG inhibitor N-oxalylglycine (NOG; Jaakkola

et al., 2001). The effectiveness of drug treatment was validated by immunoblotting

for HIF1α stabilisation (due to HIF prolyl hydroxylase inhibition, see Chapter 1).

Surprisingly, treatment with DMOG completely abrogated both RPL27A and MPP6

binding. Iron chelation, in contrast, did not noticeably affect binding of RPL27A, nor

MPP6 (Figure 3.11C).

The effect of DMOG on MPP6/RPL27A binding was unexpected as DMOG usually

locks a substrate in the catalytic domain, thereby increasing the interaction between

enzyme and substrate and facilitating detection of the interaction (Cockman et al.,

2006; Coleman et al., 2007; Markolovic et al., 2018). To test whether the effect observed

might be caused by indirect effects of prolonged treatment, a DMOG time course

was performed. HEK293T cells expressing both HA-tagged MPP6 and FLAG-tagged

MINA were treated with DMOG for 0, 10, 60 or 480 minutes. Surprisingly, a decrease

in MPP6 binding was noted in as little as 10 minutes (Figure 3.11D). Although the

effect of DMOG and iron chelations were unexpected, they were consistent between

RPL27A and MPP6. Combined with the mutation analysis the results in this section

are still supportive of MPP6 as a potential novel MINA substrate.

Next, we sought to assess the specificity of the interaction between MINA and

MPP6. It was previously reported that there is no cross-reactivity between MINA and
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Figure 3.11: MPP6 binds MINA in a substrate-like manner. (A) Ribbon rep-
resentations of a MINA monomer showing the salt bridge interaction between MINA
asparagine-333, located in the dimerisation domain, and RPL27A arginine-42 (left
panel) and the hydrophobic interaction between MINA methionine-405, located in the
winged-helix (WH) domain, and RPL27A isoleucine-43 (right panel). PDB ID = 4BXF.
Structures were visualised using PyMOL. (B) Coprecipitation of MPP6 and RPL27A
with HA-MINA is affected by mutation. Anti-HA immunoprecipitates from cell ex-
tracts of HEK293T cells transiently expressing an empty vector (EV) or the indicated
HA-tagged MINA variants were immunoblotted for HA (MINA, 53 kDa) and MPP6
(61 kDa, Atlas Antibodies). Input = 2.5% (MPP6), 1% (RPL27A), 50% (HA, β-actin).
(C) DMOG and DFO affect coprecipitation of MPP6 and RPL27A with HA-MINA in
a similar manner. Anti-HA immunoprecipitates from cell extracts of HEK293T cells
expressing empty vector (EV), wild-type (WT) HA-MINA or the catalytically dead
H179A mutant were immunoblotted for MPP6 (61 kDa, Atlas Antibodies), RPL27A
(17 kDa), HIF1α (93 kDa) and HA (MINA, 53 kDa). Cells were either untreated or
treated with 1 mM DMOG, 100 µM (+) or 250 µM (++) DFO for 16 hours before
harvesting. Input = 1.25% (MPP6, HIF1α), 0.3 % (RPL27A), 12.5% (HA, β-actin).
(D) DMOG rapidly disrupts the interaction between FLAG-MINA and MPP6-HA.
Anti-HA immunoprecipitates from cell extracts of HEK293T cells expressing empty
vector (EV) or FLAG-MINA and MPP6-HA were immunoblotted for FLAG (MINA,
53 kDa) and HA (MPP6, 61 kDa). Cells were either untreated or treated with 1 mM
DMOG for 10, 60 or 480 minutes before harvesting. Input = 10% (FLAG, β-actin),
33% (HA). (B-D) β-actin was used as loading control.
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NO66 with respect to their respective substrates RPL27A and RPL8 (Ge et al., 2012).

Indeed, a coprecipitation experiment confirmed that MPP6 coprecipitates with MINA

and not with NO66 (Figure 3.12A). The membrane palmitoylated protein (MPP) sub-

family of MAGUKs, to which MPP6 belongs, consists of 7 proteins (MPP1-7) that

share significant sequence similarity. A sequence alignment of the human MPPs is pre-

sented in Appendix B. MPP2, with 65% sequence identity, is the most closely related

to MPP6 (Figure 3.12B). However, as shown in Figure 3.12C, MINA binds strictly to

MPP6, and not MPP2.

3.2.3.2 Mapping the domains in MPP6 that are necessary and sufficient

for activity-dependent MINA binding

As scaffold proteins, MAGUK proteins are characterised by the presence of protein-

protein interaction modules. These include a characteristic PSD-95/DLG/ZO-1 (PDZ)

- Src homology 3 (SH3) - guanylate kinase (GUK) tandem, but many MAGUKs contain

additional domains. MPPs, with the exception of MPP1, also share two L27 domains.

An overview of the domain organisation of MAGUK proteins is presented in Figure

3.13. In order to test the domain requirements for binding of MINA to MPP6, a set of

HA-tagged MPP6 truncation mutants was generated, each missing different domains

of the protein (Figure 3.14A). Each deletion mutant was then co-overexpressed with

FLAG-tagged MINA in HEK293T cells. Next, HA-tagged MPP6 was immunopre-

cipitated and the interaction with MINA was evaluated by western blot. As shown in

Figure 3.14B, removing the GUK (MPP61-306Fs) and (part of) the SH3 (MPP61-222) do-

mains results in partial (MPP61-306Fs) or complete (MPP61-222) loss of MINA binding.

To distinguish between the SH3 and the GUK domains, two additional mutants were

generated, MPP6285-540 and MPP6338-540 (Figure 3.14A). Whereas MPP6285-540 still suc-

cessfully bound MINA, further truncation to also remove the small domain between the

SH3 and GUK domains (MPP6338-540), prevented MINA from binding (Figure 3.14B),

suggesting that this region is critical for the interaction. Subsequently, the localisation

of all mutants was assessed to test whether loss of MINA binding to MPP6338-540 might
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Cavβ1-4

Figure 3.13: Domain organisation of MAGUK proteins. With the exception of
the Cavβ proteins, all MAGUKs contain (at least one) PSD-95/DLG/ZO-1 (PDZ), src
homology 3 (SH3) and guanylate kinase (GUK) domain. The membrane palmitoylated
proteins (MPPs), except MPP1, contain two additional L27 domains. Abbreviations:
ZO = zona occludens, DLG = discs large, CASK = calcium/calmodulin-dependent ser-
ine protein kinase, Cavβ = voltage-gated calcium channel β subunit, CARMA = cas-
pase recruitment domain-containing MAGUK, MAGI = membrane-associated guany-
late kinase inverted.

simply be explained by this mutant being excluded from the nucleus (Figure 3.14C).

Importantly, although the localisation of all the truncation mutants was affected rel-

ative to full-length MPP6, they all showed some level of nucleoplasmic distribution,

which we demonstrated previously (Figure 3.9) is the likely site of the MINA:MPP6

interaction. Overall therefore, our data would suggest that amino acids 285-338 are

required for MINA binding. Importantly, it would appear that this domain (in the

context of the MPP6285-540 mutant) may be sufficient for activity-dependent MINA in-

teraction: MPP6285-540 binds wild-type (WT) MINA but not the catalytically inactive

Fe(II)-binding mutant (H179A, Figure 3.14D).

Next, we addressed whether amino acids 285-338 are also sufficient for MINA bind-

ing. In order to explore this, we took advantage of the fact that MPP2 does not bind

MINA, despite the significant primary sequence and structural conservation between
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Figure 3.14: MPP6 amino acids 285-338 are required for activity-dependent
MINA binding. (A) Domain structures of MPP6 mutants used in (B-D). FL =
full-length, 306Fs = cancer mutant, frame shift mutation at amino acid 306. (B)
MPP6 amino acids 285-338 are required for coprecipitation of FLAG-MINA. Anti-HA
immunoprecipitates from cell extracts of HEK293T cells expressing an empty vector
(EV) or the indicated FLAG-MINA and MPP6-HA constructs were immunoblotted for
FLAG (MINA, 53 kDa) and HA (MPP6). (C) Localisation of MPP6 truncation mu-
tants in HEK293T cells. HEK293T cells transiently expressing the indicated MPP6-HA
constructs were fixed with PFA and stained for HA (MPP6, green). Nuclei were visu-
alised with DAPI (magenta). Scale bars represent 10 µm. Single focal plane images
were acquired using a Zeiss LSM 780 confocal microscope equipped with a 40x C-
Apochromat 1.2 W Korr M27 objective and ZEN black software. (D) MPP6-HA285-540

coprecipitates wild-type (WT), but not catalytically inactive (H179A) FLAG-MINA.
Anti-HA immunoprecipitates from cell extracts of HEK293T cells expressing the in-
dicated constructs were immunoblotted as indicated. (B,D) Input = 10% (FLAG,
β-actin), 20% (HA). β-actin (42 kDa) was used as loading control.
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Figure 3.15: MPP6 amino acids 285-338 are sufficient for activity-dependent
MINA binding. (A) Graphical representation of the constructs used in (B,C). (B)
An MPP2 mutant that contains amino acids 285-338 of MPP6 (MPP2/6), but not wild-
type MPP2, coprecipitates FLAG-MINA. Anti-HA immunoprecipitates from extracts
of HEK293T cells expressing the indicated constructs were immunoblotted for FLAG
and HA. Input = 10% (FLAG, β-actin), 20 % (HA). (C) MPP2/6 coprecipitates FLAG-
MINA in an activity-dependent manner. Anti-HA immunoprecipitates from extracts
of HEK293T cells expressing the indicated constructs were immunoblotted for FLAG
and HA. Input = 10% (FLAG, β-actin), 100% (HA). (B,C) β-actin (42 kDa) was used
as loading control.

MPP2 and MPP6. We generated an MPP2 mutant ‘hybrid’, where the amino acids be-

tween the SH3 and GUK domains of MPP2 were replaced with those of MPP6 (Figure

3.15A). Consistent with our hypothesis that AAs 285-338 of MPP6 are sufficient for

MINA binding, FLAG-MINA coprecipitated with the MPP2/6 hybrid (Figure 3.15B).

Importantly, the binding of FLAG-MINA to the MPP6/2 hybrid retains its activity-

dependence (Figure 3.15C).

In an attempt to narrow down the binding region even further, we next focussed on

the differences in primary sequence between MPP2 and MPP6 in this region. To our

surprise, the sequence identity of this region was 67.9% (Figure 3.16A), suggesting that

the strikingly different MINA binding profiles might be determined by the relatively

few regions of low homology. To test the importance of these regions we swapped some

of the residues within them (Figure 3.16A), and analysed whether they affect MINA

binding in the context of the MPP2/6 hybrid. As shown in Figure 3.16B, mutation of
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= 50 % (FLAG, β-actin), 40% (HA). β-actin (42 kDa) was used as loading control.

W291/D292 (as in MPP6) to LELPT (as in MPP2) modestly affected FLAG-MINA

binding. However, extending this insertion from LELPT to LELPTNSGT completely

abolished the interaction with MINA (Figure 3.16B).

Based on these data, we tested whether introducing a proline and phenylalanine

(as in MPP6 P296/F297) at the respective amino acid positions 332 and 333 in MPP2

(T332P/L333F) was sufficient to gain MINA binding. However, as indicated in Figure

3.17, having just a proline and phenylalanine at those locations is not sufficient, raising

the possibility that the presence of other residues is also required.

Overall, our data indicate that the SH3-GUK interdomain is responsible for the

activity-dependent interaction between MINA and MPP6. Moreover, our results in-
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dicate that the short insertion at AAs 326-328 (LTP) at the N-terminal end of the

interdomain contributes to the fact that MPP2 cannot bind MINA, suggesting that

the region spanning this sequence in MPP6 may be important. Therefore, it was of

interest to investigate whether any of the residues in this region are targeted by MINA

for hydroxylation.

3.2.3.3 Mass spectrometry analyses of MPP6 oxidation

As MPP6 was identified as interacting with MINA in an activity-dependent manner,

suggesting it is a potential substrate, we aimed to identify the residue that might be tar-

geted by MINA for hydroxylation. For this reason, we analysed MPP6-FLAG immuno-

precipitates from HEK293T cells by LC-MS/MS which can identify proteins and their

post-translational modifications. In an attempt to help support the identification of a

MINA-dependent MPP6 oxidation, MPP6 was overexpressed in the presence or absence

of overexpressed MINA. Following immunoprecipitation, the samples were subjected
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to in-solution chymotrypsin digest before analysis by LC-MS/MS (Oxford Advanced

MS Facility). Chymotrypsin was used because it has a broader cleavage specificity

compared to conventional trypsin (which only cuts after lysine and arginine), which

we considered might improve the sequence coverage of the minimal MINA-binding do-

main (the SH3-GUK ‘interdomain’), which is relatively lysine/arginine rich. Following

LC-MS/MS, the data were processed using PEAKS X software which identified 92%

sequence coverage of MPP6 in each sample. The data were then filtered to remove

methionine oxidations and those with an A-score of <20 (an A-score of 20 corresponds

to a modification correctly localised with 99% certainty). This identified a single high

scoring (A-score 1000) oxidised residue in MPP6 (W291) in the absence and presence

of overexpressed MINA (Figures 3.18 and 3.19, respectively). Although the abun-

dance of oxidised W291 increased in the presence of MINA, the overall stoichiometry

of the modification was very low (0.04% under endogenous MINA levels, 0.44% in the

presence of overexpressed HA-MINA; Figure 3.19D). Oxidised tryptophan (+16 Da)

can spontaneously dehydrate (-18 Da), yielding a ‘didehydro’ form (-2 Da): consis-

tent with increased W291 oxidation in the presence of overexpressed MINA we also

identified didehydro-W291 in this samples (0.19%, A-score of 1000; Figure 3.19C,D).

Interestingly, W291 resides within the N-terminal domain of the SH3-GUK ‘interdo-

main’ identified above as important for activity-dependent MINA binding (Figures 3.14

and 3.15), raising the possibility that it might be a novel MINA-dependent oxidation

event. Although we note that tryptophan can undergo spontaneous chemical oxidation

as an artefact of sample preparation for MS, it is interesting to note that none of the

other four tryptophan residues in MPP6 were identified as oxidised in these samples.

Next, we sought to determine whether the apparent MINA-dependent MPP6 W291

oxidation described above was reproducible. In doing so we took the opportunity to

explore whether the very low stoichiometry of the modification might be increased by

two other conditions in addition to MINA overexpression. Firstly, we tested whether

proteasomal inhibition with MG132 might protect oxidised MPP6 from degradation.

Secondly, we tested whether the modification might be boosted by increasing the op-
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Figure 3.18: Preliminary MS analysis of MPP6 oxidations in the mini-
mal binding domain. MPP6-FLAG immunoprecipitates from extracts of transiently
transfected HEK293T cells were digested with chymotrypsin and analysed for the pres-
ence of oxidation or oxidation/dehydration by LC-MS/MS. Immunoprecipitations were
carried out by Uncaar Boora. (A) Identified peptide fragments and modifications (o
= oxidation). (B) Ion tables of the chymotryptic peptide VRRDWDNSGPF show-
ing theoretical (black) and identified (blue/red) ion species. A mass identical to a
hydroxytryptophan-containing fragment is observed in the b ion series at b5. (C)
Corresponding MS/MS spectra assigning oxidation at W291.
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Figure 3.19: Preliminary MS analysis of MINA-dependent oxidations in
the minimal binding domain. Parallel MS/MS assignment of W291 oxidation in
MPP6-FLAG immunoprecipitated from HEK293T cells cotransfected with HA-MINA.
(A) Identified peptide fragments and modifications (o = oxidation; d = dehydration).
(B,C) MS/MS spectra (i) and ion tables (ii) of the chymotryptic peptide VRRD-
WDNSGPF showing theoretical (black) and identified (blue/red) ion species. (B) A
mass identical to a hydroxytryptophan-containing fragment is observed in the b and y
ion series at b5 and y7, respectively. (C) A mass identical to a didehydrotryptophan-
containing fragment is observed in the b and y ion series at b5 and y7, respectively. (D)
Relative abundance of oxidation/didehydration at W291 in the presence or absence of
MINA overexpression.
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portunity for MINA and MPP6 to interact: cells were rendered subconfluent after

transient transfection in order to try and recreate conditions previously identified as

being favourable for complex formation (Figures 3.8, 3.9 and 3.10). Samples were

prepared and analysed by mass spectrometry as described previously. Unfortunately,

the basal level of W291 oxidation detected in the control samples (-MINA) in this ex-

periment were already similar to that detected in the +MINA sample in the previous

experiment (approximately 0.4%), and did not increase in response to MINA overex-

pression (Figure 3.20). Consistent perhaps with a higher background level of protein

oxidation in this experiment, oxidation of all five tryptophan residues in MPP6 was

detected (data not shown), which is at odds with the results of the first experiment

(see above). Furthermore, we did not observe an increase in MPP6 W291 oxidation in

response to either proteasome inhibition or subconfluence under the conditions tested

here (Figure 3.20). Overall, the data are not strongly supportive of a robust (high

stoichiometry) and reproducible MINA-dependent W291 oxidation.

Mutation of target residues in other JmjC hydroxylase substrates prevents their

association (Cockman et al., 2006; Markolovic et al., 2018). As the results of the

preliminary MS analysis were inconclusive, we tested whether alanine substitution of

W291 blocked the association of MINA and MPP6. However, no significant alterations

were noted (Figure 3.21A). We then extended this approach to the other residues in the

W291-containing chymotryptic peptide identified above. Interestingly, MINA binding

to MPP6 was significantly affected or completely lost upon mutation of G295, P296

and F297, respectively (Figure 3.21A/B). We further expanded our alanine scanning

to identify any other residues required for MINA binding: individual point mutations

of MPP6 amino acids 298-303 were made and interaction with MINA was analysed

by immunoprecipitation and western blot. As shown in Figure 3.21B/C, we found

that C298 and G299 are also essential for MINA binding. The region responsible and

required for MINA binding was therefore narrowed down to five amino acids. Whether

any of these residues could be candidate hydroxylation targets is not yet clear.
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3.3 Discussion

In this Chapter, a proteomic screen was performed to identify extra-nucleolar interac-

tors of MINA, with a particular focus on proteins that associate with wild-type MINA,

but not a catalytically inactive mutant. Using this method, a membrane-associated

scaffold protein, MPP6, was identified. The association between exogenous, tagged

MINA and endogenous MPP6 was validated in multiple cell lines, and the interaction

was confirmed at endogenous levels (Figures 3.3, 3.4 and 3.5). Moreover, we showed

that the interaction is specific, with no redundancy observed between NO66 and MINA,

or between MPP6 and the closely related protein MPP2 (Figure 3.12). Interestingly,

the binding profile of MPP6 to MINA is strikingly similar to that of RPL27A, being

affected by MINA mutations and the 2OG oxygenase inhibitor DMOG in a similar

fashion (Figure 3.11). Although this raises the possibility that MPP6 is a novel MINA

substrate (as discussed below), an alternative explanation could be that MPP6 binding

is indirect, via RPL27A. However, we believe this is highly unlikely considering the fact

that the NoLS mutant efficiently interacts with MPP6, whereas it is unable to capture

RPL27A (Figure 3.4C). Overall, our data still supports MPP6 being a novel MINA

substrate, although more work is required to understand the nature of the potential

modification.

The N-terminal region of the MPP6 minimal binding domain (herein referred to

as the SH3/GUK interdomain) that confers activity-dependent association with MINA

does not contain any histidine residues, nor does the primary sequence resemble RPL27A.

Whether it contains a non-canonical hydroxylation site is not clear. Alanine scanning

identified specific G/P/F/C residues that when mutated blocked MINA binding, rais-

ing the possibility that these could be a site for hydroxylation. Although MINA has

been reported to catalyse histidyl hydroxylation (Ge et al., 2012), this does not ex-

clude that it might be able to also hydroxylate other residues. Interestingly, if true,

this would not be the first report of a JmjC oxygenase with substrate specificity to-

wards multiple residues. Factor-inhibiting HIF (FIH) shows activity towards multiple
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residues, including asparagine, aspartate, histidine and leucine (Cockman et al., 2006;

Coleman et al., 2007; Yang et al., 2011a,b, 2013; Choi et al., 2020).

Despite considerable evidence supporting a substrate-like interaction between MINA

and MPP6, the identification of a substrate residue in MPP6 has proved challenging.

Initial LC-MS/MS analysis of MPP6-FLAG immunoprecipitates identified oxidation

of one MPP6 peptide, on W291. Moreover, and importantly, oxidation of this site was

possibly regulated by MINA. However, whether the W291 oxidation identified here

represents a bona fide hydroxylation is not clear. The stoichiometry of W291 oxidation

observed was very low (0.04 - 0.44%) and caution is warranted when assigning oxidation

to a tryptophan residue. Certain amino acids, including methionine and tryptophan

residues, often acquire artificial oxidations as a result of the mass spectrometry sample

preparation process. Artificial oxidations have potentially led to the misassignment of

several non-HIF prolyl hydroxylase substrates, as discussed by Cockman and colleagues

(Cockman et al., 2019). Although we did not find evidence of any other tryptophan or

methionine oxidations in our sample, at this point we cannot exclude that the W291

hydroxylation was not a technical artefact. Another possibility could be that the iden-

tified W291 might be a consequence of close proximity to the potentially oxidising

environment of the MINA catalytic domain. Although we set out to repeat the LC-

MS/MS analysis using new samples, the basal level of oxidation observed was higher

and this was not evidently regulated by MINA. In these samples, we also observed

substantial levels of artificial oxidations on residues including methionines and trypto-

phans, which possibly explains why no regulation by MINA was noted. Future studies

will aim at reducing the artificial background oxidations by ensuring that the samples

are processed quickly and analysed by MS in a timely manner. This might increase

the sensitivity of detecting a low level of MINA-specific tryptophan oxidation.

We should also consider that other mechanisms could explain the low levels of oxi-

dised peptide identified in our sample. For example, perhaps the oxidised form is being

degraded, or further processed by other post-translational modifications. We already

considered the involvement of proteasomal degradation, but inhibition with MG132 did
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not increase the detection of oxidised W291 in our samples. However, it is possible that

proteasome-independent proteolytic pathways may be involved. Moreover, the modi-

fication could be restricted to a specific context. Our data showing that both MINA

and MPP6 are present in distinctive subcellular locations at certain times could be

consistent with this hypothesis. In most cell lines tested so far (including HEK293T),

RPL27A H39 is hydroxylated >90% (Ge et al., 2012). In future experiments, we could

therefore consider whether inhibiting ribosome biogenesis might stimulate MPP6 hy-

droxylation.

The unique effect of DMOG, as well as the absence of a major effect of DFO, on

the MINA:RPL27A and MINA:MPP6 interactions observed here are not clear. We

speculate that it could be an indirect effect: both DMOG and DFO potentially target

all 2OG oxygenases (and other iron-dependent enzymes in the case of DFO) so the

observed effects could therefore be independent of MINA’s activity. Alternatively, it

could reflect a specific feature of MINA biology, including the structure of its catalytic

domain and/or 2OG/iron binding. In the case of the latter, we could also speculate

that unique enzyme-substate binding specificities might explain why W291 substitution

does not interfere with the interaction between MINA and MPP6.

Although mutation of W291 did not affect MINA binding, we did identify five

residues in the vicinity of W291 that are critical for the interaction between MINA and

MPP6. Members of the MAGUK family of membrane proteins are characterised by the

presence of a conserved PDZ-SH3-GUK protein-protein interaction module. Each of

these domains can interact with proteins individually, or they can form structural and

functional supramodules with distinct binding properties (Ye et al., 2018). Important

for formation of supramodules is the flexible linker region between the SH3 and GUK

domains. Interestingly, this linker region or ‘interdomain’ was identified here as the

minimal domain required for MINA binding (Figure 3.14). Moreover, deletion of the

PDZ/SH3 domains did not affect the interaction with MINA, indicating it is residues

within the interdomain itself, rather than its function in formation of a supramod-

ule, that mediate MINA binding. Within this interdomain MAGUKs contain a short
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sequence, known as the HOOK domain, which can mediate protein binding and con-

tains a polybasic stretch that has been reported to target MAGUKs to the membrane

(Hanada et al., 2003). An intriguing possibility, explored further in Chapter 5, would

be that hydroxylation of MPP6 by MINA causes a conformational change of the SH3-

GUK module that regulates MPP6 membrane targeting, possibly through binding of

other proteins. Furthermore, the HOOK domain has also implicated in regulation of

ubiquitination and subsequent proteasomal degradation of MAGUK proteins (Moreno-

Garćıa et al., 2010).

A key question arising from the identification of peripheral membrane proteins as

MINA-interacting proteins, is where in a cellular context this complex might form.

Indeed, whereas our investigations into the subcellular localisation of MINA suggest

that MINA predominantly resides in the nucleolus/nucleus (Chapter 2), so far, MPP6

has mainly been described in association with the membrane (Kamberov et al., 2000;

Kamijo et al., 2016). However, our indirect immunofluorescence, PLA, cellular frac-

tionation and immunoprecipitation analyses in Caco-2 indicate that a cellular context

exists where MINA and MPP6 are both localised to the nucleoplasm, where the inter-

action occurs (Figures 3.9, 3.8).

To our knowledge, we provide the first evidence of a potential nuclear localisation

of MPP6 (Figure 3.8B). Moreover, we found that MPP6 is excluded from the mem-

brane in HeLa cells, and is instead enriched in the nucleus/cytoplasm (Figure 3.8D/E).

Nuclear retention of polarity proteins has previously been described and is reported

to exert signalling roles. One well-known example of this is the adherens junctions-

associated protein β-catenin. In response to Wnt signalling, the E-cadherin-associated

protein β-catenin is dissociated from the membrane and translocates to the nucleus to

regulate gene expression (Nelson and Nusse, 2004). Nuclear accumulation of β-catenin

is widely implicated in cancer, including colorectal cancer (Shang et al., 2017). Our

observation therefore raises the possibility of a nuclear, possibly oncogenic, role for

MPP6. Consistent with this, the MPP61-306Fs mutant, used in Figure 3.14 as part

of our domain mapping analysis, is in fact a recurrent cancer mutant. As shown in
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Figure 3.14C, MPP61-306Fs localises exclusively to the nucleus and binds MINA less

well in HEK293T. Similar observations regarding the localisation of this mutant have

been made in stable Caco-2 cells (data not shown). Based on these data, one could

speculate that perhaps MINA functions as a tumour suppressor through suppression

or inactivation of nuclear MPP6. This hypothesis will be explored further in Chapter

5 of this thesis.

Given the observations discussed in the previous paragraph, it was of interest to

search the literature for what is currently known about the role of MPP6, and by

extension LIN7, in cancer. Unfortunately only a few studies so far have focussed on

characterising the role of MPP6 and LIN7 proteins in cancers. Studies on MPP6 are

currently limited to a single report describing an inverse association between MPP6

expression and ovarian cancer progression (Xu et al., 2019). Reduced expression of

LIN7C in oral squamous cell carcinoma was found associated with increased metastatic

potential (Onda et al., 2007). Our own investigations into MPP6 and LIN7 mutations

across the 33 studies included in The Cancer Genome Atlas (TCGA) project have

however revealed that MPP6 and LIN7 mutations are found in a variety of cancer

types (Figure 3.22A). These mutations include truncating mutations and deletions,

including in colorectal cancer (Figure 3.22B,C). Interestingly, the mutations are not

limited to (potential) loss-of-function mutations, but also include gene amplifications

(Figure 3.22C), perhaps consistent with an oncogenic role. In addition, our analysis of

the TCGA data suggests that MINA, MPP6 and LIN7 gene mutations may be mostly

mutually exclusive, suggesting they may function in a pathway (Figure 3.22D).

In conclusion, the data described in this chapter suggest that the interaction be-

tween MINA and MPP6 is specific and possibly regulated depending on the context.

The context could relate to the physiological state of the cell (e.g. confluence, ribosome

biogenesis) and/or an underlying pathology, such as cancer. Considering the known

roles of MINA and MAGUK proteins such as MPP6 in tumourigenesis, it is therefore

of interest to further explore the roles of MINA and MPP6 in cell polarity and/or

epithelial morphogenesis. This will be the focus of the next chapters.
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Figure 3.22: Genetic alterations of MPP6 and LIN7 in cancer. (A) Frequency
of gene alteration of the indicated genes as per The Cancer Genome Atlas (TCGA)
study. Table shows frequencies ≥ 1%. (B) Distribution of gene alterations of the
indicated genes found in all TCGA studies. (C) Distribution of gene alterations of
the indicated genes found in colorectal cancer samples (n = 594). (D) Oncoprint
representing alterations in MINA (RIOX2), MPP6, LIN7A and LIN7C genes identified
across TCGA studies. Oncoprint was generated using the ComplexHeatmap R package.
(A-D) Data source: cBioportal (https://www.cbioportal.org).
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Chapter 4: Role of MINA in epithe-

lial morphogenesis

4.1 Introduction

In the preceding chapter, we identified MPP6 as a novel extra-nucleolar interactor of

MINA. MPP6 belongs to the MAGUK family of membrane-associated scaffold proteins,

members of which have been heavily implicated in epithelial biology and polarity. As

such, MPP6 could represent a good candidate to explain the downstream effects of

MINA’s reported role in cancer and epithelial-mesenchymal transition. In this chapter,

we further define the role of MINA in epithelial morphogenesis and cell polarity using

loss-of-function and rescue models in two- and three dimensional culture. In order to

put this in context, we provide a brief overview of the major protein complexes involved

in establishing and maintaining cell polarity.

Epithelial tissues outline all compartments within the human body and provide a

physical barrier against the environment. During development, tight regulation of ep-

ithelial cell proliferation, differentiation and death allows epithelial tissues to expand

and organise into structures such as tubes (Bryant and Mostov, 2008). Some epithe-

lia develop to perform specialised functions, including absorption by the intestinal

epithelium and secretion by glandular epithelia. Epithelia consist of highly polarised

epithelial cells, characterised by asymmetrically distributed proteins and distinct mem-
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brane compartments. This physical and functional asymmetry is crucial to form an

intact barrier, but also allows for selective transport of molecules. Loss of epithelial

integrity has been associated with diseases such as cancer (Bulgakova and Knust, 2009;

Halaoui and McCaffrey, 2015).

Polarised epithelial cells are defined by apico-basal asymmetry: the apical sur-

face faces the external, luminal environment, whereas the basal membrane connects

to the extracellular matrix (ECM; Figure 4.1). Neighbouring cells are connected to

each other laterally by a set of cellular junctions, including tight junctions, adherens

junctions, desmosomes and gap junctions (Figure 4.1). Tight junctions regulate the

transport between cells (paracellular transport) and are characterised by the presence

of transmembrane proteins occludin and claudin (Zihni et al., 2016). Desmosomes and

adherens junctions are responsible for adhesion between neighbouring cells. Epithelial

adherens junctions consist of epithelial cadherin (E-cadherin) and intracellular α- and

β-catenin and are reported to link to the cytoskeleton (Hartsock and Nelson, 2008). In

addition to the prototypical tight and adherens junction components, other transmem-

brane proteins including junctional adhesion molecules (JAMs) and nectins (Figure

4.1), assemble at the membrane during the early stages of cell:cell adhesion and are

important for the formation of junctions (Campbell et al., 2017; Takai et al., 2008).

At the basal membrane, hemidesmosomes, characterised by the presence of integrins,

another family of transmembrane proteins, provide a link between the cell and the ex-

tracellular matrix (Harburger and Calderwood, 2009). Intracellularly, transmembrane

proteins are linked to cytoplasmic proteins that regulate signalling pathways that con-

trol proliferation, differentiation, survival and apoptosis (Halaoui and McCaffrey, 2015;

Harburger and Calderwood, 2009).

The establishment of polarity and cell junctions is a complex, coordinated event that

involves a large number of proteins and signalling pathways. Three protein complexes,

partitioning-defective (PAR), Crumbs (CRB) and Scribble complexes, originally iden-

tified and extensively studied in Caenorhabditis elegans (C. elegans) and Drosophila

melanogaster, play pivotal roles in this process (Figure 4.1). Par and Crumbs localise
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to the apical membrane where they regulate apical membrane and junctional complex

formation (Assémat et al., 2008). Members of the Scribble complex, comprising Scrib-

ble, the Discs large (DLG) and Lethal giant larvae (LGL) proteins, localise to adherens

junctions where they define and stabilise the basolateral membrane (Assémat et al.,

2008). As discussed by Rodriguez-Boulan and Macara (2014), in the early stages of

mesenchymal-epithelial transition (MET), the Crumbs, Par and Scribble complexes

gather at early, immature sites of cell:cell contacts which later segregate into sepa-

rate tight and adherens junctions. This segregation is in part achieved by exclusion

of basal proteins from the apical membrane and vice versa, through mechanisms such

as phosphorylation (Rodriguez-Boulan and Macara, 2014). Despite often being viewed

as separate complexes, cell polarity/adhesion complexes also communicate internally

(Campbell et al., 2017). For instance, integrins can control the formation and stability

of cell-cell junctions (Schreider et al., 2002).

Members of the family of membrane-associated guanylate kinases (MAGUKs), to

which MPP6 belongs, have reported functions in most of the above described processes.

For instance, zona occludens (ZO) proteins are MAGUKs that bind to the intracellular

domain of tight junction-associated transmembrane proteins, linking them with the

actin cytoskeleton (Fanning et al., 1998). Correct localisation of ZO-1 is often used

as an indicator for tight junction integrity. Moreover, ZO-1 also directly binds afladin

and thereby physically links tight and adherens junctions (Figure 4.1; Ooshio et al.,

2010). The above mentioned discs large (DLG) is a MAGUK and component of the

Scribble polarity complex (Figure 4.1). DLG also interacts with the putative tumour

suppressor adenomatous polyposis coli (APC) to control cell proliferation, a function

which is thought to be diminished by mutationally activated β-catenin (reviewed by

Roberts et al., 2012). Several MAGUKs also interact with each other for stability or

to regulate localisation. For example, correct localisation of DLG1 at the basolateral

membrane of intestinal epithelial cells has been shown to depend on the expression of

the MAGUK CASK (Lozovatsky et al., 2009).
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Figure 4.1: Overview of the main cell junctions and core polarity com-
plexes. The main types of cellular junctions are tight junctions, adherens junctions,
(hemi)desmosomes and gap junctions. Tight junctions regulate paracellular trans-
port and consist of transmembrane proteins occludin, claudin and junctional adhesion
molecules (JAMs). Localised basally from tight junctions are adherens junctions, which
consist of E-cadherin and nectin. Crumbs, Par and Scribble polarity complexes localise
to early sites of cell:cell adhesion and recruit transmembrane proteins. Intracellularly,
polarity and adaptor proteins (such as ZO-1) connect to the cytoskeleton. At the basal
membrane, integrin complexes at hemidesmosomes link with the extracellular matrix.
Figure was created using Adobe Illustrator.
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MPP6 belongs to the palmitoylated membrane protein (MPP) subfamily of MAG-

UKs, which comprises 7 members (MPP1-7; Chyt la et al., 2020). Despite high sequence

similarity (a sequence alignment of all MPPs is presented in Appendix B), members

of this family exert diverse functions with regards to membrane biology. MPP1 (also

called p55) was first identified in erythrocytes, where it functions in a complex with

the transmembrane protein glycophorin C and 4.1R to link the membrane with the cy-

toskeleton, thereby stabilising and ensuring elasticity of the membrane (Alloisio et al.,

1993). Defects in this complex have been associated with abnormal, elliptically shaped

red blood cells (Gallagher, 2004). MPP2 is reported to bind to and suppress kinase

activity of the proto-oncogene c-Src in epithelial cells: expression of MPP2 was shown

to prevent the pro-migratory reorganisation of the cortical actin cytoskeleton in cells

made to overexpress c-Src (Baumgartner et al., 2009). MPP3 and MPP4 have been

extensively investigated with respect to their role in the retina (Dudok et al., 2013;

Stöhr and Weber, 2001; Yang et al., 2007; Kantardzhieva et al., 2005). Moreover,

MPP3 localises to the lateral membrane in epithelial cells, where it interacts with cell

adhesion molecule 1 (CADM1) and has a reported tumour suppressor role in lung can-

cer (Fukuhara et al., 2003). MPP5 (also known as protein associated with Lin-7 1,

PALS1) is probably the most well-characterised of the MPPs. It was first identified

in a study aimed at characterising novel interactors of mammalian LIN7 (Kamberov

et al., 2000). MPP5 localises to the apical membrane and mediates the interaction

between CRB and PATJ (Roh et al., 2002; Figure 4.1). Consequently, MPP5 deple-

tion in MDCK cells causes tight junction and polarity defects, but also mistargeting of

E-cadherin (Straight et al., 2004; Wang et al., 2007). MPP7 is targeted to the lateral

surface of epithelial cells through interactions with DLG1 and MPP5-CRB3 and func-

tions in formation and maintenance of tight junctions (Stucke et al., 2007; Bohl et al.,

2007).

MPP6 was first identified in the same study that identified MPP5 (resulting in

its subsequent assignment as PALS2; Kamberov et al., 2000). However, in contrast

to MPP5, which localises to the apical membrane, MPP6 was shown to localise to
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the basolateral membrane in MDCK cells (Kamberov et al., 2000). Interestingly, and

perhaps consistent with our localisation data presented in Chapter 3, analysis of the

subcellular localisation of MPP6 in epithelial cells of the mouse small intestine indicated

that the staining pattern differed slightly between the proliferating crypt cells and

terminally differentiated cells within the villi, with more diffuse cytoplasmic localisation

observed in crypt cells (Kamijo et al., 2016).

Aside from its subcellular localisation, not much is currently known about the

function of MPP6. Nonetheless, it was shown to be recruited to early stage cell-cell

adhesion sites in mouse epithelial MTD-1A cells (Shingai et al., 2003). Based on these

data and our data indicating that MINA and MPP6 preferentially interact in low

density culture conditions, one might hypothesise that the MINA-MPP6 ‘pathway’

could play a role during the early stages of epithelial morphogenesis, cell:cell adhesion

or polarity. In this chapter, we begin to test this hypothesis by characterising a series

of phenotypes observed following reduced MINA expression.

4.2 Results

4.2.1 Caco-2 as a model to study epithelial morphogenesis/cell

polarity

Cultured caco-2 cells show several morphological and functional features of polarised

intestinal cells and are therefore suitable as a model to study cell polarity: these cells

grow in a monolayer with microvilli on the apical side and tight junctions between

neighbouring cells (Lechanteur et al., 2017; an image of a caco-2 monolayer showing

asymmetrical distribution and apical localisation of tight junction protein ZO-1 is pre-

sented in Figure 4.2A). When grown on plastic, functional polarity of differentiated

monolayers is evidenced by the formation of ‘domes’. Domes are the result of unidirec-

tional transport of ions and water from the apical to the basolateral site which leads

to lifting of the cells (Figure 4.2B; MacCallum et al., 2005).
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Figure 4.2: Caco-2 cells spontaneously polarise in two-dimensional cell cul-
ture. (A) Caco-2 cells grown to a confluent monolayer on glass coverslips were fixed
with PFA and stained for the apical tight junction protein Zona Occludens-1 (ZO-1,
yellow) and the lateral sodium potassium pump (Na+/K+ ATPase, magenta). Consec-
utive images were taken from the basal to the apical side and presented as a maximum
projection image (top panels) or orthogonal view (rectangular bottom panels). Orthog-
onal views show the basal side at the bottom and apical side (as indicated by ZO-1) at
the top. Nuclei were visualised with DAPI (cyan). Scale bars represent 10 µm. Z-stack
images were acquired using a Zeiss LSM 780 confocal system equipped with a 40x C-
Apochromat 1.2 W Korr M27 objective and ZEN black software. (B) Phase-contrast
image of a dome, acquired using an EVOS inverted microscope equipped with a 10x
objective. Scale bar represents 100 µm.
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Whereas two-dimensional cell culture has long been the gold standard to study the

behaviour of human cells in vitro, it is argued that monolayers do not always appro-

priately reflect what occurs in vivo. Therefore, in recent years a shift to using three-

dimensional cell culturing techniques has occurred, particularly for studies concerning

cell polarity and differentiation. Here, cells are provided with extracellular matrix to

generate a more physiological environment. Marked differences have been observed

regarding cell proliferation, differentiation and metabolism between cells cultured in

two and three dimensions (Lagies et al., 2020). Caco-2 cells have the ability to form

‘spheroids’ or ‘cysts’ from single cells when grown in a three-dimensional extracellular

matrix. As in monolayers, differentiation and subsequent ion and water transport re-

sults in the formation of a central, fluid-filled lumen (Figure 4.3A). Polarised cysts are

characterised by accumulation of filamentous actin (F-actin) at the apical site facing

the lumen (Figure 4.3B). The asymmetrical distribution of proteins along the apico-

basal axis is further evidenced by the presence of distinct tight and adherens junctions,

as visualised by ZO-1 and E-cadherin, respectively (Figure 4.3C, Jaffe et al., 2008).

4.2.2 Loss of MINA interferes with Caco-2 spheroid growth

and lumen formation without affecting apico-basal po-

larity

To investigate the role of MINA in epithelial morphogenesis in vitro, we generated

stable Caco-2 cell lines expressing doxycycline-inducible short hairpin RNA (shRNA).

pZIP-TRE3G-ZsGreen-Puro lentiviral vectors containing two different shRNA sequen-

ces targeting MINA and a non-targeting control shRNA sequence were obtained from

TransOMIC. These vectors contain a puromycin resistance gene allowing for antibiotic

selection of successfully transduced cells. A schematic of the pZIP-TRE3G-ZsGreen-

Puro vector is shown in Appendix A. Following selection with puromycin, MINA de-

pletion was confirmed at the protein level by western blot (Figure 4.4A,B). In addition

to the shRNA, the pZIP-TRE3G-ZsGreen-Puro vector contains a green fluorescent
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Figure 4.3: Caco-2 cells spontaneously polarise in three-dimensional cell
culture. Caco-2 cells were plated as a single cell suspension in chamber slides coated
with extracellular matrix (Matrigel) and left to grow for 7 days. The culture medium
containing 4% matrigel was refreshed every 72 hours. Images represent single focal
sections through the middle of the spheroid. (A) Phase-contrast image acquired using
an EVOS inverted microscope equipped with a 10x objective. Scale bar represents 50
µm. (B) Caco-2 spheroid stained with phalloidin (F-actin, red). (C) Caco-2 spheroid
stained for E-cadherin (magenta) and ZO-1 (yellow). (B-C) The fixation medium
(4% (w/v) PFA) was supplemented with 5% (v/v) sucrose in order to keep the three-
dimensional structure intact. Nuclei were visualised with DAPI (cyan). Scale bars
represent 10 µm. Images were acquired using a Zeiss LSM 880 confocal system equipped
with a 40x C-Apochromat 1.2 W Korr M27 objective and ZEN black software.
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protein (ZsGreen) reporter gene under control of the same promoter to visualise ex-

pression of the shRNA. As shown in Figure 4.4C, the large majority of cells showed

expression of GFP following induction with doxycycline, albeit heterogeneously. To

further characterise the dynamics of the shRNA system, we performed a doxycycline

titration and time course. Whereas shRNA expression resulted in reduced MINA pro-

tein levels after just 24 hours, more significant MINA knockdown was obtained at 72

hours post-treatment. Furthermore, similar levels of knockdown were obtained us-

ing reduced concentrations of doxycycline of 0.25 or 0.5 µg/mL, when compared to 1

µg/mL (Figure 4.4D).

Next, we set out to explore whether MINA is required for epithelial morphogenesis

in vitro. Knockdown was induced by doxycycline for 72 hours before the cells were

seeded either in two dimensions on plastic or in three dimensions in Matrigel. After

5 or 7 days, respectively, gross morphology was analysed. Interestingly, we noted

substantial defects in the morphology of the MINA-depleted 3D spheroids. Whereas

44-47% of spheroids expressing control shRNA had formed a single, central lumen

after 7 days, a lumen could only be detected in 19% or 13% of spheroids expressing

MINA shRNA #1 or #3, respectively (Figure 4.5B). Furthermore, overall, MINA-

depleted spheroids tended to be smaller than control spheroids (Figure 4.5C) and fewer

in number (data not shown).

Based on the observation that MINA suppression affects spheroid diameter and

number, we speculated that cell growth might be affected in these spheroids. To ex-

plore this possibility, we employed a CellTiter-Glo® Luminescent Cell Viability Assay

(Promega). This assay quantifies the number of viable cells based on the amount

of ATP present in culture, an indicator of metabolic (mitochondrial) activity. Upon

addition of the reagent, a luminescent signal proportional to the amount of ATP is

generated. As shown in Figure 4.6, we indeed noted a significant reduction in cell

proliferation upon MINA knockdown.

This effect of MINA knockdown appeared specific to the 3D growth of Caco-2 cells,

because MINA depletion in 2D cultures did not induce a reduction in cell proliferation,
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Figure 4.4: MINA expression in stable Caco-2 cell lines expressing inducible
shRNA against MINA. (A) Representative immunoblot validating knockdown of
MINA (53 kDa) in stable Caco-2 cell lines expressing doxycycline-inducible control
(shCTRL) or MINA-targeting (shMINA #1/#3) shRNAs. Cells were either untreated
or treated with 1 µg/mL doxycycline (dox) for 72 hours prior to immunoblotting. β-
actin (42 kDa) was used as loading control. (B) Quantification of MINA protein levels
following 72 hours of shRNA induction. Bars represent averages from n = 4 biological
replicates. Each replicate is colour-coded. Statistical significance was determined using
a Kruskal-Wallis rank sum test and p values were calculated using a post-hoc pairwise
Wilcoxon test. (C) Expression of green fluorescent protein (GFP) was analysed 72
hours after induction with 1 µg/mL doxycycline (dox). Images were acquired using
an EVOS inverted microscope equipped with a 10x objective. (D) MINA (53 kDa)
expression levels were analysed by immunoblotting after 0, 24, 48 or 72 hours of shRNA
induction with respectively 0, 0.25, 0.5 or 1 µg/mL doxycycline (dox). β-actin (42 kDa)
was used as loading control.
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Figure 4.5: MINA depletion affects 3D spheroid growth and lumen formation.
(A-D) Caco-2 cells stably expressing inducible shRNA against control (shCTRL) or MINA
(shMINA) sequences were treated with 1 µg/mL doxycycline (dox) for 72 hours before seed-
ing. Once seeded, the cells were grown for 7 days in 0.5 µg/mL dox before the presence
of a central lumen (B) and spheroid diameter (C) were assessed and MINA depletion was
confirmed (D). Fresh dox was added every 72 h. (A) Representative phase-contrast images
acquired using an EVOS inverted microscope equipped with a 10x objective. Scale bars
represent 200 µm. At least 10 random images were taken per condition for analysis. (B)
MINA depletion affects lumen formation. Bars represent averages from n ≥ 3 biological
replicates. The average of each replicate is colour-coded. (C) Beeswarm (left) and density
(right) plots quantifying spheroid diameter. Individual data points and the average values
are colour-coded according to biological replicate. (B,C) Data are mean ± SD of replicate
averages. A total of 648 (shCTRL), 646 (shCTRL + dox), 483 (shMINA #1), 285 (shMINA
#1 + dox), 540 (shMINA #3) and 690 (shMINA #3 + dox) spheroids were counted across
all replicates. Statistical significance was determined using one-way ANOVA and p values
were calculated using pairwise t tests. P values were adjusted for multiple testing using
the Benjamini-Hochberg method. Analysis of lumen presence and spheroid diameter was
performed manually using Fiji. Acquired images were blinded prior to analysis. (D) Repre-
sentative immunoblot validating knockdown of MINA (53 kDa) in 3D on day 7. β-actin (42
kDa) was used as loading control.
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Figure 4.6: Loss of MINA expression inhibits Caco-2 cell proliferation in
3D. Cells were seeded in 96-well plates coated with Matrigel in the presence or ab-
sence of 1 µg/mL doxycycline (dox) and cell viability was assayed by a CellTiter-Glo®

Luminescent Cell Viability Assay on the indicated days. Cell culture medium was re-
freshed and fresh dox was added every 72 hours. AU = arbitrary unit. Values represent
averages from n = 3 biological replicates. NS = not significant. Error bars represent
SD. Statistical significance on day 7 was determined using one-way ANOVA and p
values were calculated using a pairwise t test. P values were adjusted for multiple test-
ing using the Benjamini-Hochberg method. A representative immunoblot validating
suppression of MINA protein expression is shown in Figure 4.5.

as monitored with a resazurin reduction assay (Figure 4.7A). Similar to the CellTiter-

Glo® assay used for 3D cultures, resazurin is an indicator of metabolic activity. In

viable cells, resazurin is reduced by the mitochondria, causing a colourimetric change.

Furthermore, we did not observe obvious alterations in the gross morphology of the

2D monolayer, as assessed by phase-contrast microscopy (Figure 4.7B). However, we

did note that the cells’ ability to form domes was affected (Figure 4.7C). As mentioned

above, domes are thought to be the result of fluid transport following the formation

of functional tight junctions in a monolayer. To explore the possibility that MINA

might regulate tight junction formation, cells grown on a semi-permeable support for

14 days were stained with an antibody for the tight junction protein zona occludens

1 (ZO-1). Concurrently, the cells were also stained for adherens junction protein E-

cadherin. Although cell polarity per se did not appear to be affected, as ZO-1 and

E-cadherin correctly localised to the apical and lateral membrane sections, respectively,

MINA-depleted cells appeared flatter and larger, indicating a reduction of the lateral

membrane and expansion of the apical and basal membranes (Figure 4.8A). In 3D,

analogous to 2D, ZO-1 and E-cadherin remained asymmetrically distributed in MINA-
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depleted cysts. However, the apical membrane appeared distorted, as indicated by

the diffuse membrane staining of ZO-1 (Figure 4.8B). A similar staining pattern was

seen in a fraction of control shRNA-expressing cysts that were smaller and had not yet

formed a lumen, suggesting that MINA-depleted cysts remain in an immature state.

No effect was noted on global expression levels of cell junction proteins in 2D or 3D,

however (Figure 4.8C). Taken together, our results thus far would therefore indicate

that MINA depletion does not interfere with cell polarity as such, but might instead

affect the stability or functionality of certain cell junctions, ultimately resulting in a

defect in dome and lumen formation.

4.2.3 Stable re-expression of MINA in inducible knockdown

cell lines

The data obtained so far suggest that MINA may have a role in epithelial morphogene-

sis in vitro. In light of the results presented in the previous chapters, we were interested

to determine whether the phenotypes observed are dependent on the catalytic activity

and/or nucleolar localisation of MINA. To this end, we aimed to re-introduce MINA

variants into the inducible MINA shRNA background by using specific cDNA sequences

predicted to be resistant to the corresponding shRNA. Moreover, such ‘rescue’ experi-

ments can validate whether the observed shRNA effects are in fact specific to the loss of

MINA, rather than off-target effects of the short hairpin RNA (as discussed by Kaelin,

2017).

Six silent mutations were introduced into the target site of MINA shRNA#1 to

generate shRNA-resistant MINA that was either wild-type (WT), catalytically inactive

(H179A), defective in nucleolar localisation (NoLS), or a double mutant (NoLS/H179A).

Subsequently, these sequences were cloned into the QM800A vector (systemBIO). Here,

gene expression is induced by cumate rather than doxycycline, allowing us to control re-

expression levels of shRNA-resistant MINA following transduction of the doxycycline-

inducible MINA shRNA cell lines. Because these cells are already puromycin-resistant
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Figure 4.7: MINA depletion affects dome formation in Caco-2 monolayers.
Expression of control (shCTRL) or MINA-targeting (shMINA) shRNA was induced in
stable Caco-2 cell lines by incubation with 1 µg/mL doxycycline (dox) for 72 hours be-
fore cells were seeded. Once seeded, knockdown was maintained by incubation with 0.5
µg/mL doxycycline. The culture medium was refreshed every 72 hours after seeding.
(A) MINA depletion does not affect cell growth in 2D. Cell growth in 2D was mon-
itored with resazurin. Data presented are the mean ± SD of 4 biological replicates.
Four technical replicates of each sample were used in each experiment. No signifi-
cant differences in average growth were observed. AU = arbitrary unit. (B) MINA
depletion does not affect the gross morphology of Caco-2 monolayers, as assessed by
phase-contrast microscopy. Images were taken 5 days after seeding using an Evos mi-
croscope (Thermo) equipped with a 10x objective. (C) MINA depletion affects dome
formation. A total of 30 random phase-contrast images were taken per condition, five
days after seeding, using an Evos microscope (Thermo) equipped with a 10x objective,
after which domes were quantified (for an example of a dome, see Figure 4.2A). Bars
represent the average number of domes per mm2 of three independent experiments.
The average of each biological replicate is colour-coded. Error bars represent the SD.
Statistical significance was determined using one-way ANOVA and p values were cal-
culated using a pairwise t test. P values were adjusted for multiple testing using the
Benjamini-Hochberg method.
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Figure 4.8: MINA is dispensable for the establishment of apico-basal polarity
in Caco-2 cells. (A) Caco-2 cells were that were either untreated or treated with 1 µg/mL
doxycycline to induce expression of MINA-targeting shRNA were grown on a semi-permeable
membrane for 14 days. Consecutive images were taken from the basal to the apical side and
presented as a maximum projection image (top panels) or orthogonal view (rectangular bot-
tom panels). (B) Expression of either non-targeting control or MINA-targeting shRNA cells
was induced with 1 µg/mL doxycycline and cells were grown for 10 days in 3D. (A,B) Cells
were fixed with PFA and stained for tight junction protein zona occludens 1 (ZO-1, yellow)
and adherens junction protein E-cadherin (magenta) to mark the apical and basolateral sur-
faces, respectively. Nuclei were visualised with DAPI (cyan). Images were acquired using a
Zeiss LSM 780 (A) or 880 (B) confocal microscope equipped with a 40x C-Apochromat 1.2 W
Korr M27 objective and ZEN black software. (C) Cell lysates from 2D or 3D cultures grown
for 7 days with or without 1 µg/mL doxycycline (dox) were probed for MINA (53 kDa) and
polarity markers ZO-1 (195 kDa), E-cadherin (97 kDa) and β-catenin (85 kDa). β-actin (42
kDa) was used as loading control. 114



(because of the presence of the pZIP shRNA vectors), the puromycin resistance cassette

in the QM800A vector was replaced with a blasticidin resistance cassette (QM800A-

Blast), to allow for antibiotic selection. A schematic of this vector is shown in Appendix

A. Following viral transduction and selection using 10 µg/mL blasticidin, expression of

the exogenous shRNA-resistant untagged MINA constructs was analysed. Induction of

an empty vector or shRNA-resistant MINA was induced by the recommended concen-

tration of 30 µg/mL for 72 hours. In parallel, expression of either non-targeting control

or MINA-targeting shRNA was induced by 1 µg/mL doxycycline. As shown in Figure

4.9A, a low level of apparent ‘leaky’ MINA expression was observed in the absence of

cumate when compared to MINA knockdown cells minus re-expression (compare lanes

5, 7, 9, and 11 to lanes 3 and 4). Unfortunately, although the leaky expression of ex-

ogenous MINA could be modestly increased by the addition of cumate (e.g. compare

lanes 7 and 8), the induced levels were still lower than the endogenous MINA levels

in control shRNA cells (shCTRL; compare lanes 5, 7, 9, and 11 to lanes 1 and 2).

Next, a cumate titration was performed, aiming to increase the expression of exoge-

nous MINA to endogenous levels. For this purpose, the cells were incubated for 72

hours with 1 µg/mL doxycycline and 0, 30, 60, 300 or 600 µg/mL cumate. Unfortu-

nately, however, expression of exogenous MINA was not significantly increased beyond

30 µg/mL cumate (Figure 4.9B). Lastly, rather than adding one dose of cumate on day

0, fresh cumate was added every 24 hours for 0–5 days, to ensure the lack of induction

observed in Figure 4.9B was not a result of the cumate concentration dropping over

time. However, as shown in Figure 4.9C-E, we again observed insufficient levels of

induced exogenous MINA. We therefore concluded that the inducible cumate system

is not suitable for re-expression experiments, at least not as a stable model in this cell

type.

Next we considered a non-inducible transient approach in Caco-2 cells as an alter-

native. cDNA sequences encoding 3xFLAG-tagged MINA that was either wild-type,

catalytically inactive (Fe(II)-binding mutant H179A), defective in nucleolar localisa-

tion (NoLS) or a double mutant (NoLS/H179A), were cloned into the pIHZ lentiviral
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Figure 4.9: Characterisation of Caco-2 cells stably expressing cumate-
inducible untagged MINA. (A-E) Unless otherwise indicated, Caco-2 cells sta-
bly expressing doxycycline-inducible shRNA and cumate-inducible shRNA-resistant
untagged MINA were treated with 1 µg/mL doxycycline (dox) and/or the indicated
concentrations of cumate for 72 hours. Cell extracts were immunoblotted for MINA
(53 kDa). β-actin (42 kDa) was used as loading control. shCTRL = non-targeting
control shRNA. EV = empty vector. WT = wild-type, NoLS = nucleolar localisation
mutant, H179A = catalytically inactive mutant. (A) Low levels of exogenous MINA
are expressed following induction with cumate. (B) Increased concentrations of cu-
mate do not increase expression of exogenous MINA. (C-E) Increasing the frequency
of cumate addition does not increase the expression of exogenous MINA. Cell culture
medium was refreshed and fresh cumate at the indicated concentrations was added
every 24 hours for the indicated amount of days.
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vector for constitutive expression. The pIHZ vector is a derivative of the pGIPZ vector

(Open Biosystems) that lacks the green fluorescent protein (GFP) reporter and con-

tains a hygromycin rather than a puromycin resistance cassette. A schematic of this

vector is shown in Appendix A. Initially, pZIP shMINA #1 cells were transduced with

lentiviruses encoding the pIHZ 3xFLAG-MINA vectors described above. Because our

intention was to test this as an acute intervention, as opposed to antibiotic selection

and creation of a stable cell line, we did not treat the cells with hygromycin. Instead,

cells were immediately seeded in 2D and 3D to analyse dome and lumen formation, re-

spectively, in order to assess the potential success of the approach. Using this method,

expression levels of exogenous FLAG-MINA were obtained that were the same (NoLS

and NoLS/H179A), or slightly higher (WT and H179A), than the endogenous pro-

tein (Figure 4.10A). Because the cells had not been selected with hygromycin, and we

could expect <100% viral infection efficiency, we next checked the frequency of FLAG-

MINA expression in the cell populations prior to phenotyping experiments. As shown

in Figure 4.10B, the majority of cells expressed FLAG-MINA, with expression levels

being modestly heterogeneous across the populations. Next, we proceeded to under-

take some preliminary assays to determine whether the exogenous FLAG-MINA was

capable of rescuing the MINA shRNA knockdown phenotypes described above. Im-

portantly, introducing exogenous wild-type FLAG-MINA into a MINA-depleted back-

ground (shMINA #1) restored dome formation towards control levels (Figure 4.10C).

Interestingly, the phenotype was also rescued with expression of the MINA mutant

defective in nucleolar localisation (NoLS), consistent with the role of MINA in dome

formation being related to its extra-nucleolar function(s). The results with respect

to MINA activity were less clear however. Expression of exogenous 3xFLAG-MINA

H179A and NoLS/H179A partially restored dome formation (compared to the EV con-

trol). Importantly however, these inactive mutants did not fully rescue the phenotype

to wild-type or NoLS levels (Figure 4.10C). Whether this reflects a partial activity-

dependence, or a technical limitation of the approach, is not yet clear. We highlight

that the values shown are of a single experiment, which may have contributed to the re-
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sult not being clearer. In parallel to the 2D dome assays described above, cells were also

seeded for 3D spheroid growth and lumen formation assays. Unfortunately, in contrast

to growth in 2D, very few 3D cysts showed noticeable expression of 3xFLAG-MINA,

complicating the analysis (Figure 4.11).

In an attempt to increase the percentage of cells expressing 3xFLAG-MINA in 3D,

we selected successfully transduced cells with 100 µg/mL hygromycin B before seed-

ing the experiments. However, although hygromycin-resistant, we were surprised to

discover that Caco-2 cells cultured and seeded in hygromycin B fail to functionally po-

larise, as observed by the absence of domes (Figure 4.12). For this reason, hygromycin

B was removed from the culturing medium 72 hours before seeding of subsequent ex-

periments.

During the period of hygromycin depletion, doxycycline was added to induce shRNA

expression. In a pilot experiment we observed that wild-type 3xFLAG-MINA re-

expression fully restored the frequency of lumen-containing cysts in MINA knockdown

cells (Figure 4.13A). In a subsequent expanded experiment, we observed a similar

relationship between MINA expression, nucleolar localisation, activity, and dome for-

mation as described above (Figure 4.13B): 3xFLAG-MINA restored normal dome for-

mation in a manner that was independent of nucleolar expression and partially activity-

dependent. Unfortunately however, a rapid decline in expression of exogenous MINA

was noted, possibly due to negative selection of MINA-overexpressing cells, which pre-

vented further analyses within the timeframe of this thesis (Figure 4.13C).

4.3 Discussion

Following the results described in Chapter 3, we hypothesised that MINA regulates

epithelial morphogenesis/polarity in a manner that depends on its localisation, activity,

and interaction with MPP6. To explore this, the aims of this Chapter were to study the

phenotypes in loss-of-function systems, and to undertake structure-function analyses

in these using the nucleolar (NoLS) and catalytic (H179A) mutants characterised in

Chapters 2 and 3.
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Figure 4.10: Transient re-expression of 3xFLAG-tagged MINA in
doxycycline-inducible shRNA cell lines: 2D dome assays. Caco-2 cells express-
ing either control (shCTRL) or MINA-targeting (shMINA #1) shRNA were transduced
with lentivirus encoding an empty vector (EV) or the indicated 3xFLAG-MINA con-
structs. shRNA expression was induced with 1 µg/mL doxycycline 48 h before trans-
duction. 48 h after transduction, the cells were seeded and grown for 5 days before
protein expression was analysed by immunoblot (A), immunofluorescence (B) and the
presence of domes was assessed (C). The culture medium was refreshed and fresh dox
(0.5 µg/mL) was added every 72 hours. (A) Cell extracts were immunoblotted for
MINA (53 kDa) and FLAG, confirming endogenous MINA knockdown and expres-
sion of exogenous 3xFLAG-MINA. Black arrow indicates endogenous MINA. β-actin
(42 kDa) was used as loading control. (B) Representative immunofluorescence images
showing expression of 3xFLAG-MINA. Cells were fixed with PFA and stained with an
anti-FLAG antibody (magenta). Nuclei were stained with DAPI (cyan). Scale bars
represent 100 µm. Images were acquired using a Zeiss LSM 880 confocal microscope
equipped with a 20x C-Apochromat 1.2 W Korr M27 objective and ZEN black soft-
ware. (C) Bar graph shows the average number of domes per mm2, calculated from
30 random images taken using an EVOS microscope equipped with a 10x objective.
Values are data from n = 1 experiment. Images were blinded prior to analysis.
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doxycycline-inducible shRNA cells lines: 3D spheroid assays. Heterogeneous
expression of 3xFLAG-MINA in transiently transduced Caco-2 cells grown in 3D. Caco-
2 cells expressing either control (shCTRL) or MINA-targeting (shMINA #1) shRNA
were transduced with lentivirus encoding an empty vector (EV) or wild-type (WT)
3xFLAG-MINA. shRNA expression was induced with 1 µg/mL doxycycline 48 h before
transduction. 48 h after transduction, the cells were seeded in 3D. Fresh doxycycline
(0.5 µg/mL) was added every 72 hours. Expression of 3xFLAG-MINA was assessed
by indirect immunofluorescence on day 7. Spheroids were fixed and stained for FLAG
(MINA, magenta) and β-catenin (yellow). Nuclei were visualised with DAPI (cyan).
Scale bars represent 50 µm. Images were acquired using a Zeiss LSM 880 confocal
microscope equipped with a 40x C-Apochromat 1.2 W Korr M27 objective and ZEN
black software.
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Figure 4.13: Re-expression of 3xFLAG-tagged MINA in doxycycline-inducible
shRNA cells lines: dome and lumen formation assays following hygromycin selec-
tion. Caco-2 cells co-expressing either non-targeting control (shCTRL) or MINA-targeting
(shMINA #1) shRNA and either an empty vector (EV) or the indicated 3xFLAG-MINA
constructs were grown in 3D (A) or 2D (B,C). shRNA expression was induced with 1 µg/mL
doxycycline (dox) for 72 hours before seeding. The culture medium was refreshed and fresh
dox (0.5 µg/mL) was added every 72 hours. Cell extracts were immunoblotted for MINA
(53 kDa). β-actin was used as loading control. (A) Bar graph shows the percentage of 3D
spheroids containing one central lumen after 7 days in culture. Bars represent the average of
3 biological replicates. Statistical significance was determined using one-way ANOVA and p
values were calculated using a post-hoc pairwise t test. P values were adjusted for multiple
testing using the Benjamini-Hochberg method. (B) Bar graph showing the average number
of domes per mm2 after 5 days of culture. 30 random images were taken per condition per
biological replicate using an Evos microscope equipped with a 10x objective. Bars represent
the average of 2 biological replicates. (A,B) Dots represent replicate averages, colour-coded
according to the replicate. Images were blinded prior to analysis. (C) Immunoblots show-
ing that expression of 3xFLAG-MINA decreases after prolonged culturing (approximately 4
weeks). Cell extracts were collected 5 days after seeding.
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The generation of a ‘tuneable’ depletion and reconstitution system for such stud-

ies proved technically challenging and our attempts were only partly successful. Ini-

tial efforts aimed at reconstituting MINA through transduction with cumate-inducible

vectors in doxycycline-inducible shRNA cell lines were unsuccessful. We observed that

this system was somewhat leaky, consistent with the observation made by others (Dr

Norma Masson, Ratcliffe laboratory, University of Oxford), and more importantly, that

it was not very inducible by cumate. We believe this might be, in part, a limitation

of the Caco-2 cell line, as we observed increased levels of cumate-induced MINA when

this approach was tested in HeLa cells (data not shown, experiment performed by Dr

Regina Andrijes). Technical limitations of an alternative, constitutive system using a

vector that contained a hygromycin resistance gene included persistent sensitivity to

hygromycin B, rapid negative selection of MINA-overexpressing cells, and heterogene-

ity (particularly in 3D). Nonetheless, ultimately some preliminary positive results were

obtained (discussed below). In the future, we intend to repeat these experiments using

the constitutive expression model in order to finalise the existing datasets, but also to

develop other potentially more stable models: in collaboration with Dr Regina Andri-

jes, we are in the process of deriving CRISPR-Cas9 knockouts for MINA and MPP6,

which would provide a ‘clean’ stable background in which to restore expression with

our existing and well-characterised doxycycline-inducible 3xFLAG-MINA constructs.

The effect of MINA depletion with respect to epithelial morphogenesis, cell polarity

and cell growth was studied in two- and three-dimensional Caco-2 cell culture. We

noted an impaired ability of MINA-depleted monolayers and spheroids to form domes

or a central lumen, respectively. Apico-basal polarity was not apparently severely

affected by MINA knockdown, as indicated by the asymmetrical distribution of cell

polarity markers ZO-1 and E-cadherin (Figure 4.8A and B). Therefore, the observed

phenotype may be the result of defective cell-cell adhesion or impaired barrier function.

The phenotypes observed in MINA-depleted monolayers and spheroids are consistent

with a range of reported defects: whereas dome formation and barrier function have

historically been attributed to tight junction integrity (MacCallum et al., 2005; Sambuy
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et al., 2005; Zihni et al., 2016), we also observed cell flattening in 2D, indicative of a

reduced lateral membrane (Laprise et al., 2009). It is becoming increasingly evident,

however, that cell polarity complexes should not be viewed as separate complexes

with distinctive functions (Campbell et al., 2017). For example, the Scribble polarity

complex and E-cadherin are required for the timely formation of tight junctions (Qin

et al., 2005). To begin to clarify the mechanism(s) by which MINA contributes to

epithelial morphogenesis, it will be interesting to investigate if, and which of, the

observations made following MINA depletion are phenocopied by MPP6. We will

begin to explore this in the next Chapter.

MINA depletion in 3D spheroids also caused a delay in cell proliferation, which

may be consistent with our hypothesis that in the early, proliferative stage of epithelial

morphogenesis, nucleolar MINA might support cell growth. However, if this were the

case, we would also expect to see reduced proliferation in 2D. Therefore, we suspect

that other mechanisms might be responsible for the reduced growth in 3D. Interestingly,

some polarity proteins have reported tumour suppressing as well as promoting roles.

One example of this is Par3: loss of Par3 in a mouse skin cancer model was previously

associated with mislocalised Ras and disrupted Ras signalling, resulting in a reduction

in cell growth (Iden et al., 2012). To confirm whether the observed growth defect is

associated with extra-nucleolar functions of MINA, it will be of interest to analyse

whether re-expression of exogenous MINA defective in nucleolar localisation (NoLS) is

able to rescue this phenotype.

Despite the limitations with the rescue approaches described above, our initial

results suggest that the knockdown phenotypes are likely on target, and independent

of nucleolar localisation of MINA. Moreover, our preliminary results suggest that the

observed phenotypes might be partially dependent on the catalytic activity of MINA. It

is tempting to speculate that, in addition to MPP6, MINA possibly regulates epithelial

morphogenesis through other proteins. Perhaps consistent with this, several other

polarity proteins (including MPP7, DLG3 and LLGL1) were identified as interacting

with MINA in Chapter 3 (Table 3.1 and Figure 3.2). Although these interactions have
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not yet been validated, this would be of interest and it might be important to do so,

particularly given the observations made in this chapter.

Polarised epithelia are fundamental for development and organ function. On a

cellular level, cell polarity complexes ‘read’ the environment and initiate signalling cas-

cades that ultimately control cell proliferation, differentiation, apoptosis, motility and

metabolism (Halaoui and McCaffrey, 2015). A common feature of epithelial cancers is

the loss of apico-basal polarity, resulting in loss of differentiation, uncontrolled growth

and increased motility (Halaoui and McCaffrey, 2015; Dongre and Weinberg, 2019).

Interestingly, loss of MINA expression was previously reported to induce epithelial-

mesenchymal transition (EMT) in the non-small cell lung cancer cell line A549 (Geng

et al., 2017). In this study, upregulation of mesenchymal markers (N-cadherin, vi-

mentin), and downregulation of epithelial markers (including E-cadherin, claudin-1,

integrin β1/4) was noted following MINA depletion. Furthermore, MINA depletion

was associated with increased invasion/migration potential, whereas overexpression

decreased the number of migrating and invading cells. Conversely, overexpression of

MINA increased the expression of epithelial markers E-cadherin, claudin-1, integrin

β1/4 and ZO-1 in both A549 and human umbilical vein endothelial cells (HUVECs).

Although we have not yet carefully addressed whether MINA depletion in Caco-2 ini-

tiates EMT, we did not observe reduced expression of E-cadherin or ZO-1 following

MINA knockdown in 2D or 3D cultures. Differences like these may highlight the

context-dependency of MINA’s function. As shown in Chapter 2, MINA is highly

enriched in the nucleoli of A549 cells (Figure 2.1). We could speculate that MINA

knockdown in cells that already have most MINA sequestered in the nucleoli, may

more efficiently deplete any remaining protein from the nucleoplasm, and therefore

induce a more severe phenotype. The concept of the nucleoli and ribosome biogenesis

acting as a ‘sink’ for MINA will be further addressed in the Final Discussion (Ch.6).

In light of the results described in this chapter and the discussion presented above,

we hypothesise that at least part of the role of MINA in epithelial morphogenesis might

be driven by MPP6 regulation. If this is true, we propose that MPP6 loss-of-function
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might cause similar effects on epithelial morphogenesis to those seen by MINA, and

that MPP6 mutants with altered MINA interaction or localisation might be unable to

rescue the phenotypes observed. In the next Chapter we begin to test these hypotheses.
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Chapter 5: Role of MPP6 and the

MPP6:MINA complex in epithelial

morphogenesis

5.1 Introduction

In the previous Chapter, we described a series of observations related to epithelial

morphogenesis, cell polarity and proliferation of Caco-2 cells in 2D and 3D following

MINA depletion. Although our observations are similar to those made by others fol-

lowing depletion of proteins with recognised functions in membrane biology or polarity

(Laprise et al., 2009; Durgan et al., 2011), the mechanisms are yet to be elucidated.

In light of the results of our proteomic screen, that identified MPP6 as an activity-

dependent MINA interactor, we hypothesise that this mechanism might involve MPP6,

and that an MPP6 loss-of-function model may phenocopy the observations made fol-

lowing MINA knockdown.

In Chapter 3, we characterised the interaction between MINA and MPP6 biochem-

ically. The region of interaction was narrowed down to the N-terminal end of the

SH3-GUK interdomain of MPP6. In other MAGUKs, this region has been shown to

mediate protein:protein interactions (Marfatia et al., 1995) and deletion of the HOOK

domain (which is part of the SH3-GUK interdomain) in MAGUKs DLG1, DLG4 and

126



CARMA1 was sufficient to induce polyubiquitination (Moreno-Garćıa et al., 2010).

Furthermore, the HOOK domain of the MPP6 Drosophila homologue, Varicose, has

been shown to be essential for membrane recruitment (Wu et al., 2007). Interestingly,

we found that alanine substitution of single amino acids in a five amino acid region

(AAs 295-299) within the HOOK domain of MPP6 was sufficient to interfere with

MINA binding. In this chapter, we employ one of these MINA-binding mutants to

begin to explore the potential functional consequences of the MINA:MPP6 complex.

5.2 Results

5.2.1 Effect of MPP6 depletion on Caco-2 spheroid develop-

ment

In order to investigate the effect of MPP6 depletion on epithelial morphogenesis and

cell polarity, pZIP-TRE3G-ZsGreen-Puro lentiviral vectors containing three indepen-

dent shRNA sequences against MPP6 were obtained from transOMIC and stable

doxycycline-inducible MPP6 knockdown Caco-2 cell lines were generated. Following

puromycin selection of successfully transduced cells, a doxycycline time course was per-

formed to assess the dynamics of MPP6 knockdown. Cells were harvested at 24, 48 and

72 hours post addition of doxycycline. Concurrently, cells were fixed to analyse expres-

sion of the green fluorescent protein (GFP) reporter gene. Albeit heterogeneously, the

vast majority of cells showed expression of GFP 24 hours after doxycycline was added

(Figure 5.1A). However, a slight delay in the reduction of MPP6 protein expression was

noted and satisfactory knockdown levels were observed at 48-72 hours post expression

of all three MPP6 shRNAs (Figure 5.1B).

Subsequently, the effects of MPP6 depletion on spheroid growth and lumen forma-

tion were investigated. Interestingly, the effects observed in MINA-depleted spheroids

were phenocopied by MPP6 knockdown. Specifically, depletion of MPP6 in 3D, as

validated in Figure 5.2A, induced a reduction in the percentage of spheroids with a
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Figure 5.1: Characterisation of stable Caco-2 cell lines expressing
doxycycline-inducible MPP6-targeting shRNA sequences. (A) Expression of
the indicated shRNA sequences was induced with 1 µg/mL doxycycline for 0, 24, 48 or
72 hours and expression of green fluorescent protein (GFP) was analysed. Nuclei were
visualised with DAPI (grey). Scale bars represent 100 µm. Single-plane images were
acquired using a Leica DM6000 epifluorescence microscope and LAS X software. (B)
Cell extracts from (A) were immunoblotted for MPP6 (61 kDa, GeneTex antibody) to
validate knockdown of MPP6 at protein level. β-actin (42 kDa) was used as loading
control.
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lumen, as well as spheroid diameter (Figures 5.2C and D, respectively). In addition,

like MINA, MPP6 knockdown induced a cell growth delay (Figure 5.2E). It should be

noted that, although data from only one biological replicate is shown in Figure 3.7B-D,

repeats of this experiment were performed by Dr Regina Andrijes with similar results.

Similar to MINA depletion, no major alterations in expression (Figure 5.3A) or

localisation (Figure 5.3B) of the tight junction marker ZO-1 and adherens junction

markers β-catenin and E-cadherin were observed following shRNA-mediated MPP6

depletion. Nonetheless, ZO-1 appeared more diffusely distributed at the apical mem-

brane (Figure 5.3B, right panel), analogous to MINA-depleted spheroids (Figure 4.8).

Moreover, although β-catenin was still enriched at the lateral membrane in MPP6-

depleted cells, it also appeared to be diffusely distributed in the cytoplasm and nuclei

(Figure 5.3B, left panel).

5.2.2 Effect of MINA on MPP6 expression and localisation

In order to begin to explore the functional consequences of the MINA:MPP6 complex,

cell lines constitutively expressing C-terminally HA-tagged wild-type (WT) MPP6 or

MPP6 defective in MINA-binding (C298A, as identified in Chapter 3) were generated.

Specifically, the MPP6 sequences were cloned into the pIHZ lentiviral vector described

in section 4.2.3 and transduced into Caco-2 cells. Following selection of successfully

transduced cells with hygromycin, the expression of both constructs was assessed. In-

terestingly, MPP6-HA C298A expression was apparently lower than wild-type MPP6

(Figure 5.4A). Based on this observation, the effect of MINA depletion on endoge-

nous MPP6 expression in Caco-2 was analysed. In 2D, like MPP6 C298A, we noted

decreased MPP6 expression (Figure 5.4B). While this effect appeared inconsistent be-

tween shMINA #1 and #3, this is possibly a consequence of higher levels of residual

MINA present in shMINA #1-expressing cells, as we have seen before (e.g. Figure

4.5D), but further research is required to confirm whether this is indeed the case,

or whether the observed effect is off-target. To assess whether the C298A mutant
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Figure 5.2: Effect of MPP6 depletion on Caco-2 spheroid growth and lumen
formation. Stable Caco-2 cells were treated for 72 hours with 1 µg/mL doxycycline to
induce expression of non-targeting control (shCTRL) or MPP6-targeting shRNA (shMPP6
#2/#3) and subsequently seeded in 3D to analyse lumen formation (C), spheroid diameter
(D) and cell proliferation (E). Fresh doxycycline was added every 72 hours. (A) Cell extracts
from (B-D), grown for 7 days, were immunoblotted for MPP6 (61 kDa, Atlas Antibodies) to
confirm MPP6 knockdown. β-actin (42 kDa) was used as loading control. (B) Representative
phase-contrast images of 7 day old Caco-2 spheroids expressing the indicated shRNAs. Scale
bars represent 200 µm. Images were acquired using an EVOS microscope equipped with
a 10x objective. (C,D) Quantification of (B). At least 10 random images were taken per
condition and analysed manually using Fiji (ImageJ). Images were blinded prior to analysis.
(C) Percentage of spheroids containing one central lumen after 7 days in culture. Data
presented are of n = 1 experiment. (D) Spheroid diameter after 7 days in culture. Values
represent mean + SD from n = 1 experiment. (E) Cell growth of 3D spheroids was analysed
using a CellTiter-Glo® Luminescent Cell Viability Assay kit after 3, 5 and 7 days in culture.
Presented values are relative to day 1 and represent mean + SD of n = 4 biological replicates.
Statistical significance was determined using one-way ANOVA and p values were calculated
using Tukey’s test. AU = arbitrary unit. This experiment was performed in collaboration
with Dr Regina Andrijes, who provided data for 3 of 4 replicates.
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Figure 5.3: Expression and localisation of cell junction proteins in MPP6-
depleted Caco-2 cells. (A) Cell extracts from the indicated Caco-2 cell lines grown
in 2D for 7 days were immunoblotted for MPP6 (61 kDa, Atlas Antibodies), LIN7C
(22 kDa), E-cadherin (97 kDa), Zona occudens 1 (ZO-1, 195 kDa), β-catenin (85 kDa)
and MINA (53 kDa). β-actin (42 kDa) was used as loading control. (B) Caco-2 cells
expressing control (shCTRL) or MPP6-targeting (shMPP6 #1/#2) shRNAs, grown
for 7 days in Matrigel-coated chamber slides, were fixed with PFA supplemented with
sucrose and stained for β-catenin (left panel, magenta) and ZO-1 (right panel, magenta).
Scale bars represent 20 µm. Nuclei were visualised with DAPI (cyan). Single-plane
images shown were acquired using a Zeiss LSM 880 confocal system equipped with a
40x C-Apochromat 1.2 W Korr M27 objective and ZEN black software. (A-B) Unless
otherwise indicated, expression of shRNA was induced with 1 µg/mL doxycycline (dox).
The culture medium was refreshed and fresh doxycycline was added every 72 hours.
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is potentially unstable and degraded by the proteasome, MPP6 wild-type or C298A-

expressing cells were treated with proteasome inhibitor MG132. However, although a

slight increase in expression of MPP6 C298A was noted in response to MG132, a sim-

ilar increase in expression of wild-type MPP6 was observed (Figure 5.4C), suggesting

that the decrease caused by the mutation is unlikely to be specifically due to increased

proteasomal turnover.

Next, we aimed to investigate the subcellular localisation of MPP6C298A. For this

purpose, we first assessed the localisation of wild-type exogenous MPP6 in more detail

by indirect immunofluorescence. Based on a previous publication reporting basolateral

localisation of MPP6 in the mouse intestine (Kamijo et al., 2016), consecutive images

were taken from the basal to the apical side of a monolayer, and the MPP6-HA signal

was compared to ZO-1 which is known to localise apically at tight junctions (Fan-

ning et al., 1998). As shown in Figure 5.5A, although some overlap with ZO-1 was

noted, MPP6-HA localised more broadly along the apical-basal axis, indicating lateral

membrane localisation in a confluent monolayer. Similarly, in 3D, lateral membrane

localisation of MPP6-HA was observed (Figure 5.5B). Interestingly, MPP6 localises

to sites of cell-cell contacts in 3D as early as the two-cell stage (Figure 5.5). Next,

the localisation of wild-type MPP6 and MPP6C298A was compared in 2D and 3D. In-

terestingly, in contrast to wild-type MPP6, no membrane localisation of MPP6C298A

was noted. Instead, MPP6C298A was found in the nucleus and/or cytoplasm (Figure

5.6). Moreover, we also noticed that none of the MPP6C298A-expressing spheroids had

successfully formed a lumen and they appeared smaller. Overall, these preliminary phe-

notypic observations are not inconsistent with those we observed in Chapter 4 following

MINA loss of function.

5.3 Discussion

In this Chapter, we presented preliminary data suggesting that MPP6 depletion in

Caco-2 cells phenocopies the effects on spheroid growth and lumen formation that

132
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Figure 5.4: Effect of mutation or MINA depletion on MPP6 expression. (A)
Cell extracts from stable Caco-2 cells constitutively expressing an empty vector (EV),
wild-type (WT) MPP6-HA or MPP6-HA C298A were immunoblotted for HA (MPP6,
61 kDa). (B) Cell extracts from Caco-2 cells expressing control shRNA (shCTRL) or
MINA-targeting shRNA (shMINA #1 and #3) that were either untreated or treated
with 1 µg/mL doxycycline for 7 days to induce expression of the indicated shRNAs were
immunoblotted for MPP6 (61 kDa, Atlas Antibodies) and MINA (53 kDa). Bar graph
represents the average MPP6 expression levels (quantified using Fiji) of 5 independent
biological replicates. Each replicate is colour-coded. (C) Caco-2 cells constitutively
expressing an empty vector (EV), wild-type (WT) MPP6-HA or MPP6-HA C298A
were either untreated (-) or treated with 10 µM MG132 (+) for 4 hours and cell
extracts were immunoblotted for HA (MPP6, 61 kDa, top panel). Protein expression
levels were quantified using Fiji (bottom panel). The increase in expression following
MG132 treatment, relative to the untreated control is presented in the bar graph.
(A-C) β-actin (42 kDa) was used as loading control.
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2 cells constitutively expressing wild-type MPP6-HA were grown in 2D on glass coverslips
as a monolayer (A) or in 3D on matrigel-coated chamber slides (B). (A) MPP6-HA localises
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7 days, fixed and stained for HA (MPP6, magenta) and tight junction marker ZO-1 (yellow).
Nuclei were visualised with DAPI (cyan). (A,B) Scale bars represent 10 µm. Images were
acquired using a Zeiss LSM 880 confocal system equipped with a 40x C-Apochromat 1.2 W
Korr M27 objective and ZEN black software.
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µm. (A,B) Nuclei were visualised with DAPI (cyan). Single-plane images shown were
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1.2 W Korr M27 objective and ZEN black software.
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were described in Chapter 4 following MINA knockdown. Although this line of inquiry

requires further work to explore just how closely these phenotypes align, and the mech-

anisms involved, the observations might support MINA and MPP6 having a common

function in a shared pathway.

Although depletion of MPP6 or MINA in Caco-2 cells negatively affects lumen for-

mation, we did not observe significant mislocalisation of tight or adherens junction

markers. This may not be surprising as similar observations were made previously,

including in MPP7, Scribble and Par3-depleted cells (Stucke et al., 2007; Qin et al.,

2005; Xue et al., 2013). As discussed by Stucke and colleagues, this may suggest

that these proteins are not primarily involved in the assembly of cell junctions, but

rather in ensuring and maintaining functionality. Future efforts will aim to investi-

gate this possibility in more detail. Nonetheless, defective junction functionality may

contribute to a malignant phenotype (Xue et al., 2013). Alternatively, the absence of

severe alterations in expression and localisation of polarity markers may be the result

of redundancy between MPP6 and other MPPs. Such functional compensation has

been associated with several polarity proteins. For instance, increased expression of

LIN7C has been reported in LIN7A/B knockout mice (Misawa et al., 2001). More-

over, whereas single knockouts of LIN7A, LIN7B or LIN7C produce live and fertile

mice, triple knockouts are perinatally lethal (Olsen et al., 2005). Furthermore, even

E-cadherin was shown to be dispensable for the maintenance of cell polarity after initial

junctional formation, possibly due to compensation by other polarity proteins (Capaldo

and Macara, 2007). Consistent with this, significant overlap in binding partners exists

between MPPs (reviewed in Chyt la et al., 2020).

The observed effects of MPP6 depletion on Caco-2 spheroid formation may be

consistent with the reported function of the Drosophila homologue of MPP6, Varicose

(vari). Vari is required for assembly and function of septate junctions in epithelial

cells (Wu et al., 2007; Moyer and Jacobs, 2008). Septate junctions are thought to be

the functional equivalent of vertebrate tight junctions, although several homologues of

septate junction components in fact localise to the basolateral membrane in vertebrates
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(Wu and Beitel, 2004). Whereas Vari was not essential for the asymmetric distribution

of key cell polarity markers, including DPatJ (PATJ) and DE-cadherin (E-cadherin),

vari mutation caused barrier defects, leading the authors to conclude that Vari is

required for septate junction formation and cell-cell adhesion, but not for polarity (Wu

et al., 2007). Phenotypically, drosophila vari mutants show defects in tracheal tube

formation (Beitel and Krasnow, 2000; Wu et al., 2007).

A first hint at a potential functional consequence of the association between MINA

and MPP6 came from the observation that MINA knockdown possibly affects MPP6

expression (Figure 5.4B). Whilst the observed reduction may be an indirect, transcrip-

tional effect, it could be direct and regulated at the post-translational level. In support

of the latter, reduced expression of a MINA-binding mutant, MPP6C298A, was noted

in stable Caco-2 cell lines (Figure 5.4A). Although this reduced expression was not

seen when MPP6C298A was transiently overexpressed in HEK293T (Figure 3.21), there

are significant differences in the methodologies (i.e. transient versus stable expression)

as well as the cell types, that could be responsible. The lack of effect of the C298A

mutation on MPP6 expression in HEK293Ts is in some ways reassuring, as it might

suggest that the C>A mutation is unlikely to induce major changes in protein folding

that would lead to decreased stability independent of MINA. However, further work is

required to investigate whether the reduced expression of MPP6C298A in Caco-2 cells is

the result of increased degradation/protein turnover. Treatment with cycloheximide or

a pulse-chase experiment could clarify whether this is the case. Our results suggest that

the decreased expression was not proteasome-dependent (Figure 5.4C), but other prote-

olytic pathways, such as lysosomal degradation (Shen et al., 2008), could be involved.

If true, it would be of interest to clarify the mechanism by which MINA regulates

MPP6 expression. The most obvious hypothesis would be that this is the consequence

of a hydroxylation event, or an additional post-translational modification that follows

hydroxylation. This would be analogous to the oxygen sensing pathway, where prolyl

hydroxylation of HIF results in VHL-mediated degradation (Maxwell et al., 1999; Ohh

et al., 2000; Ivan et al., 2001; Jaakkola et al., 2001). Alternatively, the effect of MINA
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on MPP6 may be structural in nature. For example, a structural change could affect

protein-protein interactions, which is of interest given that the PDZ-SH3-GUK tan-

dem can form a supramodule that is known to mediate protein interactions (Ye et al.,

2018). Furthermore, it is not unprecedented that the stability of polarity proteins de-

pends on the formation of complexes with other polarity proteins (Ahmed and Macara,

2016). For instance, pulse-chase experiments indicated reduced stability of MPP5 in

the absence of LIN7 binding (Straight et al., 2006). Hydroxylation-mediated regula-

tion of protein-protein interactions also has a precedent. As mentioned in the Chapter

1, hydroxylation of HIF Asn-803 by FIH prevents association with co-activator p300

(Lando et al., 2002; Hewitson et al., 2002). Similarly, FIH-mediated hydroxylation of

ankyrinR reduces its interaction with the cytoplasmic domain of band 3 (CDB3; Yang

et al., 2011b).

To explore the possibility of MINA regulating the interaction between MPP6 and

its binding partners further, it would be of interest to study differences in interaction

profiles between wild-type MPP6 and MPP6C298A, as well as to compare MPP6 interac-

tions in control versus MINA-depleted cells. Reported interactors of MPP6 in epithelial

cells include LIN7 (Kamberov et al., 2000; Tseng et al., 2001), CASK (Kamijo et al.,

2016) and CADM1 (Shingai et al., 2003). In neuronal cells, MPP6 was also reported

to interact with 4.1G (Terada et al., 2012), CADM1/3 (Kakunaga et al., 2005) and

CASPR2 (Horresh et al., 2008). Interestingly, membrane localisation of MPP6 was

previously reported to depend on the interaction with CADM1, and binding of MPP6

to CADM1 was shown to be mediated through the PDZ domain of MPP6 (Shingai

et al., 2003). Given our data, suggesting that the SH3-GUK interdomain is also re-

quired for membrane recruitment, it is possible that additional interactions may also be

required for membrane recruitment and/or retention of MPP6. A multiple interaction

membrane recruitment mechanism has been reported for other MAGUKs, including

MPP7 and DLG1 (Stucke et al., 2007; Thomas et al., 2000). Interestingly, both MPP7

and DLG1 were identified in our proteomic screen as MINA interactors (Chapter 3).

Alternatively, we could speculate that CADM1 binding and membrane localisation of
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Figure 5.7: OncoPrint analysis of MPP6, CADM1 and MINA mutations
across cancer types. Oncoprint representing alterations in MPP6, CADM1 and
MINA (RIOX2) genes identified in TCGA studies. Samples that did not contain any
mutations in MPP6, MINA or CADM1 are not shown. Data source = cBioportal
(https://www.cbioportal.org). OncoPrint was generated using the ComplexHeatmap
R package.

MPP6 is dependent on the formation of a PDZ-SH3-GUK supramodule. The affinity

with which Crumbs binds MPP5PDZ-SH3-GUK was previously reported to be approxi-

mately 100 times stronger than binding to the isolated MPP5PDZ domain (Li et al.,

2014). It would be of interest therefore to test whether the MPP6-CADM1 interaction

depends on C298, as, like MINA and MPP6, CADM1 is a potential tumour suppres-

sor (You et al., 2014; Zeng et al., 2016; Vallath et al., 2016; Zhang et al., 2016; Qian

et al., 2017; Saito et al., 2018; Kanke et al., 2019; Ito et al., 2019; Si et al., 2020).

Therefore, one might hypothesise that deletion or mutation of CADM1 in cancer may

prevent membrane retention of MPP6, possibly triggering its nuclear translocation.

Interestingly, oncoprint analysis of the TCGA dataset indicates that MINA, MPP6

and CADM1 mutations in cancer are mutually exclusive (Figure 5.7), suggesting that

they might act in a common pathway.

In Chapter 3, we discussed the possibility of MPP6 having a role in the nucleus,

based on the observation of differential localisation in subconfluent and confluent cell

culture conditions. Furthermore, we hypothesised that nuclear MPP6 could be onco-

genic, as no membranous MPP6 can be observed in HeLa cells, and a recurrent cancer

mutant (K306Fs) exclusively resides in the nucleus. In this chapter, we expanded

the characterisation of MPP6 localisation in 3D and noted nuclear localisation, to

some extent, of wild-type MPP6-HA in Caco-2 spheroids (Figure 5.6B). Moreover, im-
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munofluorescence studies of the MINA binding mutant MPP6C298A revealed that this

mutant does not localise to the membrane, but is instead enriched in the nucleus and/or

cytoplasm (Figure 5.6). In light of this observation, we speculate that extra-nucleolar

MINA could be involved in promoting the membrane localisation of MPP6, thus sup-

pressing its nuclear localisation and function. It will be interesting to further explore

the effect of MINA depletion on MPP6 localisation in the future.
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Chapter 6: Final discussion

In this thesis, we set out to expand our understanding of the functions and regulation

of the 2OG oxygenase MINA. Based on the available literature, we hypothesised that

MINA might exert roles that are independent of its role in ribosome biogenesis, and

that these might be related to extra-nucleolar localisation. We show that active rRNA

transcription is sufficient to retain MINA in the nucleolus, and furthermore, that MINA

is apparently released when the translation or proliferation rate decreases. We identified

MPP6 as an extra-nucleolar candidate substrate, and characterised the function of

MINA and MPP6 in epithelial morphogenesis using loss-of-function and reconstitution

models. In this Chapter, we attempt to discuss the implications of the findings in the

wider context and consider the future directions.

6.1 MPP6 as a candidate MINA substrate

In Chapter 3, MPP6 was identified as a novel MINA interactor, the binding profile of

which bore a striking resemblance to that of the substrate RPL27A, including effects

of MINA mutation and response to 2OG oxygenase inhibitors. Furthermore, the phe-

notypes observed following MINA depletion were rescued by extra-nucleolar MINA in

a partially activity-dependent manner (Chapter 4). Taken together, these data might

be supportive of a substrate-like role for MPP6. Indeed, in the first MPP6 mass spec-

trometry experiment presented in Chapter 3, low level oxidation was identified only

on W291, with high confidence and no evidence of other artificial oxidations. Unfortu-
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nately however, subsequent experiments were unable to confidently assign an abundant

MINA-dependent oxidation of MPP6. Perhaps consistent with this, the region iden-

tified as necessary and sufficient for activity-dependent MINA binding, including the

residues in proximity of a candidate hydroxylation site (W291), did not resemble the

amino acids surrounding H39 in RPL27A. Overall therefore, further studies are re-

quired to elucidate whether or not MPP6 is in fact a substrate. A starting point for

such studies could be to test whether MINA is able to hydroxylate residues other than

histidine. This could be done by replacing H39 in RPL27A with other residues, in-

cluding tryptophan and the residues identified as required for MINA binding (glycine,

proline, phenylalanine and cysteine; Chapter 3). If such studies reveal that MINA

accepts other AAs as substrates, in a similar fashion to FIH (Yang et al., 2011a; Choi

et al., 2020), it might help direct future studies on MPP6. For example, the possibilities

that hydroxylated MPP6 is not present in the cell anymore (i.e. the product is de-

graded), or that the modification is masked, for instance by subsequent modifications,

should be reconsidered.

If MPP6 is not a true substrate of MINA, how might we rationalise its unique

activity-dependent binding profile and the findings from our functional studies? Is it

possible that the observed MPP6 W291 oxidation is simply an indication that this

residue is located within or in close proximity to the oxidising environment of the cat-

alytic site? The observed oxidation could be an artefact of the environment, rather

than a classical hydroxylation event. Perhaps consistent with this, we have observed

that MINA’s catalytic residues can become auto-oxidised (Dr Mathew Coleman, per-

sonal communication). If this is hypothesis is correct, it would place MPP6 binding

directly at the MINA catalytic pocket, but without a PTM resulting from the interac-

tion. This scenario is analogous to ‘pseudosubstrates’, which are well-characterised in

other fields such as kinases or ubiquitin ligases (House and Kemp, 1987; Miller et al.,

2006), but are not yet described for 2OG oxygenases.

Regardless of whether or not MPP6 is a genuine substrate, our data would suggest

that the interaction between MINA and MPP6 is probably physiologically relevant,
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possibly regulated by the availability of cofactors and/or the catalytic pocket, and that

MINA may act as a tumour suppressor at least partly through its interaction with

MPP6 (further discussed below).

6.2 Could defective MINA activity contribute to

altered epithelial morphogenesis in response to

changes in nutrient availability or metabolism?

The activity of some 2OG oxygenases is regulated by the availability of their cofactors

2-oxoglutarate, iron and oxygen. Therefore, reduced availability of these cofactors, or

increased concentrations of their respective competitors, can inhibit 2OG oxygenase

function.

The loss of cell polarity and cell:cell adhesion is a hallmark of the transition from

an epithelial to a mesenchymal phenotype in cancer (Halaoui and McCaffrey, 2015).

Changes in cellular metabolism, induced by mutations including in the Krebs’ cycle en-

zymes succinate dehydrogenase (SDH), isocitrate dehydrogenase (IDH) and fumarate

hydrogenase (FH), have been associated with induction of EMT (Sciacovelli and Frezza,

2017; Colvin et al., 2016). Mutations in these enzymes lead to accumulation of inter-

mediates including fumarate, succinate and 2-hydroxyglutarate (often referred to as

oncometabolites) that compete with 2-oxoglutarate and thereby inhibit some 2OG

oxygenases (Fletcher and Coleman, 2020). Importantly, it is not yet known how many

2OG oxygenases are inhibited by oncometabolites, or to what extent. Indeed, studies

investigating the relation between inhibition of 2OG oxygenases by alterations in cellu-

lar metabolism and epithelial-mesenchymal transition have mainly focussed on the his-

tone lysine demethylase (KDM) and ten-eleven translocation (TET) DNA demethylase

subfamilies (Sciacovelli and Frezza, 2017). Whether oncometabolites such as fumarate

might also target other 2OG oxygenases to contribute to the observations described

is not known, but is pertinent to the work undertaken here. For example, it is in-
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teresting to speculate that oncometabolites could interfere with functions of MPP6 in

membrane biology and EMT by targeting MINA. Oncometabolites could act on MINA

in the classical sense, by competing with 2OG and inhibiting an MPP6 hydroxylase ac-

tivity. Alternatively, they could block the catalytic pocket and prevent MPP6 binding

as a pseudosubstrate. Of interest with respect to the latter hypothesis is our unusual

observation in Chapter 3 that treatment with a 2OG competitive inhibitor (DMOG)

rapidly prevents the MINA:MPP6 interaction. It will be of interest to test the effect

of cell permeable oncometabolites on the MINA:MPP6 complex in the future.

Hypoxia has been extensively studied in relation to cancer, and has been shown

to mediate EMT in a HIF-dependent manner (Haase, 2009). Nonetheless, as above,

hypoxia may inhibit other 2OG oxygenases which in turn, can favourably regulate

EMT-inducing signalling pathways. For example, the TET hydroxylases are inhibited

at pathological oxygen levels (Thienpont et al., 2016). Whether MINA activity is reg-

ulated by oxygen in the pathological context, is not yet clear. Many 2OG oxygenases,

including MINA, have been shown to retain significant activity in hypoxic conditions

(Ge et al., 2012; Feng et al., 2014; Tian et al., 2011). Nonetheless, it would be of interest

to study the behaviour of these hydroxylases in severe, prolonged hypoxic conditions,

as is often observed in tumours, as well as chronic inflammatory conditions, such as

inflammatory bowel disease (Taylor and Colgan, 2007).

In contrast to the above described inhibition of 2OG oxygenases through patholog-

ical changes, physiological changes in cofactor availability have also been observed that

might favour epithelial morphogenesis. One example that is relevant here and that was

already briefly mentioned in Chapter 2, is the intestinal epithelium. Differentiated,

post-mitotic cells face the intestinal lumen and specialise in secretion or absorption.

Most distant from the lumen, the intestinal epithelium consists of proliferating pro-

genitor and stem cells (Beumer and Clevers, 2021). Oxygen levels gradually decrease

from the well-vascularised site of cell proliferation to the more luminal, differentiated

villi, and can be as low as 0.04% in the distal colon (He et al., 1999). One could there-

fore speculate whether these changes in oxygen availability could induce a shift from
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a proliferative towards a differentiated phenotype. In support of this hypothesis, tight

junction protein claudin-1 was found to be a transcriptional target of HIF and defects in

barrier function were observed following depletion of HIF1α in T84 intestinal epithelial

cells (Saeedi et al., 2015). Considering our observation that MINA is sequestered in the

nucleolus of proliferating cells, but nucleoplasmic in polarised monolayers (Chapter 2),

and given that nucleolar retention is partly dependent on its catalytic activity (Chapter

2), it is interesting to speculate whether changes in oxygen levels could contribute to

the translocation of MINA. It is not currently clear whether changes in oxygen levels

in a physiological context could induce translocation of MINA: a pilot experiment did

not support a role for hypoxia in regulating MINA localisation (Chapter 2), although

it is possible that the level of hypoxia employed was not severe enough. The intestinal

epithelium can be subjected to prolonged periods in hypoxia, and nitric oxide (NO) is

a cell-permeable oxygen competitor that is produced from dietary nitrate by certain

bacteria in the intestinal lumen (Tiso and Schechter, 2015). These factors might need

to be considered before drawing conclusions and planning future studies.

6.3 Nucleolar sequestration as a mechanism of hy-

droxylase signalling and tumour suppression

Whereas reversible PTMs are fundamental to dynamic signalling in cells, no enzyme

that catalyses the reverse reaction of stable hydroxylation has thus far been identified.

Presuming that enzymatic reversal of stable hydroxylation does not exist and removal

of hydroxylation (the ‘OFF’ reaction) solely depends on turnover of the substrate, we

could speculate that regulation of the ‘ON’ modification might become more critical.

This can be achieved by restricting the function of the enzyme itself, i.e. through tran-

scription/translation of the enzyme, post-translational modifications, metabolism and

cofactor availability (see above) or subcellular localisation. For instance, transcription

of histone demethylases as well the collagen prolyl and lysyl hydroxylases is induced

in hypoxia in a HIF-dependent manner (Pollard et al., 2008; Gilkes et al., 2013), and
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phosphorylation of PHDs can alter substrate specificity (Ortmann et al., 2016). Based

on the data presented in this thesis, we hypothesise that MINA’s function might, at

least in part, be regulated by restricting its subcellular localisation: Consistent with

previous reports that MINA is highly enriched in nucleoli of proliferating tumour cells

(Tsuneoka et al., 2002; Teye et al., 2004; Zhang et al., 2005), we have shown that

enrichment of MINA is evident in the nucleoli of Caco-2 cells in low density cultures

that have space to grow and divide (Chapter 2). Moreover, in an otherwise confluent

monolayer, where MINA is predominantly nucleoplasmic, nucleolar localisation was

triggered by introducing a scratch to disrupt the confluent cell monolayer and stim-

ulate growth and migration. We demonstrated that MINA nucleolar localisation was

dependent on ongoing rRNA transcription, associated with nascent protein synthesis,

and partly dependent on MINA hydroxylase activity. Overall therefore, we propose

that ribosome biogenesis acts as a ‘sink’ for MINA, inhibiting its alternative functions

by retaining it in the nucleolus.

Traditionally, in addition to being the site of ribosome biogenesis, the nucleolus

has been described as a ‘prison’ for some proteins, that captures them in an inactive

state until released. This has mostly been studied in relation to proteins involved in

cell cycle regulation and mitosis (Visintin and Amon, 2000). A renowned example of

this principle is the inhibitor of p53, MDM2, which is sequestered in the nucleolus

by p19Arf in response to DNA damage, thereby allowing stabilisation of p53 (Weber

et al., 1999; Tao and Levine, 1999). Moreover, proteomic studies of the nucleolus

revealed the presence of several proteins involved in transcription (Andersen et al.,

2005). Nucleolar release of the transcription factor Hand1 was reported to initiate

stem cell fate determination and differentiation (Martindill et al., 2007).

The work in this thesis suggests that the nucleolus might also act as a sink for

proteins controlling cell:cell junction biology and epithelial morphogenesis. To our

knowledge this is not a possibility that has been widely appreciated previously. That

being said, there are some indications in the literature to support it. For example, it was

recently reported that overexpression of the rRNA transcription initiation factor RRN3
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is sufficient to upregulate rRNA synthesis and block normal lumen formation when non-

tumourigenic mammary epithelial HME1 cells were grown in 3D (Rossetti et al., 2016).

Whereas the absence of a central lumen was attributed to increased cell proliferation,

one might speculate that a loss of functional cell-cell contacts and/or polarity would

also be necessary, consistent perhaps with a role for increased ribosome biogenesis in

interfering with such processes. The mechanisms involved in this phenotype have not

yet been elucidated, so it remains possible that the nucleolar retention of MINA could

at least be a contributing factor.

Normal barrier function, cell:cell junctions and apico-basal polarity are critical de-

terminants of epithelial homeostasis that are suppressed during tumourigenesis. There-

fore, the disruption of these by MINA loss of function would be consistent with a novel

tumour suppressor (TS) role for MINA. Extending this hypothesis in line with the

structure:function analyses presented here, we suggest that it is specifically the extra-

nucleolar localisation and function(s) of MINA that relate to its TS activity. It is

interesting to speculate that this TS activity is reduced or lost in tumour cells that

have high ribosome biogenesis that acts as a sink to restrict MINA to the nucleolus.

It has long been appreciated that increased size and number of nucleoli in tumour

cells is common and strongly associated with tumour proliferation and poor progno-

sis (Ruggero, 2012; Derenzini et al., 2009). This raises the intriguing possibility that

inactivation of MINA’s TS activity by ribosome-driven nucleolar sequestration could

be a frequent event in cancer. If true, this would represent a novel mechanism of TS

inactivation that does not involve mutation or gene silencing and that would not be

apparent from standard transcriptomic or genetic analysis. As such, the relatively

low frequency of MINA gene mutation in cancer (1-2%, see Chapter 3) might signif-

icantly underestimate the true extent to which MINA’s TS activity is compromised.

Our results suggest that future cancer pathology studies should not only consider the

expression level of MINA relative to normal tissue (which has been the almost singular

focus of all the studies thus far), but also the relative distribution of MINA between

the nucleoplasm and nucleolus. We would predict that high MINA levels correlate with
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nucleolar localisation, and that it is this nucleolar localisation and lost TS activity, as

opposed to increased expression and a gain in oncogenic activity (as discussed in the

literature), that may be more relevant to the role of MINA in cancer.

It would be of interest to explore whether our hypothesis that ribosome biogenesis

may act as a sink for MINA TS activity may extend to other proteins with known

functions in ribosome biogenesis or translation. This would be of particular interest

for proteins that, like MINA, have apparently complex and paradoxical roles in cancer

biology. Interestingly, a dual function was also reported for p19Arf: in addition to

sequestering MDM2 in the nucleolus upon DNA damage, p19Arf was shown to function

in ribosome biogenesis (Sugimoto et al., 2003; Lessard et al., 2010). With respect

to related protein hydroxylases, a clear example could be the ribosomal hydroxylase

NO66 which, as described in Chapter 1, has also been reported in extra-nucleolar

compartments, including in nucleoplasmic dots (Eilbracht et al., 2004). Moreover, it

was shown that nucleolar enrichment of NO66 depends on ongoing transcription, as its

localisation was altered following treatment with RNase (Eilbracht et al., 2004).

6.4 The relationship between MINA and MPP6 in

cancer

It will also be of interest to elucidate how the TS function of MINA relates to the po-

tential role of MPP6 in cancer. We would predict that the TS function of MPP6 relates

to its membrane functions, yet our data suggests that MINA does not interact with it

there. Rather, our data suggest that MPP6 can also reside in the nucleoplasm, and

that this is where it likely interacts with MINA. We speculate that MINA modifies or

interacts with MPP6 in the nucleoplasm in a way that supports the normal membrane

function of MPP6 (Figure 6.1A). Mechanistically, MINA could promote or interfere

with protein:protein interactions involving MPP6. This regulation would be reduced

or lost when MINA is sequestered in the nucleolus in response to physiological (Figure
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6.1B and C) or pathological (Figure 6.1D) cues. Further work is required to understand

whether MINA inhibition negatively effects the membrane localisation and function of

MPP6. Potentially consistent with the hypothesis however, our preliminary analysis

suggests that an MPP6 mutant defective in MINA binding is expressed at lower levels

and is mislocalised from the membrane to the cytoplasm and/or nucleus (Chapter 5).

An alternative hypothesis regarding the relationship between MINA and MPP6 in

tumourigenesis relates to the possibility that MPP6 has alternative functions in the

nucleus that are more oncogenic in nature, and that MINA inhibits this in some way.

Interestingly, it is not unprecedented for tumour suppressor membrane and polarity

proteins to translocate to the nucleus where they undertake other functions, including

those involved in driving cell growth and proliferation. Examples of these include β-

catenin, DLG and CASK (Valenta et al., 2012; Roberts et al., 2007; Hsueh et al., 2000).

Potentially consistent with nuclear functions of MPP6 in tumour cells, we observed

exclusively nuclear/cytoplasmic localisation of MPP6 in HeLa cervical carcinoma cells

(Chapter 3). Furthermore, a recurrent MPP6 cancer mutant (Figure 6.2) which we

employed to model loss of the GUK domain in our early domain mapping experiments

(Chapter 3), was almost exclusively nuclear.

Further investigations into the potential nuclear function of MPP6 could also help

to clarify whether any of the previously reported effects of MINA expression (or lack

thereof) can be explained via its interaction with MPP6. These include changes in

histone methylation and gene expression regulation of genes involved in cell cycle pro-

gression (Zhang et al., 2005; Ma et al., 2015; Aziz et al., 2020). Although we have not

yet begun to explore if MPP6 has a nuclear function and what this may be, we could

speculate based on what is known about β-catenin, CASK and DLG. For instance,

nuclear β-catenin regulates transcription through the association with the T-cell factor

(TCF) / lymphoid enhancer factor (LEF) transcription factors (Cadigan and Water-

man, 2012). Interestingly, nuclear translocation of β-catenin also induces changes in

histone modifications (Cadigan and Waterman, 2012). Similar to β-catenin, CASK was

found to interact with the transcription factor Tbr-1 upon nuclear translocation (Hsueh
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Figure 6.1: Current working hypothesis. (A) In a normal, differentiated epithe-
lium cells have basal levels of ribosome biogenesis and MINA is mostly nucleoplasmic.
Nuclear MINA hydroxylates or binds MPP6 and subsequently promotes nuclear re-
moval and/or membrane retention of MPP6, thereby promoting its membrane function
and cell:cell adhesion, and/or inhibiting its nuclear (oncogenic) function. (B-C) To
maintain tissue homeostasis (B) or upon injury (C) cells can (re)enter the cell cycle.
Increased ribosome biogenesis retains MINA in the nucleolus, where it promotes cell
growth. The absence of MINA from the nucleoplasm promotes the nuclear localisa-
tion of MPP6 and inhibits its membrane function, thereby inhibiting cell:cell adhesion
and possibly promoting cell motility and proliferation. (D) Similar to a proliferative
epithelium, as shown in (B) and (C), pathogenic signals trigger nucleolar and nuclear
(re)localisation of MINA and MPP6, respectively, thereby promoting tumour progres-
sion. (A-D) It should be noted that the intestinal epithelium is presented in this figure
purely as an example, and this hypothesis extends to other tissue types.
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Figure 6.2: Distribution of mutations in MPP6. Lollipop plot showing the
distribution of mutation in the MPP6 gene as identified across 254 studies available on
cBioPortal. K306R frameshift (fs) mutation is annotated.

et al., 2000). Nuclear DLG1 may also control gene expression through regulation of

mRNA processing, as it was shown to interact with the polypyrimidine tract-binding

protein-associated splicing factor (PSF; Sabio et al., 2010).

6.5 Conclusion

In conclusion, the findings presented in this thesis provide new insights into the regu-

lation and tumour suppressor role of MINA. Moreover, our results indicate that MINA

may act as a link between cell proliferation and adhesion. The identification of MPP6

as a novel MINA interactor, as well as the preliminary loss-of-function analyses, pro-

vide a basis for future investigations into the mechanisms by which MINA functions

in epithelial morphogenesis. Finally, the data in this thesis support the intriguing pos-

sibility that upregulation of ribosome biogenesis may act as a mechanism to inhibit

polarity-associated pathways.
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Chapter 7: Materials and methods

7.1 Molecular biology techniques

7.1.1 Plasmid constructs and cloning procedures

Coding sequences of MINA, MPP6, LIN7C and NO66 were PCR cloned from plasmid

DNA or cDNA into pFLAG (Sigma), pEF6 (Invitrogen), QM800A-Blast (System Bio-

sciences), pTIPZ, pTIBZ, pIPZ or pIHZ vectors. pIPZ, pTIPZ are derivatives of the

pGIPZ and pTRIPZ lentiviral vectors (Open Biosystems) that lack the green fluores-

cent protein (GFP) and red fluorescent protein (RFP), respectively. The pTIBZ and

pIHZ vectors are identical to the pTIPZ and pIPZ vectors, respectively, except for the

blasticidin and hygromycin resistance genes which have replaced the puromycin resis-

tance gene, respectively. The coding sequences of MPP2, MPP2TPLF and the MPP2/6

hybrids containing C-terminal HA-tags and restriction sites required for cloning into

the pIPZ vector were obtained from Thermo Scientific as a GeneArt String Fragment.

MINA and MPP6 shRNA sequences in pZIP-TRE3G vectors were obtained from Tran-

sOMIC and are listed in Table 7.1.
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Catalogue

Target number Sequence (5’ to 3’)

Non-targeting ULTRA- TGCTGTTGACAGTGAGCGAAGGCAGAAGTATGCAA

control NT#4 AGCATTAGTGAAGCCACAGATGTAATGCTTTGCATA

CTTCTGCCTGTGCCTACTGCCTCGGA

MINA #1 ULTRA- TGCTGTTGACAGTGAGCGCCCCTCTGGACAGAATG

3406274 TTTAATAGTGAAGCCACAGATGTATTAAACATTCTG

TCCAGAGGGAT GCCTACTGCCTCGGA

MINA #3 ULTRA- TGCTGTTGACAGTGAGCGCCCCAGAGGAACCATTC

3406273 ATCAATGAAGCCACAGATGTATTGATGAATGGTTCC

TCTGGGATGCCTACTGCCTCGGA

MPP6 #1 ULTRA- TGCTGTTGACAGTGAGCGCAGACATCACTCCTCTA

3337605 ATAAATAGTGAAGCCACAGATGTATTTATTAGAGGA

GTGATGTCTTTGCCTACTGCCTCGGA

MPP6 #2 ULTRA- TGCTGTTGACAGTGAGCGCATGGAGAATCCTATTG

3337606 TAAAATAGTGAAGCCACAGATGTATTTTACAATAGG

ATTCTCCATATGCCTACTGCCTCGGA

MPP6 #3 ULTRA- TGCTGTTGACAGTGAGCGCCCGACTCTGACTTGAA

3337607 GAAAATAGTGAAGCCACAGATGTATTTTCTTCAAGT

CAGAGTCGGTTGCCTACTGCCTCGGA

Table 7.1: shRNA sequences.

PCR reactions were driven by the Phusion High Fidelity DNA polymerase (New

England Biolabs (NEB), M0530). Primers were designed to contain a C- or N-terminal

tag and the required restriction sites for subsequent ligations. All primers are listed

in Table 7.2. The amplified DNA was recovered using a GenElute gel purification kit

(Sigma) after electrophoresis on a 1% (w/v) agarose gel, digested with the appropri-

ate restriction enzymes and subsequently ligated using T4 DNA ligase (NEB, M0202)

into the vector of interest. All vectors were pre-treated with calf intestinal alkaline

phosphatase (CIP, NEB, 0290S) to prevent re-ligation of the linearised plasmid DNA.

The ligated DNA was then transformed into Escherichia coli DH5α bacterial cells

(NEB, C29872). Once grown, the DNA was purified using a GeneElute Miniprep Kit

(Sigma-Aldrich). All constructs were confirmed by sequencing, carried out by Source

Bioscience.
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For nucleotide exchanges, site-directed mutagenesis was performed using a Phusion

Site-directed Mutagenesis kit (Thermo, F541). 5’ termini of the primers were phospho-

rylated using T4 polynucleotide kinase (PNK, Thermo, EK0031) prior to the reaction.

Primer sequences are listed in Table 7.3. All constructs were confirmed by sequencing.

Construct Primers (5’ to 3’)

pTIPZ forward: GCGTTTGGCGCGCCATGGACTACAAAGACCATGATGGTGA

3xFLAG- TTATAAAGATCATGACATCGATTACAAGGATGACGATGATA

MINA AGCCAAAGAAAGCAAAGCCT

reverse: AAAATACCTGCAGGCTAGACTACTTGAATTAAACATTC

QM800A forward: GCGTTTTTCGAAATGCCAAAGAAAGCAAAGC

MINA reverse: AAAATAGCGGCCGCCTAGACTACTTGAATTAAACATTCTGT

QM800A forward: GCGTTTTTCGAAATGCCAAAGAAAGCAAAGC

MINA

(sh3resistant)

reverse: AAAATAGCGGCCGCTAGACTACTTGAATCAAGCACT

pIHZ forward: GCGTTTATCGATATGGACTACAAAGACCATGATGGTGATT

3xFLAG- ATAAAGATCATGACATTGATTACAAGGATGACGATGATAA

MINA GCCAAAGAAAGCAAAGCCTACA

reverse: AAAATAGCGGCCGCCTAGACTACTTGAATTAAACATTCTGTC

pIHZ forward: GCGTTTATCGATATGGACTACAAAGACCATGATGGTGATT

3xFLAG- ATAAAGATCATGACATTGATTACAAGGATGACGATGATAA

MINA GCCAAAGAAAGCAAAGCCTACA

(sh3resistant) reverse: AAAATAGCGGCCGCCTAGACTACTTGAATTAAGCACTCTG

pIPZ/pIHZ forward: TTTATCATCGATATGCAGCAAGTCTTGGAA

MPP6-HA reverse: CCAATCAGCTGGGTTTACGATTACCCATACGATGTTCCAGA

TTACGCTTGAGCGGCCGCTATGCA

pTIBZ forward: TTTATCACCGGTATGCAGCAAGTCTTGGAAAA

MPP6- reverse: TGCATAATCGATTCACTTATCATCGTCATCCTTGTAATCAA

3xFLAG TGTCATGATCTTTATAATCACCATCATGGTCTTTGTAGTCG

TAAACCCAGCTGATTGGG

MPP6110-541 forward: TTTATCATCGATATGAGCCCAGAAATGAATAATTCT

-HA reverse: TGCATAGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGG

GTAATCGTAAACCCAGCTGATTGG

MPP6210-541 forward: TTTATCATCGATATGAGAGATACCATTACTCCTCAACA

-HA reverse: GCATAGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGGG

TAATCGTAAACCCAGCTGATTGG

MPP61-212 forward: TTTATCATCGATATGCAGCAAGTCTTGGAA

-HA reverse: TGCATAGCGGCCGCTCAAGCGTAATCTGGAACATCGTATGG

GTAATCGGTATCTCTATAACTTGGTAAGATTTT

Table 7.2: List of primers used for cloning.
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Mutation Primers (5’ to 3’)

MPP6 V287A forward: AGAAAGGCATTTGCTAGAAGAGACTGGG

reverse: CTTCTCTTCCAGGAACTGGCTTGG

MPP6 R288A forward: GAAAGGCATTTGTTGCAAGAGACTGGGAC

reverse: TCTTCTCTTCCAGGAACTGGCTTG

MPP6 R289A forward: AGGCATTTGTTAGAGCAGACTGGGACAATTC

reverse: TTCTCTTCTCTTCCAGGAACTGGCT

MPP6 D290A forward: ATTTGTTAGAAGAGCCTGGGACAATTCAGG

reverse: GCCTTTCTCTTCTCTTCCAGGAACTG

MPP6 W291A forward: TGTTAGAAGAGACGCGGACAATTCAGGA

reverse: AATGCCTTTCTCTTCTCTTCCAGGA

MPP6 D292A forward: GAAGAGACTGGGCCAATTCAGGACC

reverse: TAACAAATGCCTTTCTCTTCTCTTCCAGG

MPP6 N293A forward: AGAGACTGGGACGCTTCAGGACCTTT

reverse: TCTAACAAATGCCTTTCTCTTCTCTTCCAG

MPP6 S294A forward: AGACTGGGACAATGCAGGACCTTTTTG

reverse: CTTCTAACAAATGCCTTTCTCTTCTCTTCCA

MPP6 G295A forward: TGGGACAATTCAGCACCTTTTTGTGGAA

reverse: GTCTCTTCTAACAAATGCCTTTCTCTTCTCTT

MPP6 P296A forward: AGAGAAAGGCATTTGTTAGAAGAGACTG

reverse: CAGTCTCTTCTAACAAATGCCTTTCTCT

MPP6 F297A forward: ACAATTCAGGACCTGCTTGTGGAACTATAAG

reverse: CCCAGTCTCTTCTAACAAATGCCTTT

MPP6 C298A forward: CAATTCAGGACCTTTTGCGGGAACTATAAGTAGC

reverse: TCCCAGTCTCTTCTAACAAATGCCT

MPP6 G299A forward: CAGGACCTTTTTGTGCAACTATAAGTAGCAA

reverse: AATTGTCCCAGTCTCTTCTAACAAATGC

MPP6 T300A forward: GGACCTTTTTGTGGAGCTATAAGTAGCAAAA

reverse: TGAATTGTCCCAGTCTCTTCTAACAAATG

MPP6 I301A forward: CCTTTTTGTGGAACTGCAAGTAGCAAAAAAAAG

reverse: TCCTGAATTGTCCCAGTCTCTTCTAAC

MPP6 S302A forward: TGTGGAACTATAGCTAGCAAAAAAAAGAAA

reverse: AAAAGGTCCTGAATTGTCCCAGTCTCT

MINA H179A forward: TCGAGGTTTTCATCCTGCAGCTG

reverse: CATCATCATAAGCGGGCGGC

MINA D333A forward: GACTCCCCCCTTACTCTGCG

reverse: TGTGCATAATAAAAGCCTTCTTCATGT

MINA M405A forward: GAGGAGGAAACAGAGTTTCATGGACTTC

reverse: ATTTCCCATCGCGTGTGTCTCTC

MINA R125G/ forward: CACTTTCTTCAGCTGGGAGGAGATTTTGATCAGAAAAGG

K125G GCAACGATTC

reverse: CTGATCAAAATCTCCTCCCAGCTGAAGAAAGTGTGCTTTG

CCATC

Continued on next page

Table 7.3: Primers used for site-directed mutagenesis.
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Mutation Primers (5’ to 3’)

MINA S455S/ forward: GAGTGCTTAATTCAAGTAGTCTAGAAGCTTCC

L456L/E459E/ reverse: GTCCAAAGTGATAATACCAGGCTTTCC

C460C

MINA T457T/ forward: GCTTGATTCAAGTAGTCTAGAAGCTTCCC

L461L reverse: CTCGGTCCAAAGTGATAATACCAGG

Table 7.3: Primers used for site-directed mutagenesis.

7.2 Cell biology techniques

7.2.1 Cell culture

HEK293T, Caco-2, SW620, U2OS, HeLa and A549 cells were cultured in Dulbecco’s

Modified Eagle Medium (DMEM, Gibco) supplemented with 10% (v/v) foetal bovine

serum (FBS, Sigma) and 100 international units/mL (IU/mL) penicillin and 100 µg/mL

streptomycin (Gibco). Cell culture medium for stable cell lines was supplemented with

1 µg/mL puromycin (Gibco), 100 µg/mL hygromycin B (Invitrogen) and/or 5 µg/mL

blasticidin S (Gibco). All cell lines were grown at 37 °C in a humidified atmosphere

with 5% (v/v) CO2. For 3D spheroid cultures, culturing medium was supplemented

with 4% (v/v) Matrigel (Corning, 356231). All cell lines were routinely tested for

mycoplasma contamination.

7.2.2 Transient transfection

Plasmid DNA transfections were performed using FuGENE® 6 transfection reagent

(Promega). Briefly, the transfection mix was made up in Opti-MEM™ (Gibco, cat.

no. 31985070) using a ratio of DNA to transfection reagent of 1:3, and incubated for

15-30 min at room temperature (RT) before the complexes were added to the cells.

500 ng of DNA was used per mL of culturing medium. Cells were seeded 24 h prior to

transfection and harvested 48 h after transfection.
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7.2.3 Generation of stable cell lines

Stable expression cell lines were generated by transduction with lentivirus. For lentivirus

production, HEK293T cells were transfected with the plasmid of interest (50%), the

packaging vector psPAX2 (35%) and envelope vector pMD2.G (15%) as described

above. The lentivirus-containing supernatant was collected 48 h after transfection,

passed through a 0.45 µM polyethersulfone (PES) filter, diluted 1:1 with fresh medium

and added to the recipient cells for 48 h. Thereafter, transduced cells were selected

using puromycin (2 µg/mL final concentration, Gibco), hygromycin B (200 µg/mL,

Invitrogen) or blasticidin S (10 µg/mL, Gibco).

7.2.4 Cell treatments

A list of all chemicals can be found in Table 7.4. Hypoxia was achieved by incubating

cells at 1% oxygen for 16 hours in a H35 Hypoxystation (Don Whitley Scientific), set

at 37°C, 75% humidity, 5% CO2 and balanced with N2.

7.2.5 Cell viability assays

To monitor cell proliferation of 2D cultures, cells were seeded in clear, flat bottom,

white or black 96-well plates (Corning, CLS3610) at a density of 2,500 cells/well and

cell viability was monitored by incubation with resazurin at a final concentration of

0.025 mg/mL (Sigma-Aldrich, #R7017) for 2 h. For 3D growth assays, cells were seeded

on Matrigel-coated clear, flat bottom, white or black 96-well plates (Corning, CLS3610)

at a density of 4,000 cells/well and cell viability was measured using a CellTiter-Glo®

Luminescence Assay kit (Promega), according to the manufacturer’s instructions.
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Final Cat.
Chemical concentration Company no. Effect

Actinomycin D 40 ng/mL Sigma-
Aldrich

A9415 Inhibition of RNA
polymerase I

Cumate 30-300 µg/mL System QM150 Induction of gene
Biosciences A-1 expression

CX-5461 50 nM APExBIO A8337 Inhibition of RNA
polymerase I

Cycloheximide 100 µg/mL Sigma- C4859 Inhibition of
Aldrich translation

Desferrioxamine
(DFO)

100 - 250 µM Sigma-
Aldrich

D9533 Iron chelation

Dimethyl-N- 1 mM Sigma- D3695 Inhibition of
oxalylglycine
(DMOG)

Aldrich 2OG-oxygenases

Doxycycline 0.05 - 1 µg/mL Sigma- D9891 Induction of gene
Aldrich expression

MG132 10 µM Alfa Aesar J6350 Inhibition of the
proteasome

ML-60218 25 µM Focus
Biomolecules

10-181 Inhibition of RNA
polymerase III

N-oxalylglycine 1 mM Sigma- O9390 Inhibition of
(NOG) Aldrich 2OG-oxygenases

Table 7.4: List of chemicals.
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7.2.6 Metabolic labelling of newly synthesised proteins

Protein synthesis was monitored with L-azidohomoalanine (AHA) using a Click-iT™

Nascent Protein Synthesis kit (Thermo Scientific), according to the instructions of

the manufacturer. Briefly, cells were incubated with methionine-free medium for 1 h

before AHA was added at a final concentration of 50 µM. After 1 h, cells were fixed

and permeabilised as described in section 7.2.8. Next, Alexa Fluor 595 Alkyne diluted

in Click-iT® Cell Reaction Buffer (Thermo Scientific) at a final concentration of 2.5

µM was conjugated to any incorporated AHA.

7.2.7 Proximity ligation assay

Duolink® proximity ligation assay kits were purchased from Sigma-Aldrich and per-

formed according to the manufacturer’s instructions. Briefly, samples were fixed and

permeabilised as in section 7.2.8 and subsequently blocked for 1 h at 37°C using

Duolink® blocking solution before primary antibody incubation under standard con-

ditions (see section 7.2.8). Next, the samples were incubated for 1 h at 37°C with

Duolink® MINUS and PLUS secondary antibody probes conjugated to oligonucleotides

that were subsequently ligated for 30 min at 37°C, forming a closed circle if in close

proximity to each other. Finally, the samples were incubated for 100 min at 37°C

with a polymerase that amplifies the signal of any existing closed oligonucleotide

circles. Detection was achieved using complementary, fluorescently labelled oligonu-

cleotides. Coverslips were mounted using Duolink® Mounting Media with DAPI (cat.

no. DUO82040). Confocal images were acquired as described in section 7.2.8.

7.2.8 Immunofluorescence staining and image acquisition

For immunofluorescence studies of 2D cultures, cells were grown on poly-D-lysine-

coated or uncoated glass coverslips and fixed with methanol for 10 min at -20°C or 4%

(w/v) paraformaldehyde (PFA) in phosphate-buffered saline (PBS, Sigma) for 15 min
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at RT. Cells fixed with PFA were subsequently permeabilised using 0.1% (v/v) Triton

in PBS for 10 min at RT. Next, cells were blocked with 1% (w/v) bovine serum albumin

(BSA) in PBS for 1 h and subsequently incubated overnight (ON) at 4°C with primary

antibodies in 1% BSA/PBS. The next day, coverslips were washed with 1% (w/v)

BSA/PBS and incubated with secondary antibodies in 1% (w/v) BSA/PBS for one

hour at RT. Secondary antibodies were purchased from Invitrogen and used at a final

concentration of 1:1,000. Where indicated, secondary antibody incubation was followed

by a 1 h incubation at RT with Texas Red®-X phalloidin (Thermo Scientific, T7471)

at a concentration of 1:500 to visualise F-actin. Nuclei were stained by incubation with

0.5 - 1 µg/mL 4’,6-diamidino-2-phenylindole (DAPI, D1306, Invitrogen) in PBS for 10

min at RT, and the coverslips were mounted with Prolong Gold antifade mountant

(Molecular Probes) onto microscope slides. For long-term storage, the coverslips were

sealed with nail varnish and kept at -20°C.

Caco-2 cells grown as 3D cultures were fixed with 4% (w/v) PFA/5% (w/v) sucrose

in PBS for 20 min at RT, washed three times with PBS and incubated with 100 mM

glycine in PBS for 20 min at RT to quench unreacted aldehydes. After three washes

in PBS, cells were permeabilised with 0.1% (v/v) Triton X-100 in PBS for 5 min at

RT, washed 3 times with PBS, blocked with 1% (w/v) BSA/PBS at RT for 1 h and

subsequently stained as described above.

Confocal images were acquired with a Zeiss LSM 780 or 880 laser scanning confocal

system equipped with a 20x, 40x or 60x C-Apochromat 1.2 W Korr M27 objective.

Epifluorescence images were acquired using an EVOS inverted microscope (Life Tech-

nologies) or a Leica DM6000. Immunofluorescence images of similarly stained experi-

ments were acquired with identical illumination settings. Images were processed with

Fiji. Brightness and contrast were adjusted using only linear operations applied to the

entire image. Final images were assembled using Microsoft PowerPoint.
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7.3 Biochemical techniques

7.3.1 Whole cell extracts

2D cultures were washed and harvested in ice-cold PBS, pelleted by centrifugation at

234 x g and lysed by rotation at 4°C for 1 h in JIES buffer (100 mM NaCl, 20 mM Tris-

HCl [pH 7.4], 5 mM MgCl2, 0.5% (v/v) NP-40) containing 1x SIGMAFAST™ protease

inhibitor cocktail (Sigma-Aldrich, S8830). Subsequently, cell debris was pelleted by

centrifugation (10 min at 21,910 x g at 4°C) and the supernatant was collected.

Spheroids were collected and washed two times with ice-cold PBS containing 1x

SIGMAFAST™ protease inhibitor cocktail (Sigma-Aldrich, S8830). Cells were pelleted

by centrifugation for 15 seconds at 21,910 x g in between washes. Subsequently, the

cell pellet was resuspended in 1x Laemmli Loading Buffer (6x: 125 mM Tris-HCl [pH

6.8], 6% (w/v) SDS, 50% (v/v) glycerol, 225 mM dithiotheitol (DTT), 0.1% (w/v)

bromophenol blue), vortexed, boiled for 5 min and sonicated.

7.3.2 Immunoprecipitation

For immunoprecipitations, cells were harvested on ice and lysed by rotation for 1 h at

4°C in JIES buffer (see section 7.3.1) containing 1x SIGMAFAST™ protease inhibitor

cocktail (Sigma-Aldrich, S8830). Subsequently, cell debris was pelleted by centrifuga-

tion (10 min at 21,910 x g at 4°C) and the supernatant was incubated with anti-FLAG®

M2 Magnetic Beads (Sigma-Aldrich, M8823) or anti-hemagglutinin (HA) agarose beads

(Sigma-Aldrich, A2095) overnight at 4°C. The next day, beads were washed 6 times

with JIES buffer before the immunoprecipitates were boiled for 5 min in 1x Laemmli

Loading Buffer or eluted using 100 µg/mL HA (Thermo Scientific, 26184) or 40 ng/mL

FLAG (Generon, A6001) peptide in JIES for 15 min at 1,400 rpm at RT.
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7.3.3 SDS-PAGE and Western blot analysis

Where indicated, proteins were separated and detected by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). Protein samples were prepared in

Laemmli Loading Buffer, boiled for 5 min at 95°C and loaded onto either 10%, 12%

or 15% (v/v) polyacrylamide gels made in-house, Novex™ WedgeWell™ 8-16% gels

(cat. no. XP08165BOX, Invitrogen) or NuPAGE™ 4-12% Bis-Tris Midi gels (cat. no.

WG1403A, Invitrogen). Electrophoresis was performed in Tris/Glycine/SDS (National

diagnostics) or NuPAGE™ MOPS SDS (Invitrogen, cat. no. NP0001) running buffer.

Following SDS-PAGE, the samples were electroblotted onto methanol-activated Amer-

sham™ Hybond™ P0.45 polyvinylidene difluoride (PVDF) membranes (GE Healthcare)

in Tris/Glycine transfer buffer (National diagnostics). Following transfer, the mem-

brane was blocked with 5% (w/v) milk powder dissolved in PBS/0.1% (v/v) Tween-20

(PBS-T) and incubated with primary antibody for 1 h at RT or overnight at 4°C.

Where unconjugated primary antibodies were used, immunoblots were subsequently

incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies pur-

chased from Cell Signaling. Signals were visualised using Clarity Western ECL reagent

(Bio-Rad) or Femto (Thermo Scientific) using a Vilber Fusion Fx. A detailed list of

the antibodies and dilutions used in this thesis are given in Tables 7.5, 7.6 and 7.7.

7.3.4 Mass Spectrometry

For identification of interacting proteins or post-translational modification analysis,

the protein of interest was immunoprecipitated as described in section 7.3.2 and eluted

using peptide in tris-buffered saline (TBS). Subsequently, eluates were submitted to

the Target Discovery Institute at the University of Oxford for further processing.
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Host Used
Antigen species Clonality dilution Company Cat. no.

E-cadherin Rabbit Monoclonal WB 1:1000 Cell Signaling 3195
IF 1:500 Technology

FLAG Mouse Monoclonal IF 1:1000 Sigma-Aldrich F1804
FLAG Rabbit Monoclonal IF 1:800 Cell Signaling 14793S

Technology
HA Mouse Monoclonal IF 1:500 Covance MMS-101P
HA Rabbit Monoclonal IF 1:500 Cell Signaling C29F4

Technology
LIN7C Rabbit Polyclonal WB 1:500 Proteintech 14656-1-AP
MINA Mouse Monoclonal WB 1:40 DSHB 6C6
MINA Mouse Monoclonal IF 1:100 Invitrogen 39-7300
MPP6 Rabbit Polyclonal WB 1:500 GeneTex GTX108010
MPP6 Rabbit Polyclonal WB 1:500 Atlas HPA019085

IF 1:500 Antibodies
Na+/K+ Rabbit Polyclonal WB 1:1000 Cusabio CSB-PA
ATPase 18129A0Rb
α-1
Na+/K+ Rabbit Monoclonal IF 1:500 Abcam ab76020
ATPase
α-1
Nucleolin Rabbit Polyclonal IF 1:200 - Santa Cruz sc-13056

1:1000 Biotechnology
Nucleo- Rabbit Polyclonal IF 1:200 Santa Cruz sc-6013-R
phosmin Biotechnology
PARP Rabbit Monoclonal WT 1:1000 Cell Signaling 95425

Technology
RPL27A Rabbit Polyclonal WB 1:500 Abcam ab74731
ZO-1 Mouse Monoclonal WB 1:1000 Invitrogen 33-9100

IF 1:500
α-tubulin Rabbit Polyclonal IF 1:500 GeneTex GTX113098
α-tubulin Mouse Monoclonal IF 1:2500 Sigma-Aldrich T6199
β-catenin Mouse Monoclonal WB 1:1000 BD 610153

IF 1:500 Biosciences
β-tubulin Rabbit Polyclonal WB 1:500 Abcam ab6046

Table 7.5: List of unconjugated primary antibodies.
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Host
Antigen species Clonality Used dilution Company Cat. no.

FLAG Mouse Monoclonal WB 1:10,000 Sigma-
Aldrich

A8592

HA Rat Monoclonal WB 1:1,000 - Roche 12013819001
1:5,000

β-actin Mouse Monoclonal WB 1:25,000 Abcam ab-49900

Table 7.6: List of horseradish peroxidase (HRP)-conjugated primary anti-
bodies.

Host Used Cat.
Antigen species Clonality Conjugate dilution Company no.

anti-
mouse

Horse Polyclonal Horseradish
Peroxidase
(HRP)

WB 1:2,500 Cell
Signaling
Technology

7076

anti-
rabbit

Goat Polyclonal Horseradish
Peroxidase

WB 1:2,500 Cell
Signaling
Technology

7074

anti-
rabbit

Mouse MonoclonalHorseradish
Peroxidase

WB 1:2,500 Rockland 18-
8816-31

anti-
mouse

Goat Polyclonal Alexa-
Fluor (AF)
488

IF 1:1,000 Invitrogen A11029

anti-
mouse

Goat Polyclonal AF 555 IF 1:1,000 Invitrogen A31570

anti-
mouse

Goat Polyclonal AF 633 IF 1:1,000 Invitrogen A21053

anti-
rabbit

Goat Polyclonal AF 488 IF 1:1,000 Invitrogen A11070

anti-
rabbit

Goat Polyclonal AF 555 IF 1:1,000 Invitrogen A21430

Table 7.7: List of secondary antibodies.
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7.3.5 In vitro hydroxylation assays

For in vitro hydroxylation assays, HA-tagged MINA was overexpressed and purified

from HEK293T cells, as described in sections 7.2.2 and 7.3.2. Following immunoprecip-

tation, the purified protein was eluted using 2 mg/mL HA peptide (Thermo Scientific,

26184) in 50 mM HEPES, 50 mM NaCl. Purified enzyme was then incubated with

RPL27A peptide (GRGNAGGLHHhINFDKYHP) at a final concentration of 100 µM

in 50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM DTT for 5 min at 37°C in the presence of

200 µM 2OG, 100 µM Fe(II) and 100 µM ascorbate (final volume 20 µL). Thereafter,

the reaction was quenched with 10 µL of 1% (v/v) formic acid (HCOOH) in H2O. The

presence of hydroxylation was subsequently analysed using a Succinate-Glo™ JmjC

Demethylase/Hydroxylase Assay kit (Promega). For detection using a Succinate-Glo™

JmjC Demethylase/Hydroxylase Assay kit, the samples were diluted 1:10 in H2O and

5 µL of the diluted reaction was mixed with an equal volume of Succinate-Glo™ de-

tection reagent 1 and incubated for 1 h at RT in a clear bottom 384-well plate. Each

reaction was performed in triplicate. Subsequently, 10 µL of Succinate-Glo™ detection

reagent 2 was added, mixed and incubated for 10 min at RT, before luminescence was

analysed.

7.3.6 Subcellular fractionation

Subcellular fractionation was achieved with a Subcellular Protein Fractionation Kit for

Cultured Cells purchased from Thermo Scientific (cat. no. 78840), according to the

instructions of the manufacturer. Briefly, Caco-2 cells were collected with TrypLE™

Express Enzyme (Gibco, 12604013), counted, and incubated with cytoplasmic extrac-

tion buffer (CEB) for 10 min at 4°C with gentle mixing before the lysate was pelleted

by centrifugation at 500 x g for 5 min, and the supernatant was transferred into a

fresh tube. Next, the pellet was resuspended with ice-cold membrane extraction buffer

(MEB) containing protease inhibitor, vortexed for 5 sec and incubated for 10 min at

4°C with gentle mixing. Afterwards, the extract was centrifuged for 5 min at 3,000 x

165



g and the supernatant (containing the membrane extract) was transferred to a clean

tube. Finally, the pellet was resuspended in ice-cold nuclear extraction buffer (NEB)

containing protease inhibitor, vortexed for 15 sec, mixed for 30 min at 4°C, and the su-

pernatant containing the nuclear extract was transferred to a clean tube. The volume

of extraction buffers added was in accordance to the packed cell volume, as outlined in

the manufacturer’s protocol.

7.4 Illustration plotting, statistical analysis and re-

producibility

Statistical analyses were performed in R using a one-way ANOVA or non-parametric

Kruskal–Wallis rank sum test. Post-hoc pairwise comparisons were performed using the

pairwise t or Wilcoxon tests. Differences were considered significant at p<0.05. West-

ern blot quantifications were performed with ImageJ (National Institutes of Health,

USA). Graphs and plots were created using the ggplot2 R package. Oncoprints were

generated with the ComplexHeatmap R package. Chemical structures were drawn us-

ing ChemDraw (PerkinElmer). Illustrations were generated using Adobe Illustrator

or Inkscape. Sequence alignments were generated using multiple sequence alignment

(msa) R and texshade LaTeX packages.
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Appendix A

Appendix A: Schematics of the lentiviral vectors used in this thesis. (A) pZIP is
a lentiviral Tet-On vector for doxycycline-inducible short hairpin RNA (shRNA) expression.
In the presence of doxycycline. the Tet-On® 3G reverse tetracycline transactivator activates
the tetracycline-inducible promoter (TRE3GS) which in turn drives expression of the shRNA
and green fluorescent protein (GFP) reporter genes. Constitutive expression of the Tet-On®

3G and puromycin resistance (PuroR) genes is driven by the human phosphoglycerate kinase
and SV40 promoters, respectively (B) The pTIPZ vector is a derivative of the commercially
available pTRIPZ™ vector. In the presence of doxycycline, the reverse tetracycline trans-
activator (rtTA) binds to and thereby activates the tetracycline-inducible promotor (TRE),
which in turn induces expression of the gene of interest (GOI). Constitutive expression of the
rtTA as well as the puromycin resistance (PuroR) genes is driven by the human ubiquitin C
(UBC) promoter. The internal ribosomal entry site (IRES) allows expression of rtTA and
the puromycin resistance genes in a single transcript. (C) The pTIBZ vector is identical to
the pTIPZ vector except for the blasticidin resistance gene which has replaced the puromycin
resistance gene. (D) The QM800A-Blast lentiviral vector contains a constitutively expressed
repressor (CymR), driven by the EF1αpromoter, that binds to the cumate operator sequence
(CuO). Addition of cumate results in release of the CymR molecules, activation of the cu-
mate inducible promoter and expression of the GOI. Constitutive expression of a blasticidin
resistance gene (Blast) is driven by the T2A promoter. (E) The pIPZ vector is a derivative
of the commercially available pGIPZ lentiviral vector. Constitutive expression of the GOI
and puromycin resistance (PuroR) gene is driven by the human cytomegalovirus (CMV)
promoter. (F) The pIHZ vector is identical to the pIPZ vector except for the hygromycin
resistance (HygroR) gene which has replaced the puromycin resistance gene.
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Appendix B

MPP6 (human) 1 ....................................................... -1

MPP1 (human) 1 ....................................................... -1

MPP2 (human) 1 ....................................................... -1

MPP3 (human) 1 ....................................................... -1

MPP4 (human) 1 ....................................................... -1

MPP5 (human) 1 MTTSHMNGHVTEESDSEVKNVDLASPEEHQKHREMAVDCPGDLGTRMMPIRRSAQ 55

MPP7 (human) 1 ....................................................... -1

MPP6 (human) 1 ....................................................... -1

MPP1 (human) 1 ....................................................... -1

MPP2 (human) 1 ....................................................... -1

MPP3 (human) 1 ....................................................... -1

MPP4 (human) 1 ....................................MIQSDKGADPPDKK..... 14

MPP5 (human) 56 LERIRQQQEDMRRRREEEGKKQELDLNSSMRLKKLAQIPPKTGIDNPMFDTEEGI 110

MPP7 (human) 1 ....................................................... -1

10. 20. 30.
MPP6 (human) 1 ................MQQVLENLT.ELPSSTGAEEIDLIFLKGIMENPIVKSLA 38

MPP1 (human) 1 ....................................................... -1

MPP2 (human) 1 ...MPVAA..TNSETAMQQVLDNLG.SLPSATGAAELDLIFLRGIMESPIVRSLA 49

MPP3 (human) 1 ...MPVLS....EDSGLHETLALLTSQLRPD.SNHKEEMGFLRDVFSEKSLSYLM 47

MPP4 (human) 15 ...DMKLSTATNPQNGLSQILRLVLQELSLFYGRDVNGVCLLYDLLHSPWLQALL 66

MPP5 (human) 111 VLESPHYAVKILEIEDLFSSLKH..IQHTLVDSQSQEDISLLLQLVQNKDFQNAF 163

MPP7 (human) 1 ...MPALSTGSGSDTGLYELLAALPAQLQPH.VDSQEDLTFLWDMFGEKSLHSLV 51

40. 50. 60.
MPP6 (human) 39 K........................AHERLEDSKLEAVSDNNLELVNEILEDITP 69

MPP1 (human) 1 ................................MTLKASEGESGGSMHTALSD... 20

MPP2 (human) 50 KVIMVLWFMQQNVFVPMKYMLKYFGAHERLEETKLEAVRDNNLELVQEILRDLAH 104

MPP3 (human) 48 KIHEKLRY.....................YERQSPTPVLHSAVALAEDVMEELQ. 80

MPP4 (human) 67 KIYDCLQE.....................FKEKKLVPATPHAQVLSYEVVELLR. 99

MPP5 (human) 164 KIHNAITVHM...................NKASPPFPLISNAQDLAQEVQTVLK. 198

MPP7 (human) 52 KIHEKLHY.....................YEKQSPVPILHGAAALADDLAEELQ. 84

70. 80. 90. 100. 110. 120.
MPP6 (human) 70 LINVDENVAELVGILKEPH.FQSLLEAHDIVASKCYDSPPSSPEMNNSSINNQLL 123

MPP1 (human) 21 ........LYLEHLLQKRSRPEAVSHPLNTVTEDMYTNGSPAPGSPAQ.V..KGQ 64

MPP2 (human) 105 VAEQSSTAAELAHILQEPH.FQSLLETHDSVASKTYETPPPSPGLDP.TFSNQPV 157

MPP3 (human) 81 AASVHSDERELLQLLSTPH.LRAVLMVHDTVAQKNFD..PVLPPLPDNID..EDF 130

MPP4 (human) 100 ETPTSPEIQELRQMLQAPH.FKALLSAHDTIAQKDFE..PLLPPLPDNIP..ES. 148

MPP5 (human) 199 P.VHHKEGQELTALLNTPH.IQALLLAHDKVAEQEMQLEPITDERVYESI..GQY 249

MPP7 (human) 85 NKPLNSEIRELLKLLSKPN.VKALLSVHDTVAQKNYD..PVLPPMPEDID..DE. 133

Appendix B: Sequence alignment of human MPPs. Amino acid alignment of
human MPP6 (Q9NZW5), MPP1 (Q00013), MPP2 (Q14168), MPP3 (Q13368), MPP4
(Q96JB8), MPP5 (Q8N3R9) and MPP7 (Q5T2T1) – continued on next page.
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130. 140. 150. 160. 170.
MPP6 (human) 124 PVDAIRILGIHKRAGEPLGVTFRVEN..NDLVIARILHGGMIDRQGLLHVGDIIK 176

MPP1 (human) 65 EVRKVRLIQFEKVTEEPMGITLKLNE.KQSCTVARILHGGMIHRQGSLHVGDEIL 118

MPP2 (human) 158 PPDAVRMVGIRKTAGEHLGVTFRVEG..GELVIARILHGGMVAQQGLLHVGDIIK 210

MPP3 (human) 131 DEESVKIVRLVKNK.EPLGATIRRDEHSGAVVVARIMRGGAADRSGLVHVGDELR 184

MPP4 (human) 149 .EEAMRIVCLVKNQ.QPLGATIKRHEMTGDILVARIIHGGLAERSGLLYAGDKLV 201

MPP5 (human) 250 GGETVKIVRIEKARDIPLGATVRNE..MDSVIISRIVKGGAAEKSGLLHEGDEVL 302

MPP7 (human) 134 .EDSVKIIRLVKNR.EPLGATIKKDEQTGAIIVARIMRGGAADRSGLIHVGDELR 186

180. 190. 200. 210. 220.
MPP6 (human) 177 EVNGHEVGNNP.KELQELLKNISGSVTLKILPSYRDTI...TPQQVFVKCHFDYN 227

MPP1 (human) 119 EINGTNVTNHSVDQLQKAMKETKGMISLKVIPNQQSRL...PALQMFMRAQFDYD 170

MPP2 (human) 211 EVNGQPVGSDP.RALQELLRNASGSVILKILPSYQEPH...LPRQVFVKCHFDYD 261

MPP3 (human) 185 EVNGIAVLHKRPDEISQILAQSQGSITLKIIPATQE.EDRLKESKVFMRALFHYN 238

MPP4 (human) 202 EVNGVSVEGLDPEQVIHILAMSRGTIMFKVVPVSDP.PVN.SQQMVYVRAMTEYW 254

MPP5 (human) 303 EINGIEIRGKDVNEVFDLLSDMHGTLTFVLIPSQQIKPPPAKETVIHVKAHFDYD 357

MPP7 (human) 187 EVNGIPVEDKRPEEIIQILAQSQGAITFKIIPGSKE.ETPSKEGKMFIKALFDYN 240

230. 240. 250. 260. 270.
MPP6 (human) 228 PYNDNLIPCKEAGLKFSKGEILQIVNREDPNWWQASHV.KE..GGSAGLIPSQFL 279

MPP1 (human) 171 PKKDNLIPCKEAGLKFATGDIIQIINKDDSNWWQGRVEGSS..KESAGLIPSPEL 223

MPP2 (human) 262 PARDSLIPCKEAGLRFNAGDLLQIVNQDDANWWQACHV..E..GGSAGLIPSQLL 312

MPP3 (human) 239 PREDRAIPCQEAGLPFQRRQVLEVVSQDDPTWWQAKRVGDT..NLRAGLIPSKGF 291

MPP4 (human) 255 PQEDPDIPCMDAGLPFQKGDILQIVDQNDALWWQARKISDP..ATCAGLVPSNHL 307

MPP5 (human) 358 PSDDPYVPCRELGLSFQKGDILHVISQEDPNWWQAYREGDEDNQPLAGLVPGKSF 412

MPP7 (human) 241 PNEDKAIPCKEAGLSFKKGDILQIMSQDDATWWQAKHEADA..NPRAGLIPSKHF 293

280. 290.
MPP6 (human) 280 EEKRKAFVRRDWD...N...................................... 293

MPP1 (human) 224 QEWRVASMA...QSAPS...................................... 237

MPP2 (human) 313 EEKRKAFVKRDLELTPN...................................... 329

MPP3 (human) 292 QERRLSYRRAAGTLPSPQSL......R.....KPPYDQPC.............DK 322

MPP4 (human) 308 LKRKQREFWWSQPYQPHTCLKSTLSISMEEEDDMKIDEKCVEADEETFESEELSE 362

MPP5 (human) 413 QQQREAMKQTIEEDKEP.................E.................... 430

MPP7 (human) 294 QERRLALRRPEILVQPL....................................K. 311

300. 310. 320.
MPP6 (human) 294 ...................SGPF.CGTISSKKKKKMMYLTTRNAEFDRHEIQIYE 328

MPP1 (human) 238 ...................EAPS.CSPFGKKKKYKDKYLAKHSSIFDQLDVVSYE 272

MPP2 (human) 330 ...................SGTL.CGSLSGKKKKRMMYLTTKNAEFDRHELLIYE 364

MPP3 (human) 323 ETCDCEGYLKGHYVAGLRRSFRLGC..RERLGG..S.QEGKMSSGAESPELLTYE 372

MPP4 (human) 363 DKEEFVGYGQKFFIAGFRRSMRLCR..RKSHLSPLHASVCCT.GSCYSAVGAPYE 414

MPP5 (human) 431 ..................KSGKLWCAKKNKKKRKKVLYNANKNDDYDNEEILTYE 467

MPP7 (human) 312 ........VSNRKSSGFRKSFRLSR..KDKKTNKSM.YECKKSDQYDTADVPTYE 355

Appendix B: Sequence alignment of human MPPs – continued from previous
page. Amino acid alignment of human MPP6 (Q9NZW5), MPP1 (Q00013), MPP2
(Q14168), MPP3 (Q13368), MPP4 (Q96JB8), MPP5 (Q8N3R9) and MPP7 (Q5T2T1)
– continued on next page.
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330. 340. 350. 360. 370. 380.
MPP6 (human) 329 EVAKM...PPFQRKTLVLIGAQGVGRRSLKNRFIVLNPTRFGTTVPFTSRKPRED 380

MPP1 (human) 273 EVVRL...PAFKRKTLVLIGASGVGRSHIKNALLSQNPEKFVYPVPYTTRPPRKS 324

MPP2 (human) 365 EVARM...PPFRRKTLVLIGAQGVGRRSLKNKLIMWDPDRYGTTVPYTSRRPKDS 416

MPP3 (human) 373 EVARYQHQPGERPRLVVLIGSLGARLHELKQKVVAENPQHFGVAVPHTTRPRKSH 427

MPP4 (human) 415 EVVRYQRRPSDKYRLIVLMGPSGVGVNELRRQLIEFNPSHFQSAVPHTTRTKKSY 469

MPP5 (human) 468 EMSLY.HQPANRKRPIILIGPQNCGQNELRQRLMNKEKDRFASAVPHTTRSRRDQ 521

MPP7 (human) 356 EVTPYRRQTNEKYRLVVLVGPVGVGLNELKRKLLISDTQHYGVTVPHTTRARRSQ 410

390. 400. 410. 420. 430.
MPP6 (human) 381 EKDGQAYKFVSRSEMEADIKAGKYLEHGEYEGNLYGTKIDSILEVVQTGRTCILD 435

MPP1 (human) 325 EEDGKEYHFISTEEMTRNISANEFLEFGSYQGNMFGTKFETVHQIHKQNKIAILD 379

MPP2 (human) 417 EREGQGYSFVSRGEMEADVRAGRYLEHGEYEGNLYGTRIDSIRGVVAAGKVCVLD 471

MPP3 (human) 428 EKEGVEYHFVSKQAFEADLHHNKFLEHGEYKENLYGTSLEAIQAVMAKNKVCLVD 482

MPP4 (human) 470 EMNGREYHYVSKETFENLIYSHRMLEYGEYKGHLYGTSVDAVQTVLVEGKICVMD 524

MPP5 (human) 522 EVAGRDYHFVSRQAFEADIAAGKFIEHGEFEKNLYGTSIDSVRQVINSGKICLLS 576

MPP7 (human) 411 ESDGVEYIFISKHLFETDVQNNKFIEYGEYKNNYYGTSIDSVRSVLAKNKVCLLD 465

440. 450. 460. 470. 480.
MPP6 (human) 436 VNPQALKVLRTSEFMPYVVFIAAPELETLRAMHKAVV.....DAGITTKLLTDSD 485

MPP1 (human) 380 IEPQTLKIVRTAELSPFIVFIAPTDQGTQT.......................EA 411

MPP2 (human) 472 VNPQAVKVLRTAEFVPYVVFIEAPDFETLRAMNRAAL.....ESGISTKQLTEAD 521

MPP3 (human) 483 VEPEALKQLRTSEFKPYIIFVKPAIQEKRKTP....PMSPA..CEDTAAPFD.EQ 530

MPP4 (human) 525 LEPQDIQGVRTHELKPYVIFIKPSNMRCMKQSRKNAKVITD...YYVDMKFKDED 576

MPP5 (human) 577 LRTQSLKTLRNSDLKPYIIFIAPPSQERLRALLAKE...........GKNPKPEE 620

MPP7 (human) 466 VQPHTVKHLRTLEFKPYVIFIKPPSIERLRETRKNAKIISSRDDQGAAKPFTEED 520

490. 500. 510. 520. 530. 540.
MPP6 (human) 486 LKKTVDESARIQRAYNHYFDLIIINDNLDKAFEKLQTAIEKLRMEPQWVPISWVY 540

MPP1 (human) 412 LQQLQKDSEAIRSQYAHYFDLSLVNNGVDETLKKLQEAFDQACSSPQWVPVSWVY 466

MPP2 (human) 522 LRRTVEESSRIQRGYGHYFDLCLVNSNLERTFRELQTAMEKLRTEPQWVPVSWVY 576

MPP3 (human) 531 QQEMAASAAFIDRHYGHLVDAVLVKEDLQGAYSQLKVVLEKLSKDTHWVPVSWVR 585

MPP4 (human) 577 LQEMENLAQRMETQFGQFFDHVIVNDSLHDACAQLLSAIQKAQEEPQWVPATWIS 631

MPP5 (human) 621 LREIIEKTREMEQNNGHYFDTAIVNSDLDKAYQELLRLINKLDTEPQWVPSTWLR 675

MPP7 (human) 521 FQEMIKSAQIMESQYGHLFDKIIINDDLTVAFNELKTTFDKLETETHWVPVSWLH 575

MPP6 (human) 540 ...... 540

MPP1 (human) 466 ...... 466

MPP2 (human) 576 ...... 576

MPP3 (human) 585 ...... 585

MPP4 (human) 632 SDTESQ 637

MPP5 (human) 675 ...... 675

MPP7 (human) 576 S..... 576

X non-conserved

X similar

X ≥ 50% conserved

X all match

Appendix B: Sequence alignment of human MPPs – continued from previous
page. Amino acid alignment of human MPP6 (Q9NZW5), MPP1 (Q00013), MPP2
(Q14168), MPP3 (Q13368), MPP4 (Q96JB8), MPP5 (Q8N3R9) and MPP7 (Q5T2T1).
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Appendix C

Figure 2.2
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O. Söderberg. In situ detection of phosphorylated platelet-derived growth factor
receptor β using a generalized proximity ligation method. Molecular and Cellular
Proteomics, 6(9):P1500–1509, 2007.

G. Jia, Y. Fu, X. Zhao, Q. Dai, G. Zheng, Y. Yang, C. Yi, T. Lindahl, T. Pan, Y. G.
Yang, and C. He. N6-methyladenosine in nuclear RNA is a major substrate of the
obesity-associated FTO. Nature Chemical Biology, 7(12):885–887, 2011.

M. Jiang, Y. Ma, H. Cheng, X. Ni, L. Guo, Y. Xie, and Y. Mao. Molecular cloning
and characterization of a novel human gene (HSPBAP1) from human fetal brain.
Cytogenetic and Genome Research, 95(1-2):48–51, 2001.

C. Johansson, A. Tumber, K. Che, P. Cain, R. Nowak, C. Gileadi, and U. Oppermann.
The roles of Jumonji-type oxygenases in human disease. Epigenomics, 6(1):89–120,
2014.

M. A. Jones, M. F. Covington, L. DiTacchio, C. Vollmers, S. Panda, and S. L. Harmer.
Jumonji domain protein JMJD5 functions in both the plant and human circadian
systems. Proceedings of the National Academy of Sciences, 107(50):21623–21628,
2010.

W. G. Kaelin. Common pitfalls in preclinical cancer target validation. Nature Reviews
Cancer, 17(7):441–450, 2017.

S. Kakunaga, W. Ikeda, S. Itoh, M. Deguchi-Tawarada, T. Ohtsuka, A. Mizoguchi,
and Y. Takai. Nectin-like molecule-1/TSLL1/SynCAM3: A neural tissue-specific
immunoglobulin-like cell-cell adhesion molecule localizing at non-junctional contact
sites of presynaptic nerve terminals, axons and glia cell processes. Journal of Cell
Science, 118(6):1267–1277, 2005.

E. Kamberov, O. Makarova, M. Roh, A. Liu, D. Karnak, S. Straight, and B. Margolis.
Molecular cloning and characterization of Pals, proteins associated with mLin-7.
Journal of Biological Chemistry, 275(15):11425–11431, 2000.

A. Kamijo, Y. Saitoh, N. Ohno, S. Ohno, and N. Terada. Immunohistochemical study
of the membrane skeletal protein, membrane protein palmitoylated 6 (MPP6), in the
mouse small intestine. Histochemistry and Cell Biology, 145(1):81–92, 2016.

192



Y. Kanke, M. Saito, N. Abe, K. Saito, A. Goto, T. Ohtake, Y. Murakami, and K. Kono.
Expression profile of CADM1 and CADM4 in triple negative breast cancer with
primary systemic therapy. Oncology Letters, 17(1):921–926, 2019.

A. Kantardzhieva, I. Gosens, S. Alexeeva, I. M. Punte, I. Versteeg, E. Krieger, C. A.
Neefjes-Mol, A. I. den Hollander, S. J. Letteboer, J. Klooster, F. P. Cremers,
R. Roepman, and J. Wijnholds. MPP5 recruits MPP4 to the CRB1 complex in
photoreceptors. Investigative Ophthalmology and Visual Science, 46(6):2192–2201,
2005.

M. Kato, Y. Araiso, A. Noma, A. Nagao, T. Suzuki, R. Ishitani, and O. Nureki.
Crystal structure of a novel JmjC-domain-containing protein, TYW5, involved in
tRNA modification. Nucleic Acids Research, 39(4):1576–1585, 2011.

M. J. Katz, J. M. Acevedo, C. Loenarz, D. Galagovsky, P. Liu-Yi, M. Pérez-Pepe,
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K. Saeed, P. Östling, M. Björkman, T. Mirtti, K. Alanen, T. Vesterinen, A. Sankila,
J. Lundin, M. Lundin, A. Rannikko, S. Nordling, J. Mpindi, P. Kohonen, K. Iljin,
O. Kallioniemi, and J. Rantala. Androgen receptor-interacting protein HSPBAP1
facilitates growth of prostate cancer cells in androgen-deficient conditions. Interna-
tional Journal of Cancer, 136(11):2535–2545, 2015.

B. J. Saeedi, D. J. Kao, D. A. Kitzenberg, E. Dobrinskikh, K. D. Schwisow, J. C.
Masterson, A. A. Kendrick, C. J. Kelly, A. J. Bayless, D. J. Kominsky, E. L. Camp-
bell, K. A. Kuhn, G. T. Furuta, S. P. Colgan, and L. E. Glover. HIF-dependent
regulation of claudin-1 is central to intestinal epithelial tight junction regulation.
Molecular Biology of the Cell, 26(12):2252–2262, 2015.

M. Saito, A. Goto, N. Abe, K. Saito, D. Maeda, T. Ohtake, Y. Murakami, and
S. Takenoshita. Decreased expression of CADM1 and CADM4 are associated with
advanced stage breast cancer. Oncology Letters, 15(2):2401–2406, 2018.

Y. Sambuy, I. De Angelis, G. Ranaldi, M. L. Scarino, A. Stammati, and F. Zucco. The
Caco-2 cell line as a model of the intestinal barrier: influence of cell and culture-
related factors on Caco-2 cell functional characteristics. Cell Biology and Toxicology,
21(1):1–26, 2005.
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