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Abstract

The endoplasmic reticulum (ER) and mitochondria are connected at specialised contact sites. At these
contact sites tethering proteins such as VAPB on the ER membrane and PTPIP51 on the outer
mitochondrial membrane maintain the apposition of the organelles. Reduced ER-mitochondria
coupling has been reported in models of amyotrophic lateral sclerosis (ALS), a progressive
neurodegenerative disease. Since ER-mitochondria tethering mediates several processes that are
dysregulated in ALS including autophagy, calcium homeostasis, and synaptic function, loss of contacts

may be an early, upstream event in ALS aetiology.

Heterozygous loss-of-function mutations in NEK1 are a cause of familial and sporadic ALS. NEK1 is
involved in DNA damage repair pathways, but how loss of NEK1 causes ALS remains unclear. It has
been reported that in response to DNA damage NEK1 is recruited to mitochondria where it regulates
the protein VDACL1 to prevent cell death. Additionally, NEK1 may interact with the tethering protein

VAPB, suggesting a direct link between ER-mitochondria contacts and DNA damage repair.

In this study, NEK1 was found to interact with the VAPB/PTPIP51 tether by direct binding to PTPIP51.
In response to activation by DNA damage VAPB/PTPIP51 interaction significantly increased, which is
NEK1-dependent. This suggests NEK1 may mediate ER-mitochondria contacts in response to DNA
damage. Conversely, loss of NEK1 caused a significant reduction in VAPB/PTPIP51 interactions.
Consistent with the loosening of ER-mitochondria contacts, reduced VAPB/PTPIP51 interactions
correlated with dysregulation of calcium signalling between the ER and mitochondria. Both
VAPB/PTPIP51 tethering, and calcium handling defects were rescued by reintroducing NEK1 protein,

confirming specificity.

We have identified a novel signalling complex involving NEK1 and the VAPB/PTPIP51 tether that
regulates ER-mitochondria interactions. This complex may provide a direct link between defective
DNA damage repair and ER-mitochondria contacts in ALS and suggests a new axis for therapeutic

intervention of ALS.
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Chapter 1 Introduction

1.1 Amyotrophic lateral sclerosis

1.1.1 Clinical features of ALS

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterised by the selective
and progressive degeneration of both the upper and lower motor neurons, with onset of disease
typically occurring between the 40 — 63 years of age (Logroscino et al., 2010). This most commonly
leads to heterogeneous clinical presentations and death within 3 — 5 years of disease onset, due to

paralysis of respiratory muscles (Chio et al., 2009; Niedermeyer et al., 2019; Traxinger et al., 2013).

Onset of ALS presents with unilateral muscle weakness, cramping and atrophy in the distal upper or
lower limb muscles, such as dropping of one foot or weakness and muscle wasting of one hand
(Verma, 2021). As the disease progresses, this spreads along the affected limb and across to the
opposite side of the body, reaching the trunk, chest, and head. In roughly 30% of cases, the disease
first begins in the lower brainstem, known as bulbar onset, presenting with difficulties speaking and
swallowing due to atrophy of the tongue (Green et al., 2013). Bulbar onset has been associated with

faster disease progression (Chio et al., 2009).

In addition to motor symptoms, up to 50% of ALS patients present with signs of mild cognitive
impairment, with approximately 15% reaching the threshold for diagnosis of frontotemporal dementia
(FTD) (Lomen-Hoerth et al., 2002; Lomen-Hoerth et al., 2003; Portet et al., 2001; Ringholz et al., 2005;
Strong et al., 1999). FTD is the second most common form of early-onset dementia, which is
characterised by degeneration of the frontal and temporal lobes (Bang et al., 2015). FTD and ALS are
considered to be on a clinical, genetic, and pathophysiological spectrum, with approximately 10—-15 %

of FTD patients also developing ALS (Neary et al., 2000; Parobkova and Matej, 2021).

There is currently no cure for ALS. To date there is only one drug approved for use within the EU and
UK, Riluzole. Riluzole was approved for use as a treatment for ALS in 1996, however it only slows the
progression of disease and is not a cure (Lacomblez et al., 1996). Since the approval of Riluzole only
two more drugs have been approved for treatment within the United States; Edaravone in 2017 (Takei
et al., 2017) and Qalsody (Toferson) in 2023 (Blair, 2023). Treatment with Toferson is only available
for patients with SOD1-ALS. However, similarly to Riluzole these drugs only delay disease progression

and do not repair neurodegeneration.

Currently, development of an effective cure is limited by the lack of understanding of the cellular
mechanisms leading to disease manifestation. Thus, by elucidating the pathological mechanisms

leading to development of ALS, we may discover new targets for therapeutic intervention.



1.1.2 Neuropathological features of ALS

ALS is characterised by the degeneration of motor neurons in the anterior horn of the spinal cord,
lower cranial motor nuclei of the brainstem and Betz cells in the motor cortex (Hammer et al., 1979;
Nihei et al., 1993). In addition to motor neuron degeneration, intracellular protein aggregates are a
hallmark neuropathology observed in the disease, including ubiquitin-positive inclusions,
neurofilament accumulations and Bunina bodies (Julien et al., 1995; Mackenzie et al., 2007; Okamoto

et al., 1993).

Ubiquitin-positive inclusions are found in patients and can be formed as skein-like filamentous
inclusions or Lewy body-like hyaline inclusions (Hasegawa et al., 2008; Lin and Dickson, 2008). Both
are typically positive for the ubiquitin binding protein p62/Sequestosome-1 (Gal et al., 2007). In
approximately 97% of cases these inclusions are positive for misfolded wild type TAR DNA-binding
protein 43 (TDP-43), except for cases harbouring SOD1 and FUS mutations (Arai et al., 2006; Mackenzie
et al., 2007; Tan et al., 2007). Along with TDP-43, several of the proteins encoded by genes mutated
in ALS are components of these ubiquitinated inclusions, such as superoxide dismutase 1 (SOD1)
(Bosco et al., 2010; Cheroni et al., 2005), fused in sarcoma (FUS) (Vance et al., 2009), optineurin (OPTN)
(Hortobagyi et al., 2011), and ubiquilin-2 (UBQLN2) (Williams et al., 2012).

Hyperphosphorylated neurofilament accumulations have been reported in the axonal hillock of motor
neurons in both human postmortem tissue and mouse models of ALS (Julien et al., 1995; Rouleau et
al., 1996). These accumulations form pre-symptomatically in the soma and proximal axonal regions in
a SOD1%%* mouse model and cause impaired axonal integrity in stem cell-derived motor neuron
models of SOD1 and C9orf72 related ALS (Lefebvre-Omar et al., 2023; Rouleau et al., 1996). Currently,
the levels of neurofilament light chain and phosphorylated neurofilament heavy chain are being
considered as promising biomarkers for diagnosis and prognosis of ALS (Behzadi et al., 2021; Verde et

al., 2019).

Bunina bodies are small (1 — 5 um) intra-neuronal inclusions observed in surviving lower motor
neurons in patient postmortem tissue of sporadic ALS cases (Okamoto et al., 1993). They are observed
in approximately 85% of ALS patients, including sporadic ALS (sALS) and TDP-43 related familial ALS
(fALS), and are suggested to be ALS-specific (Mori et al., 2019; Piao et al., 2003). Postmortem brain
and spinal tissue of two fALS SOD1-ALS cases did not exhibit Bunina bodies, suggesting Bunina body
formation is not a pathological feature of SOD1-ALS, although more research is needed to confirm this
result (Tan et al., 2007). Bunina bodies are composed of cystatin C and transferrin proteins, although
whether other proteins may contribute to formation of these inclusions has not been intensively

studied (Mizuno et al., 2006; Okamoto et al., 1993). The mechanisms by which Bunina bodies



contribute to ALS development is currently unclear. However, they have been shown to be related to
TDP-43-positive inclusions, with Bunina bodies occurring more commonly in motor neurons with TDP-
43 mislocalisation and inclusions (Mori et al., 2014; Mori et al., 2010). Both protein inclusions were
found to contain autophagosomes and lysosomes, suggesting they may act through disruption of
autophagic pathways (Mori et al., 2019). Together, the presence of characteristic protein aggregations
in ALS suggests imbalance and dysfunction of protein homeostasis, which may be a pathological

mechanism of the disease.

1.1.3 Genetics of ALS

Approximately 10% of patients with ALS have a family history of the disease, known as familial ALS
(fALS), whilst the remaining patients are considered sporadic ALS (sALS) (Barberio et al., 2023). Whilst
SALS cases have no hereditary link to the disease, both sALS and fALS are connected by the prevalence
of genetic mutations that increase the risk of developing ALS, with approximately 76% of fALS and 25%
of sALS patients harbouring an ALS-linked genetic mutation (Renton et al., 2014; Shepheard et al.,
2021). Currently, mutations in over 40 genes have been identified as genetic mutations that cause or
increase the risk of developing ALS (Abel et al., 2012), which is summarised in Table 1-1. The proteins
encoded by these genes are involved in multiple cellular processes that are disrupted in ALS, such as
protein homeostasis, deoxyribonucleic acid (DNA) damage repair, mitochondrial function and axonal

transport, suggesting that ALS is a multifaceted disease.

Interestingly, evidence suggests that approximately 3 — 6% of cases harbour more than one ALS-linked
genetic mutation, and that this is linked to an earlier onset of and faster progression of disease,
suggesting ALS may be an oligogenic disease (Cady et al., 2015; lacoangeli et al., 2024; Van Daele et
al., 2023). Whilst there is convergence of genetic mutations related to processes dysregulated in ALS,
how disruption of these processes leads to disease manifestation, or which processes are upstream in
disease aetiology, is not yet understood. Genetic mutations in the four most common ALS-associated
genes C9orf72, SOD1, TARDBP and FUS are found to cause ALS in 60% of fALS and 11% of sALS cases
(Ak¢imen et al., 2023). Loss-of-function (LOF) and missense mutations in the NEK1 gene are linked to
development of sporadic and familial ALS (Brenner et al., 2016; Kenna et al., 2016). Non-synonymous
mutations in the C21orf2 gene confer susceptibility to developing ALS (van Rheenen et al., 2016). As
this project focusses on investigating a novel role for NEK1 and C21orf2 in ALS neuropathology,

evidence of their contribution to ALS is described in detail in section 1.3.3.

A hexanucleotide (GGGGCC) repeat expansion in the C9orf72 gene is the most common genetic cause
of both ALS and FTD, accounting for 40% of fALS and 7% of sALS cases (Majounie et al., 2012).
Currently, there are three proposed mechanisms of C90orf72 pathology in ALS. Firstly, the formation

of sense and antisense ribonucleic acid (RNA) foci cause disruption of RNA metabolism by sequestering



RNA binding proteins in the nucleus (Lee et al., 2013; Xu et al., 2013). The second theory suggests a
loss of function mechanism due to C9orf72 haploinsufficiency, leading to impairment of processes that
the C90rf72 protein regulates, such as autophagy and the immune response (O'Rourke et al., 2016;
Shi et al., 2018; Webster et al., 2016). The final mechanism is a toxic gain of function due to the non-
canonical non-AUG-initiated translation of toxic dipeptide repeat proteins (DPRs) (Mackenzie et al.,
2015; Schludi et al., 2015). Translation in all six reading frames in either the sense or antisense
direction leads to the expression of five distinct dipeptide repeat species: glycine—alanine (GA),
glycine—arginine (GR), proline—alanine (PA), proline—arginine (PR) and glycine—proline (GP). Studies
suggest that GA, GP, and GR positive inclusions are the most prevalent, although the expression and
aggregation patterns for each species varies (Ash et al., 2013; Mackenzie et al., 2015; Schludi et al.,
2015). Whilst these protein inclusions are negative for TDP-43, like other ALS-related protein
inclusions they are positive for p62 and ubiquitin, suggesting these inclusions may contribute to
impaired autophagy and protein homeostasis in ALS (Troakes et al., 2012). DPRs have been shown to
impede RNA biogenesis, promote the formation of pathogenic stress granules, and impede axonal
transport (Fumagalli et al., 2021; Kwon et al., 2014; Tao et al., 2015). It is currently not clear which of
these mechanisms lead to development of ALS. Although considering that neither the C9orf72 RNA
foci, DPRs or loss of C9orf72 protein alone lead to an ALS phenotype in mice, a combination of all three

mechanism may be involved in disease manifestation (Sudria-Lopez et al., 2016).

Mutations in the SOD1 gene were the first to be identified as ALS-causative and are known to account
for 12% of fALS and 2% of sALS cases (Rosen et al., 1993). The pathological mechanism underlying
SOD1-ALS is suggested to be due to a toxic gain of function, whereby mutant SOD1 protein misfolds
to form pathological aggregates (Wang et al., 2008). These aggregates have been suggested to disrupt
multiple mechanisms implicated in ALS pathology, such as excitotoxicity, oxidative stress, and
mitochondrial dysfunction (Wang et al., 2024a). In line with this theory of toxic protein aggregation,
wild type misfolded SOD1 protein was suggested to be pathogenic in sALS, although whether the

disease mechanisms of wild type and mutant SOD1 are the same, is not yet clear (Bosco et al., 2010).



Table 1-1 Summary of causative and risk ALS-associated genes.

Adapted from (Mead et al., 2023).

Gene . Risk/ .
?
symbol Protein name causative? ALS/FTD? Suggested pathophysiology References
ANXA11 Annexin Al1 Causative ALS-FTD Intracellular trafficking, calcium (Smith et al., 2017; Sung et al., 2022;
dyshomeostasis, and stress granule function Wang et al., 2022)
ATXN1 Ataxin-1 Risk ALS RNA processing (Conforti et al., 2012; Tazelaar et al.,
2020)
ATXN2 Ataxin-2 Risk ALS RNA processing (Daoud et al., 2011; Elden et al., 2010)
C9orf72 Guanine nucleotide Causative ALS-FTD RNA processing, nucleocytoplasmic transport  (Delesus-Hernandez et al., 2011;
exchange factor C9orf72 defects, proteasome impairment, autophagy, Renton et al., 2011; Troakes et al.,
inflammation, and protein aggregation (DPRs) 2012; Xu et al., 2013)
CCNF Cyclin-F Causative ALS-FTD Autophagy, axonal defects, and protein (Farrawell et al., 2023; Williams et al.,
aggregation 2016)
C21orf2 Cilia- and flagella- Risk ALS Microtubule assembly, DNA damage response  (Gregorczyk et al., 2023; van Rheenen
(CFAP410) associated protein 410 and repair, neurite outgrowth, and interacts etal., 2016; Watanabe et al., 2020)
with NEK1
CHCHD10 Coiled-coil-helix-coiled-  Causative ALS-FTD Mitochondrial function and synaptic (Bannwarth et al., 2014; Johnson et
coil-helix domain- dysfunction al., 2014; Woo et al., 2017)
containing protein 10
FUS Fused in sarcoma Causative ALS-FTD RNA processing, DNA damage repair defects, (Kwiatkowski et al., 2009; Vance et al.,
nucleocytoplasmic transport defects, stress 2009)
granule function, and protein aggregation
HNRNPA1 Heterogenous nuclear Causative ALS RNA processing (Kim et al., 2013; Liu et al., 2016)

ribonucleoprotein Al



Gene Risk/
. N .
symbol Protein name causative? ALS/FTD? Suggested pathophysiology References
KIF5A Kinesin-1 heavy chain Causative ALS Axonal defects and intracellular trafficking (Baron et al., 2022; Nicolas et al.,
isoform 5A 2018)
NEK1 Serine/threonine- Causative ALS Intracellular trafficking, DNA-damage (Brenner et al., 2016; Higelin et al.,
protein kinase NEK1 response, and microtubule stability 2018; Kenna et al., 2016; Mann et al.,
2023)
NIPA1 NIPA magnesium Risk ALS Intracellular trafficking (Blauw et al., 2012; Van Daele et al.,
transporter 1 2023)
OPTN Optineurin Causative ALS-FTD Autophagy, protein aggregation, (Maruyama et al., 2010; Mou et al.,
inflammation, membrane trafficking, 2022; Zhao et al., 2023)
exocytosis, vesicle transport, reorganization of
actin and microtubules, and cell cycle control
PFN1 Profilin-1 Causative ALS-FTD Axonal defects and cytoskeletal (Wu etal., 2012)
disorganisation
SOoD1 Superoxide dismutase 1  Causative ALS Oxidative stress, protein aggregation, (Bunton-Stasyshyn et al., 2015;
mitochondrial dysfunction, axonal transport Cheroni et al., 2005; Rosen et al.,
defects, proteasome impairment, and glial 1993; Rouleau et al., 1996; Urushitani
dysfunction etal., 2002)
TARDBP TAR DNA-binding Causative ALS-FTD RNA processing, nucleocytoplasmic transport  (Arai et al., 2006; Hasegawa et al.,
protein 43 (TDP-43) defects, stress granule function, DNA damage  2008; Rutherford et al., 2008;
accumulation and protein aggregation Sreedharan et al., 2008; White et al.,
2018)
TBK1 Serine/threonine- Causative ALS-FTD Autophagy, mitophagy, inflammation, and (Freischmidt et al., 2015; Harding et

protein kinase TBK1

mitochondrial dysfunction

al., 2021; Oakes et al., 2017)




Gene Risk/

. N .

symbol Protein name causative? ALS/FTD? Suggested pathophysiology References

TUBA4A a-Tubulin 4A isoform Risk ALS Axonal defects and cytoskeletal (Perrone et al., 2017; Smith et al.,
disorganisation 2014)

UBQLN2 Ubiquilin-2 Causative ALS-FTD Proteasome impairment, autophagy, protein (Chang and Monteiro, 2015; Deng et
aggregation, oxidative stress, and axonal al., 2011; Williams et al., 2012)
defects

UNC13A Unc-13 homolog A Risk ALS-FTD Impaired neurotransmission (van Es et al., 2009; van Rheenen et

al., 2021; Willemse et al., 2023)
VAPB Vesicle-associated Causative ALS Proteasome impairment and intracellular (Aliaga et al., 2013; Chen et al., 2010a;
membrane protein- trafficking Nishimura et al., 2005; Nishimura et
associated protein B al., 2004; Tripathi et al., 2021)
vcep Transitional Causative ALS-FTD Autophagy, proteasome impairment, stress (Johnson et al., 2010; Scarian et al.,

endoplasmic reticulum
ATPase

granules, protein aggregation, mitochondrial
dysfunction, and endoplasmic reticulum
dysfunction

2022; Tang and Xia, 2016)




Mutations in the gene TARDBP account for 4% of fALS and 1% of sALS cases (Renton et al., 2014). The
toxic formation of TDP-43 positive inclusions in motor neurons are found in 97% of all ALS cases
(Mackenzie et al., 2007), which is described in more detail in section 1.1.2. The nuclear depletion of
TDP-43 and the formation of pathological inclusions are suggested to contribute to ALS by disrupting
RNA processing (Suk and Rousseaux, 2020). Mutations in the FUS gene are also suggested to disrupt
RNA processing due to the nuclear mis-localisation and pathogenic inclusion formation, similar to
mutations in TARDBP (Kwiatkowski et al., 2009; Vance et al., 2009). These FUS mutations account for
4% of fALS and 1% of sALS cases and have been associated with an earlier age of disease onset (Hiibers

et al., 2015; Renton et al., 2014; Suzuki et al., 2010).

Missense mutations in the gene VAPB have been identified in both fALS and sALS patients (Nishimura
et al., 2004). The VAPB™% mutation is associated with the autosomal dominant inherited atypical form
of ALS known as ALS8, which is characterised by selective degeneration of the lower motor neurons
and slower disease progression (Nishimura et al., 2005). A similar phenotype to ALS8 is also presented
by patients with the VAPB™®" mutation (Sun et al., 2017). Other VAPB missense mutations (V234l,
T461 and A145V) have been reported in ALS patients (Chen et al., 2010a; Kabashi et al., 2013; van
Blitterswijk et al., 2012). Although, the potential pathological mechanisms of these mutations have
not been investigated. Wild type vesicle-associated membrane protein-associated protein B (VAPB) is
essential for regulation of endoplasmic reticulum (ER)-mitochondria apposition and the unfolded
protein response (UPR) in response to ER stress (De Vos et al., 2012; Kabashi et al., 2013). In addition
to VAPBP>%, the VAPB™® mutation causes an ALS8 phenotype (Chen et al., 2010a). Mutant VAPB™®
and VAPB™® proteins are prone to aggregation and form into intracellular inclusions in cell and mouse
models of ALS (Nishimura et al., 2004; Papiani et al., 2012; Tudor et al., 2010). However, VAPB™® js
readily degraded by the proteosome in vitro, suggesting there may be a loss of function effect, due to
haploinsufficiency (Mitne-Neto et al., 2011; Papiani et al., 2012). In agreement with this theory, it has
been shown that VAPB expression levels are reduced in the spinal cord of sALS cases and individuals
with ALS associated with the VAPBP*** mutation (Anagnostou et al., 2010; Hartopp et al., 2022; Mitne-
Neto et al., 2011). In support of a wider role for VAPB in ALS, recent evidence proposes disruption of
ER-mitochondria contact sites (MAM) where VAPB localises, as a common pathomechanism in ALS
(Hartopp et al., 2022; Lee et al., 2024). As this project focuses on elucidating mechanisms of
VAPB/PTPIP51 ER-mitochondria tethering regulation by NEK1, evidence of MAM disruption in ALS is

described in detail in section 1.2.4.



1.1.4 Mechanisms of disease

ALS presents with heterogenous clinical manifestations, suggesting that multiple pathological
mechanisms may contribute to the disease (Beghi et al., 2007). Proteins encoded by ALS-associated
genes are linked to several cellular processes that are thought to be disrupted in ALS, such as DNA
damage repair, mitochondrial function, and axonal transport (Mead et al., 2023). Several proteins such
as TDP-43 are involved in several disrupted process involved in ALS pathology, including aberrant RNA
metabolism, oxidative stress, and mitochondria dysfunction, which suggests that ALS is a multifaceted
disease (Nilaver and Urbanski, 2023). The most commonly reported pathological mechanisms are

described below and summarised in Figure 1-1.

1.1.4.1 Aberrant RNA processing

Following the discovery of TARDBP and FUS as ALS-causative genes, mRNA transcription, transport,
localisation, and alternative splicing, have been implicated as dysfunctional in ALS (Butti and Patten,
2018). The ALS-associated RNA-binding proteins TDP-43 and FUS are involved in sequestration of
mRNA for translation regulation (Bhardwaj et al., 2013; Masuda et al., 2015). Both TDP-43 and FUS
are mislocalised from the nucleus to cytosol in ALS, leading to improper chromatin remodelling
(Tibshirani et al., 2017), microRNA (miRNA) biogenesis (Emde et al., 2015) and inclusion of cryptic
exons (Gittings et al., 2023). Recent evidence has implicated stress granules, which control RNA
translation during stress conditions, as a pathological feature of ALS that promotes protein
aggregation (Sama et al., 2013). Many proteins implicated in ALS are involved in the physiological
assembly of stress granules in normal conditions, such as FUS (Sama et al., 2013), TDP-43 (Khalfallah
et al., 2018) and heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) (Gui et al., 2019). Aberrant
stress granule formation is prominent in multiple cell models of ALS, including UBQLN2 (Peng et al.,
2022), ATXN2 (Zeballos et al., 2023) and C9orf72-related ALS (Zhang et al., 2018b), further implicating

aberrant RNA translation as a contributor to protein dyshomeostasis in ALS.
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Figure 1-1 Summary of pathophysiological mechanisms in ALS.

Modified from (Hardiman et al., 2017). Genetic mutations in over 40 genes have been associated with
ALS. The proteins encoded by ALS-associated genes are involved in multiple cellular processes
disrupted in the disease. This figure depicts the best characterised pathological mechanisms that
contribute to ALS, and the genetic mutations involved in each process, which is discussed in detail in

section 1.1.4.
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1.1.4.2 Dysregulated proteostasis

The prevalence of pathological protein aggregates suggests that there is dysregulation of protein
clearance in ALS. Protein degradation is controlled by two main pathways: the ubiquitin-proteasome
system (UPS) and the autophagy-lysosome system. There is evidence to suggests that both clearance
pathways are disrupted in ALS (Chua et al., 2022; Quinet et al., 2020), which is discussed in more detail

below.

1.1.4.2.1 Ubiquitin-proteasome system (UPS)

The UPS typically degrades short-lived and misfolded proteins by ubiquitinating and delivering them
to the proteasome for degradation (Gong et al., 2016), summarised in Figure 1-2. Dysfunction of the
UPS has been shown to lead to protein accumulation and dysregulation of apoptosis (Bennett et al.,
2005; Li et al., 2022; Melino, 2005). Inhibition of the proteome in healthy motor neurons leads to ALS-
like pathologies such as TDP-43 aggregation, suggesting it may be a contributing mechanism in the
disease (van Eersel et al., 2011). ALS mutant SOD1 protein interacts with regulatory subunits of the
proteasome, which may lead to proteasomal inhibition seen in various ALS models (Cheroni et al.,
2005; Urushitani et al., 2002). Reduced expression of UPS components in the spinal cords of SOD16%3A
transgenic mice and poly-ubiquitination and clearance of mutant SOD1 by the proteasome have also
been observed (Basso et al., 2009; Marino et al., 2015). ALS-associated mutations in UBQLN2,
encoding the ubiquilin-2 protein, result in ubiquitinated protein aggregates (Deng et al., 2011). These
mutant proteins fail to bind properly to the proteasome, impairing substrate delivery and increasing
sensitivity to protein stress (Chang and Monteiro, 2015). Mutant VAPB protein, associated with ER
stress and defective UPR, may also impair the UPS. The mutant VAPB™® protein forms cytoplasmic
aggregates and promotes the accumulation of ubiquitinated aggregates and other proteasomal
substrates (Chen et al., 2010a). Wild type and mutant VAPB interact with the 20S subunit of the
proteasome, which accumulates in aggregates (Moumen et al., 2011). Together, this implicates
defective UPS as a pathomechanism contributing to reduced protein clearance and subsequent

pathogenic aggregations in ALS.
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Figure 1-2 The ubiquitin-proteasome system (UPS).

The UPS targets proteins for degradation by the proteosome via ubiquitination.

1) To adhere ubiquitin to the target protein, there is a three-step enzymatic pathway. The E1 ubiquitin
activating enzyme binds ATP and ubiquitin at the E1 cystine active site. The activated ubiquitin is then
passed to the conjugation enzyme E2, which conjugates the ubiquitin to the E3 ligase. The E3 ligase
binds to the target protein and transfers the ubiquitin, which determines the specificity of the target
protein for degradation. This cycle is repeated to poly-ubiquitinate the protein.

2) The poly-ubiquitin chain is recognised by the proteasome 19S regulatory cap. This triggers protein
unfolding and passage into the 20S core where proteases degrade the protein into peptides.
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1.1.4.2.2 Autophagy

Macro-autophagy (known commonly as autophagy) selectively degrades bulk protein aggregates and
damaged organelles, which is crucial for neuronal health (Ramesh and Pandey, 2017). Autophagy is
characterised by four key stages (initiation, formation, closure, and lysosome fusion), each of which
has been implicated as defective in ALS (Parzych and Klionsky, 2014) (summarised in Figure 1-3). The
initiation of autophagy occurs at the endoplasmic reticulum membrane by the ULK1 complex,
consisting of the unc-51 like autophagy activating kinase 1 (ULK1), the scaffolding protein FIP200 and
the autophagy related proteins 13 and 101 (ATG13) and (ATG101) (Ganley et al., 2009). In response
to starvation, this complex is activated by disinhibition by the mechanistic target of rapamycin
complex 1 (mTORC1) (Hosokawa et al., 2009; Jung et al., 2009). Activation is also promoted by the
dual action of the 5’ adenosine monophosphate-activated protein kinase (AMPK), which recruits
autophagy-related protein 9 (ATG9) to the ULK1 complex by phosphorylation of ULK1 and inhibition
of mTORC1 (Kim et al., 2011; Park et al., 2016). Alternatively, initiation of autophagy can be driven by
selective autophagy cargos. For example, p62 targets ubiquitinated proteins and interacts with FIP200
(Turco et al., 2019), whilst OPTN targets ubiquitinated mitochondria and binds to ATGY vesicles
(Yamano et al., 2020). In either case, recruitment of ATG9 vesicles to the ULK1 complex is thought to

be the key step for initiation of membrane formation (Sawa-Makarska et al., 2020).

Upon activation at the ER membrane, the ULK1 complex recruits the class Il phosphatidylinositol 3-
kinase complex | (PI3KC3—C1), consisting of Beclin1, vacuolar protein sorting-associated proteins (VPS)
VPS15, VPS34, autophagy-related protein 14 (ATG14) and nuclear receptor-binding factor 2 (NRBF2),
by phosphorylation of Beclinl (Burman and Ktistakis, 2010; Russell et al., 2013). The PI3KC3-C1
complex binds to the membrane via ATG14, Beclinl and VPS34, where activated VPS34 generates the
effector phosphatidylinositol 3-phosphate (PIsP) (Russell et al., 2013). PIsP recruits effector proteins
WD repeat domain phosphoinositide-interacting proteins -2 and -4 (WIPI2/WIP14) to the phagophore
membrane (Dooley et al., 2014). WIPI4 recruits autophagy-related protein 2 (ATG2), which promotes
the transfer of phospholipids from the ER, with assistance from ATG9, vacuole membrane protein 1
(VMP1) and transmembrane protein 41B (TMEMA41B), leading to expansion of the phagophore
membrane (Ghanbarpour et al., 2021; Maeda et al., 2019; Osawa et al., 2019; Ren et al., 2020). WIPI2
recruits the autophagy-related protein complex ATG12-ATG5-ATG16 to promote lipidation and
insertion of microtubule-associated protein 1A/1B light chain 3B (MAP1LC3/LC3) into the phagophore

membrane, which further recruits ATG2 to promote elongation (Bozic et al., 2020; Dooley et al., 2014).
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Figure 1-3 The macroautophagy pathway is disrupted in ALS.

The autophagy pathway selectively degrades proteins to maintain proteostasis. Multiple proteins
encoded by ALS-associated genes are involved in autophagy, which are highlighted in red and denoted
by a lightning bolt.

A) In response to starvation the ULK1 complex (ULK1, ATG13, ATG101 and FIP200) recruits ATG9
vesicles to the ER membrane by interaction with ATG101. Alternatively, initiation can be cargo-driven
by adaptors such as p62 which promotes ULK1 complex assembly via interaction with FIP200, whilst
mitophagy-related OPTN recruits ATG9 vesicles.

B) To form the phagosome, the ULK1 complex recruits the class Il phosphatidylinositol 3—kinase
complex | (PI3KC3—C1). This produces PI3P, which recruits its effector proteins WIPI2 and WIP14. WIPI2
recruits the ATG12-ATG5-ATG16 complex to promote LC3 lipidation and insertion into the
phagophore membrane. WIPI4 directs ATG2 to the phagophore membrane, to transfer phospholipids
from the ER with ATG9, VMP1 and TMEM41B.

C) Autophagosomes are closed by the ESCRT complex.

D) Lysosomes are fused by tethering to autophagosomes by PLEKHM1, EPG5. Fusion is initiated by
two SNARE complexes, STX17-SNAP29-VAMP7/8 and YKT6—SNAP29-STX7.
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Closure of the autophagosome is mediated by the endosomal sorting complex required for transport
(ESCRT), although this is not well characterised in mammals (Zhen et al., 2020; Zhou et al., 2019). After
closure, pleckstrin homology domain-containing family M member 1 (PLEKHM1), ectopic P granules
protein 5 homolog (EPG5) and Ras-related protein 7 (Rab7) tether autophagosomes to lysosomes
(McEwan et al., 2015; Wang et al., 2016b). The two souble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complexes, STX17-SNAP29-VAMP7/8 and YKT6—SNAP29-STX7,
trigger fusion of the autophagolysosomes (Bas et al., 2018; Itakura et al., 2012). This leads to
degradation of their contents by acidic hydrolases, releasing the components back into the cytosol for

recycling (Zhao and Zhang, 2019).

The C9orf72 protein is involved in the initiation of autophagy by aiding ULK1 translocation to the
phagophore, and ALS-associated haploinsufficiency is thought to impair this process (Webster et al.,
2016). Ubiquilin-2 co-localises with optineurin, p62 and ULK1 to promote induction of autophagy,
however ALS-mutant ubiquilin-2 no longer colocalises, suggesting a loss of function mechanism (Osaka
et al., 2015). Mutations in OPTN and SQSTM1 (p62) are suggested to impair substrate delivery to the
autophagosome (Rea et al., 2014; Wong and Holzbaur, 2014). The OPTN®78 mutation prevents
binding to ubiquitin on the cargo, whilst SQSTM14Y mutation disrupts interaction with lipidated LC3-
Il on the phagosome (Goode et al., 2016; Maruyama et al., 2010). Both p62 and OPTN are partially
regulated by TANK-binding kinase 1 (TBK1) phosphorylation, which promotes their interaction with
LC3-1l (Matsumoto et al., 2015; Richter et al., 2016). TBK1 loss of function mutations cause ALS, further
implicating dysregulation of autophagy as a pathogenic mechanism (Freischmidt et al., 2015). Valosin-
containing protein (VCP) is involved in proteasome-mediated protein degradation and affects
autophagosome maturation (Ju et al., 2009; Meyer and Weihl, 2014; Tresse et al., 2010). ALS-linked
mutations in VCP reduce its activity and thus decrease autophagosome maturation, further implicating
autophagy defects in ALS pathology (Tang and Xia, 2016). Finally, the C90rf72 protein is recruited to
lysosomes upon induction of starvation-induced autophagy (Amick et al., 2020). In line with lysosomal
dysfunction, it is well established that functional knock out of C9orf72 causes accumulation of
enlarged lysosomes in mice (O'Rourke et al., 2016; Shao et al., 2020). This further implicates defective

autophagy as a pathomechanism in ALS, due to lysosomal dysfunction.
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1.1.4.3 Excitotoxicity

Secretion of glutamate by presynaptic terminals is the principal excitatory neurotransmission
mechanism of the central nervous system (CNS) (Zhou and Danbolt, 2014). This elicits action potentials
in postsynaptic neurons through the activation of N-methyl-D-aspartate (NMDA) and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, leading to the influx of sodium (Na?*)
and calcium (Ca%) ions and subsequent depolarisation of the neuron (Zhou and Danbolt, 2014).
Neurotransmission is tightly regulated by both glutamatergic excitation and conversely by inhibition
by the main inhibitory neurotransmitter y-aminobutyric acid (GABA). GABA binds to two main
postsynaptic receptors (GABA-A and GABA-B), to modulate chloride (CI") and potassium (K*) ion
conductance respectively (Bowery et al., 2002). This leads to hyperpolarisation and inhibition of action
potential transmission. Imbalance of excitatory and inhibitory neurotransmission can lead to
persistent Ca®* influx into the postsynaptic neuron which can induce neuronal death (termed

excitotoxicity) (Shaw and Ince, 1997).

There is increasing evidence that excitotoxity is involved in ALS development. Diminished GABA levels
and depletion of GABAergic interneurons is reported in the cortex and spinal cord of ALS patients,
leading to disinhibition of the motor neurons (Foerster et al., 2012). Moreover, cell models of ALS and
SOD1%%% transgenic mice exhibit reduced expression of excitatory amino acid transporter 2 (EAAT2)
in astrocytes (Fray et al., 1998; Howland et al., 2002; Rothstein et al., 1995). This results in reduced
clearance of glutamate from synaptic clefts and thus increases vulnerability to restimulation (Boston-
Howes et al., 2006). Overactivation of excitatory receptors leads to prolonged and increased influx of
Na?* and Ca?, activating Ca®** dependent enzymatic pathways and generating free radicals, which

promote neurodegeneration (Carriedo et al., 1998; Van Den Bosch et al., 2006).

Finally, the drug Riluzole has been shown to extend survival in ALS patients by inhibiting glutamate
release from presynaptic terminals and enhancing the function of postsynaptic GABA-A receptors
(Vucic et al., 2013). This suggests Riluzole acts by modulating the GABAergic system and reducing

cortical hyperexcitability, although its effectiveness diminishes in later stages of ALS.

1.1.4.4 Mitochondrial dysfunction

There is increasing evidence from both in vitro and in vivo ALS models, that disruption of mitochondrial
function is a common disease mechanism (Lee et al., 2024). Mitochondria are closely associated to
the endoplasmic reticulum at specialised contact sites known as MAM. These sites are essential for
regulation of multiple physiological mechanisms, such as Ca* homeostasis, autophagy, and
mitochondrial quality control, which are all processes disrupted in ALS (Basso et al., 2018; De Vos et

al., 2012; Gomez-Suaga et al., 2017). Increasing evidence suggests that disruption of ER-mitochondria
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contacts may be a key early event in the development of ALS, and this is discussed in detail in section

1.2.

1.1.4.4.1 Disrupted mitochondrial function and morphology

In response to dynamic changes in cellular energy demands, mitochondria regulate the levels of
oxidative phosphorylation (OXPHOS) to produce ATP. During OXPHOS, the mitochondrial electron
transport chain creates an electrochemical gradient through a series of redox reactions (Chance and
Williams, 1956). This electrochemical gradient generates the mitochondrial membrane potential
(MMP), which can be measured as a proxy of mitochondrial function (Chen, 1988). In sporadic and
familial models of C9orf72, SOD1, and TDP-43 related ALS, there is a decline in MMP (Dafinca et al.,
2016; Rajpurohit et al., 2020; Walczak et al., 2019; Wang et al., 2019). This coincides with a reduction
in the expression and activity of OXPHOS complexes, particularly complex | (Mehta et al., 2021;
Scaricamazza et al., 2020; Wang et al., 2021b). In line with reduced OXPHOS, in studies of SOD1, FUS,
TDP-43 and sporadic ALS, there is consistent reduction in oxygen consumption and ATP production
(Ghiasi et al., 2012; Scaricamazza et al., 2020; Wang et al., 2019). Neurons rely on OXPHOS to meet
energy demands and synaptic transmission (Hall et al., 2012). Thus, loss of the mitochondrial capacity
to produce ATP will prevent neuronal energy homeostasis and neuronal function, which precedes

neurodegeneration (Lee et al., 2024).

In addition to decreased mitochondrial function, defective mitochondrial morphology has been well
documented in models of ALS. Increased mitochondrial fragmentation, indicated by decreased
mitochondrial area or length and increased roundness has been reported in models of C9orf72
(Onesto et al., 2016), SOD1 (De Vos et al., 2007), TDP-43 (Choi et al., 2020), and FUS-related ALS (Cha
et al., 2020). However, the expression of fusion/fission-regulating proteins such as mitofusin (MFN) -
1 and -2, optic atrophy protein 1 (OPA1), and dynamin-related protein 1 (Drp1) varies between cell
models, so what influences these pathological changes in morphology is not yet clear (Choi et al.,

2020; Khalil et al., 2017; Onesto et al., 2016).

1.1.4.4.2 Oxidative stress

Reactive oxygen species (ROS) are a group of molecules derived from molecular oxygen, which are
formed by reduction—oxidation (redox) reactions (Sies and Jones, 2020). Imbalance between ROS
production and the levels of antioxidants can lead to an excessive level of cellular ROS and a condition
called oxidative stress (Gandhi and Abramov, 2012). Oxidative stress contributes to damage to DNA,
proteins and lipids, and induces many pathophysiological mechanisms such as protein aggregation, ER
stress and cell death (Cao and Kaufman, 2014; Kannan and Jain, 2000; Levy et al., 2019). There is

increasing evidence that oxidative damage occurs in ALS, as increased levels of ROS and levels of
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biomarkers of oxidative stress have been reported in sALS patient cerebrospinal fluid and urine
(Mitsumoto et al., 2008) and in postmortem tissue from sALS and SOD1-associated ALS (Chang et al.,
2008; Shibata et al., 2001). In addition to SOD1-ALS, other ALS-associated proteins have been linked
to oxidative stress. In cell models of ALS, oxidative stress induced the mis-localisation and aggregation
of TDP-43 and FUS protein inclusions, which is increased with ALS-associated UBQLN2 mutations
(Cohen et al., 2015; Finelli et al., 2015; Peng et al., 2022). Overexpression of C9orf72 GR DPRs causes
increased oxidative damage in an age-dependent manner (Lopez-Gonzalez et al., 2016), suggesting

that oxidative damage may be a common pathomechanism in ALS.

1.1.4.5 DNA damage accumulation

Persistent genotoxic stress leads to activation of signalling pathways that act to protect and repair
DNA known as the DNA damage response (DDR) (Jackson and Bartek, 2009). There are multiple
pathways that can be activated dependent on the type of DNA injury, which is discussed in more detail
in section 1.3.2. Failure to complete DNA repair results in cellular senescence or apoptosis, therefore
this response is vital for post-mitotic cells such as motor neurons (lyama and Wilson, 2013). There is
accumulating evidence that DNA damage accumulates during aging and in neurodegenerative

diseases, and DNA damage is observed in multiple cell models of ALS (Schumacher et al., 2021).

TDP-43 is the most researched ALS-associated protein with respect to defective DDR. Overexpression
of pathological mutant TDP-43 protein in SHSY-5Y cells perturbs DNA repair (Guerrero et al., 2019).
Whilst postmortem spinal tissue from TDP-43-related ALS cases display accumulation of DNA damage
markers such as yH2AX (Guerrero et al., 2019). Furthermore, induction of DNA damage promotes the
mislocalisation of wild type and mutant TDP-43, and the formation of stress granules (Konopka et al.,
2020). Considering TDP-43 aggregates are observed in 97% of ALS cases, DNA damaged induced TDP-
43 pathology could underlie neurodegeneration in most ALS cases. Accumulation of DNA damage has
also been observed in induced pluripotent stem cell (iPSC)-derived motor neurons harbouring FUS
mutations in response to genotoxic treatments (Naumann et al., 2018). In line with DNA damage
accumulation, spinal postmortem tissue from FUS-ALS patients show significant nuclear markers of
DNA damage (Wang et al., 2018). Interestingly, mutation of the FUS nuclear localisation signal leads
to impaired DDR signalling and formation of FUS aggregates, suggesting that FUS mislocalisation and

DNA damage defects may be an early event in FUS-associated ALS (Naumann et al., 2018).

DPRs produced by mutant C9orf72 cause the formation of foci that sequester proteins involved in DDR
such as ataxia telangiectasia mutated (ATM), TDP-43, FUS, nucleophosmin (NPM) and DNA repair
nuclease/redox regulator (APEX1), which could lead to loss of the repair pathways they mediate (Lee
etal., 2013; Nihei et al., 2020). Overexpression of these toxic DPRs in iPSC-derived motor neurons lead

to induction of DNA damage and oxidative stress (Lopez-Gonzalez et al., 2016), whilst postmortem

18



tissue from C9orf72-ALS patients exhibit increased DNA damage accumulation (Nihei et al., 2020). The
never in mitosis A-related kinase 1 (NEK1) protein is essential for the proper function of the DDR,
which is discussed in more detail in section 1.3.2.2 (Liu et al., 2013). Briefly, human iPSC-derived motor
neurons harbouring an ALS-associated NEKIR’®*" mutation show increased basal levels of DNA
damage, impaired DDR after induction of DNA damage and increased cell death (Higelin et al., 2018).
In line with the suggestion that NEK1 haploinsufficiency leads to defective DDR in ALS, iPSC-derived
motor neurons from a patient harbouring both a C9orf72 hexanucleotide repeat expansion and NEK1
LOF mutation, showed increased levels of basal and induced DNA damage compared to cells with only
a C9orf72 mutation (Santangelo et al., 2024). Together this implicates defective DNA damage response

and repair as a key pathological mechanism in ALS.

1.1.4.6 Axonal transport

Neurons are morphologically complex cells that require efficient transport of proteins and organelles
synthesised in the cell body to the distal axons (De Vos et al., 2008). This is completed by a
microtubule-based mechanism called axonal transport. Axonal transport can transport cargo to the
synaptic terminals in an anterograde manner mediated by kinesins, or back to the cell body in a
retrograde manner mediated by dynein (Hirokawa et al., 2010). Evidence of disrupted mitochondrial
transport has been reported in multiple models of ALS, including SOD1%%%*A transgenic mice models
(Bilsland et al., 2010; De Vos et al., 2007; Magrané et al., 2012), overexpression of mutant VAPB"®
(Mérotz et al., 2012) and overexpression of mutant TDP-43 (Wang et al., 2013; Xu et al., 2010).

Axonal transport defects in ALS were first observed in SOD1%%** mouse models (Zhang et al., 1997).
SOD1%%%A mice exhibit significantly reduced retrograde transport, with the level of transport
correlating with disease progression (Bilsland et al., 2010). Expression of SOD1 protein harbouring
G93A, A4V, G85R or G37R ALS-linked mutations in cortical neurons disrupts transport in both
directions (De Vos et al., 2007). This suggests that mutant SOD1 may disrupt retrograde and
anterograde transport. The kinase p38 mitogen-activated protein kinase (MAPK) is involved in
regulation of microtubule dynamics (Komis et al., 2011). Hyperactivated MAPK has been reported in
SOD1%%%*A transgenic mice and cells derived from ALS patients, leading to inhibition of anterograde and
retrograde axonal transport (Ackerley et al., 2003; Gibbs et al., 2018; Morfini et al., 2013). This
suggests the transport defects in SODI-ALS may be partly due to dysregulation of microtubule

stability.

Defective mitochondrial transport is prominent in SOD1-ALS models, leading to depletion of, or
abnormal clustering of mitochondria in the axon (De Vos et al., 2007; Magrané et al., 2012). In addition

to SOD1, overexpression of ALS mutant VAPB™® |eads to disrupted anterograde mitochondrial
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transport (Mérotz et al., 2012). In vitro and in vivo models of TDP-43 Q331K and M337V mutants
exhibit reduced mitochondrial transport and prominent mitochondrial aggregation in neuron axons
(Magrane et al., 2014; Wang et al., 2013). Additionally, overexpression of mutant human FUSP2 in
drosophila causes reduced mitochondrial motility (Chen et al., 2016). Lastly, C9orf72 patient iPSC-
derived motor neurons exhibit impaired mitochondrial transport (Fumagalli et al.,, 2021). As
mitochondrial dysfunction is widely reported in ALS (see section 1.1.4.4.1), reduced mitochondrial
transport to the axons may exacerbate neurodegeneration due to the inability to meet cellular energy

demands.

Mutations in proteins involved in axonal transport machinery, such as dynactin subunit 1 (DCTN1) and
kinesin-1 heavy chain isoform 5A (KIF5A) and a-tubulin 4A isoform (TUBA4A) are suggested to
contribute to ALS pathology, possibly by disrupting mitochondrial transport and microtubule stability
(Nicolas et al., 2018; Puls et al., 2003; Smith et al., 2014). As part of the dynactin complex, dynactin
subunit 1 binds to dynein for retrograde transport (Hirokawa et al., 2010). ALS-associated G59S
mutation in DCTN1 reduces the proteins microtubule binding affinity (Puls et al., 2003). DCTN1%%
transgenic mice develop ALS-like phenotype including motor neuron loss and pathogenic protein
aggregation (Lai et al., 2007). Dynactin subunit 1 has been shown to bind to TDP-43 and loss of function
mutations in DCTN1 lead to TDP-43 accumulation (Deshimaru et al., 2021). As TDP-43 aggregation

disrupts axonal transport of mitochondria, this may be due to disruption of dynein.

Functional knock out of KIF5A impairs neurofilament transport leading to neurodegeneration (Xia et
al., 2003). ALS risk mutations in KIF5A change the proteins cargo-binding domain and lead to abnormal
mitochondrial transport (Baron et al., 2022; Xia et al., 2003). The gene TUBA4A encoding the
microtubule component a-tubulin 4A isoform is also implicated in ALS. In silico modelling suggests
ALS-related TUBA4A mutations change the oa-tubulin tertiary structure and affect protein
dimerisation, which may prevent microtubule stabilisation, leading to protein aggregation (Ganne et

al., 2023).

Microtubule stability, regulated by proteins such as microtubule-associated protein 1B (MAP1B), is
crucial for transport (Jimenez-Mateos et al., 2006). MAP1B was found to be abnormally aggregated in
the spinal cord of ALS patients, whilst in drosophila restoration of MAP1B was found to be protective
in a model of ALS (Coyne et al., 2014). Modifications such as acetylation of a-tubulin and
phosphorylation of motor proteins also impact transport efficiency (Hammond et al., 2010). Mutant
TDP-43 has been shown to promote the deacetylation of tubulin tracks by dysregulating the levels of
histone deacetylase 6 (HDAC6), which in turn disrupts mitochondrial transport (Fazal et al., 2021; Kim

etal., 2010b). Mutant C9orf72 DPRs may obstruct translocation of kinesin and dynein to microtubules,

20



further hindering axonal transport (Fumagalli et al., 2021). Overall, while axonal transport impairment

is a key aspect of ALS, its precise role in disease progression requires further investigation.

1.2 ER-mitochondria contact sites are disrupted in ALS

1.2.1 Structural and functional ER-mitochondria tethers

Up to 20% of the mitochondrial surface area is closely opposed to the endoplasmic reticulum
membrane, physically interacting at specialised regions of the ER (Rowland and Voeltz, 2012). It is well
established that MAM are responsible for communication between the mitochondria and ER, which
allows regulation of many physiological processes including Ca?* homeostasis, synaptic activity and
autophagy (Gomez-Suaga et al., 2017; Gdmez-Suaga et al., 2019; Szabadkai et al., 2006). Currently,
over 10 protein complexes have been identified as structural (complexes that physically scaffold the
organelles) and functional (complexes that regulate functional coupling of the organelles) ER-
mitochondria tethering complexes (Lee et al., 2024). These tethering complexes form stable contact
sites, which in turn allows the organelles to respond dynamically to cellular changes. The identified
tethering complexes and their known functions are discussed below and summarised in Table 1-2. As
this project focusses on regulation of the VAPB/PTPIP51 tether, the structure and function of this is

discussed in greater detail in section 1.2.2.

There are multiple newly established ER-mitochondria tethering proteins that have not yet been well
characterised. The activating molecule in BECN1-regulated autophagy protein 1 (AMBRAL1) protein has
been shown to localise to Beclinl at MAM to promote autophagosome formation (Garofalo et al.,
2016). This complex is also composed of endoplasmic reticulum lipid raft-associated protein 1
(ERLIN1), which is necessary for autophagosome formation in response to starvation (Manganelli et
al., 2021). FUN14 domain containing protein 1 (FUNDC1) has been suggested to be involved in
maintenance of contact site formation, mitophagy and Ca®** homeostasis (Li et al., 2021).
Mitochondrial FUNDCI1 interacts with the ER-membrane inositol 1,4,5-triphosphate receptor 2 (IP3R2)
to facilitate Ca?* transfer between the organelles (Salin Raj et al., 2023; Wu et al., 2017). Loss of
FUNDCL1 impairs this Ca?* signalling, whilst in response to high glucose levels the FUNDC1-IP3R2

interaction is augmented, leading to mitochondrial fragmentation (Salin Raj et al., 2023).
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Table 1-2 Structural and functional ER-mitochondria tethering proteins and their functions in cell

homeostasis.

Adapted from (Lee et al., 2024).

Tethering proteins

Functions

Reference

ATAD3A-WASF3-
BiP

BAP31-Fis1-PACS2

Beclin1-AMBRA1-
ERLIN1

FUNDC1-IP3R2

INF2-SPIRE1C

IP3R-Grp75-VDAC1

MFN1-MFN2/
MFN2-MFN2

MIGA2-VAPB
MOSPD2-PTPIP51

PDZD8-FKBP8

PS1-PS2

RRBP1-SYNJ2BP

VAPB-PTPIP51

Physical tethering® and apoptosis?

Physical tethering?, lipid synthesis?,
apoptosis?and mitophagy?

Autophagy

Physical tethering and Ca?* transfer

Physical tethering and
mitochondrial fission

Ca’*transfer

Physical tethering®?, ER
morphology! and Ca?* transfer’?

Phospholipid transfer
Physical tethering

Phospholipid transfer?,
mitochondrial quality control®3*,
mitochondrial function® and Ca?*

transfer?, physical tethering®
Ca?* transfer and ATP production

Physical tethering and protein
translation

Physical tethering, Ca?* transfer?,
autophagy?, ATP production®
synaptic activity*and phospholipid
transfer ®

Teng et al., 2016%, Chiang et al., 20122

Simmen et al., 2005%, Zhao et al.,
20172, Moulis et al., 20193

Manganelli et al., 2021

Wu et al., 2017

Manor et al., 2015

Szabadkai et al., 2006, Atakpa-Adaji
and lvanova 2023

de Brito and Scorrano, 2008, Naon et
al., 20162

Kim et al., 2022
Di Mattia et al., 2018

Shirane et al., 2020, Hewitt et al.,
20222, Liu et al., 20233, Hirabayashi et
al., 20174 Nakamura et al., 2024°

Contino et al., 2017

Hung et al., 2017

De Vos et al., 20121, Gomez-Suaga et
al., 20172, Paillusson et al., 20173,
Gomez-Suaga et al., 20194, Yeo et al.,
2021°
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To mediate mitochondrial division at MAM, the protein spire homolog 1C (SPIRE1C) localises to
mitochondria where it links the actin cytoskeleton to the ER-anchored isoform of the protein inverted
formin 2 (INF2) (Manor et al., 2015). INF2 further stimulates mitochondrial division by recruitment of
Drpl to promote mitochondrial Ca%* uptake through the mitochondrial Ca** uniporter (MCU) and
Drpl-mediated membrane construction (Chakrabarti et al., 2018). The presenilin proteins (PS1/PS2)
are enriched at MAM and regulate Ca?* shuttling between the ER and mitochondria (Contino et al.,
2017). This is suggested to be essential for ATP production, as loss of PS1 or PS2 leads to reduced
mitochondrial respiration and disrupted mitochondrial morphology (Contino et al., 2017). Finally, the
tail-anchored, PDZ-domain-containing outer mitochondrial membrane (OMM) protein synaptojanin-
2-binding protein (SYNJ2BP) has been reported to bind to the ER via ribosome-binding protein 1
(RRBP1) (Hung et al., 2017). This is suggested to be a physical ER-mitochondria tether, as
overexpression of SYNJ2BP increases ER-mitochondrial contact (Hung et al., 2017). Whilst the function
of this tether is not yet clear, it is suggested to be involved in protein translation, as the translation

inhibitor cycloheximide reduces their interaction (Hung et al., 2017).

1.2.1.1 IP3R-Grp75-VDAC1

The first ER-mitochondria tethering complex described was between IP3R, localised on the ER, and
the OMM protein voltage-dependent anion channel 1 (VDAC1), acting through the chaperone glucose-
related protein 75 (Grp75) (Rapizzi et al., 2002; Szabadkai et al., 2006). Knockdown or inhibition of
Grp75 leads to loss of IP3R-VDAC1 interaction, although it is unclear whether this alters ER-
mitochondria contact (Honrath et al., 2017). Whilst this trimeric complex is essential for the
propagation of ER-derived Ca?* signals to mitochondria, it is not involved in physical tethering at MAM,
as it has been shown that the loss of IP3R does not affect ER-mitochondria tethering (Csordas et al.,
2006). Modulation of the IP3R-Grp75-VDAC1 complex by DJ-1 has been reported, as loss of DJ-1
impairs the binding of this complex and causes IP3R accumulation at MAM (Liu et al., 2019).
Furthermore, modulation of this functional tether has been reported by Sigma-R1, which accumulates
at MAM to stabilise IP3R in monomeric form and prolongs Ca?* signalling into the mitochondria

(Hayashi and Su, 2007).

1.2.1.2 ATAD3A-WASF3-Bip

ATPase family AAA domain-containing protein 3A (ATAD3A) is an inner mitochondrial membrane
(IMM) protein that has been shown to physically tether the ER and mitochondria by interaction with
the ER chaperone BiP via the cytosolic protein actin-binding protein WASF3 (Gilquin et al., 2010; Teng
et al., 2016). It was reported that this tether is promoted in response to ER stress, due to increased
localisation of WASF3 to the mitochondria, which can lead to mitochondrial dysfunction (Chiang et al.,

2012; Wang et al., 2023). Further implicating this tether in regulation of ER stress, knockdown of
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ATAD3A leads to dysregulation of protein processing that is necessary for inducing ER stress (Huang
et al., 2021). Sigma-R1 has been shown to stabilise ER-mitochondria contacts by interaction with

ATAD3A, in order to prevent mitochondrial fragmentation (Watanabe et al., 2023).

1.2.1.3 BAP31-Fis1-PACS2

The ER-associated B cell receptor-associated protein 31 (BAP31) can physically interact with the
mitochondrial fission protein-1 (Fis1), which is regulated by the phosphofurin acidic cluster sorting 2
(PACS2) (Simmen et al., 2005). PACS2 has been shown to regulate ER-mitochondria apposition by
regulation of this tether, as depletion of PACS2 causes BAP31-dependent mitochondrial fragmentation
and uncoupling from the ER (Simmen et al., 2005). This protein complex is involved in induction of
apoptosis, as procaspase-8 is recruited to Fis1/BAP31 during the early stages of apoptosis, leading to
increased transfer of Ca?* from ER to mitochondria to promote cell death (lwasawa et al., 2011; Zhao
et al., 2017). PACS2 is further implicated in the control of apoptosis, as it recruits BH3-interacting
domain death agonist (Bid) to mitochondria to promote the release of cytochrome ¢ and caspase-3 to
initiate cell death (Moulis et al., 2019; Simmen et al., 2005). BAP31 has also been shown to form a
bridging complex with the mitochondria-localised protein TOM40, mediating the regulation of

autophagy and mitochondrial functions such as oxygen consumption (Namba, 2019).

1.2.1.4 MFN1-MFN2/MFN2-MFN2

MFN2 is one of the most studied tethers involved in ER-mitochondria juxtaposition. The protein is
found in both organelles, as MFN2 localised on the ER generates homo- and heterotypic interactions
with MFN1 or MFN2 on the OMM (de Brito and Scorrano, 2008; Filadi et al., 2015). This interaction
regulates Ca?* transfer between the two organelles (de Brito and Scorrano, 2008). It was previously
controversial as to whether MFN2 alone was sufficient to bind ER to mitochondria. However, recent
studies have verified that loss of MFN2 reduces ER-mitochondria apposition and Ca?* dynamics,
confirming it is a true functional and structural ER-mitochondria tether (Filadi et al., 2015; Naon et al.,

2016).

1.2.1.5 PDZD8-FKBP8

PDZ domain-containing protein 8 (PDZDS8) is known to be present at MAM, where it is necessary for
contact site formation and Ca%* dynamics in synapses (Hewitt et al., 2022; Hirabayashi et al., 2017).
Regulation of ER-mitochondria contacts was shown to be essential in regulating mitochondrial
functions in neurons, such as mitochondrial morphology, mitochondrial membrane potential and
respiratory metabolism (Liu et al., 2023; Shirane et al., 2020). It is currently elusive as to how PDZD8
regulates ER-mitochondria apposition, as no interacting partner had been identified. A recent preprint
study suggests that the OMM protein peptidyl-prolyl cis-trans isomerase (FKBP8) is responsible for

tethering PDZD8 to MAM, as overexpression of FKBP8 promotes ER-mitochondrial apposition
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(Nakamura et al., 2024). However, more research and peer view are necessary to determine if this a

true physical tether, and whether loss of FKBP8 leads to the same effect as loss of PDZDS8.

1.2.2 The VAPB/PTPIP51 ER-mitochondria tether

One of the best characterised structural and functional ER-mitochondria tethers is that of the ER
resident protein VAPB and its mitochondrial tethering partner PTPIP51 (De Vos et al., 2012). This
protein tether is essential for the regulation of Ca** homeostasis, autophagy, and synaptic function
(De Vos et al., 2012; Gomez-Suaga et al., 2017; Gbmez-Suaga et al., 2019; Paillusson et al., 2017). The
independent interactions and functions of VAPB and PTPIP51, and their role as an ER-mitochondria

tether is discussed below.

1.2.2.1 Structure and function of VAPB

Vesicle-associated membrane protein (VAMP)-associated proteins (VAPs) are ubiquitously expressed
transmembrane proteins located predominantly in the ER membrane (James and Kehlenbach, 2021).
In humans there are two well characterised VAP proteins: VAPA and VAPB. VAPA and VAPB are
structurally similar, both containing an N-terminal major sperm protein (MSP) domain, a putative
coiled-coil domain, a C-terminal transmembrane (TM) domain, and two intrinsically disordered
regions (Subra et al., 2023) (Figure 1-4). Both proteins exist as dimeric proteins and can form homo-
and heterodimers, which is suggested to be mediated by the coiled-coil domain (Kim et al., 20103;
Nishimura et al., 1999). Although both proteins contain GXXXG dimerisation motifs within their TM
domains, this alone is insufficient to mediate dimerisation (Kim et al., 2010a). Recent evidence
suggests that the disordered regions act as flexible linkers between the conserved domains to mediate
protein interactions (Subra et al., 2023). Considering these linker regions are not well conserved
between the VAP proteins, it is suggested they can specify protein binding to either VAPA or VAPB
(James and Kehlenbach, 2021).

The MSP domain is considered to be the main binding domain of VAP proteins, mediating interactions
with proteins containing an FFAT (two phenylalanines [FF] in an acidic tract) motif, which has a
consensus sequence of E;F,F3DsAsXgE7, (Kaiser et al., 2005; Loewen et al., 2003). When in complex,
the aromatic ring of the phenylalanine in position four and the side chain of the alanine in position 5
of the FFAT motif bind to a hydrophobic pocket at the surface of the MSP domain (Di Mattia et al.,
2020; Kaiser et al., 2005). This hydrophobic pocket is formed by aliphatic portions of side chains of key
‘KFM’ residues within the domain, which are K87/F88/M89 in VAPB and K94/F95/M96 in VAPA
(Cabukusta et al., 2020; Di Mattia et al., 2020). Indeed, mutation of these key binding residues reduces

interaction between VAPB and FFAT-containing proteins (Cabukusta et al., 2020; Kors et al., 2022a).
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Contrary to this, only approximately 50% of VAP interactors contain an FFAT motif, suggesting that
binding may not be limited to MSP-FFAT interactions (Murphy and Levine, 2016).

VAPB has been shown to mediate tethering of the ER to multiple other organelles, including
peroxisomes, autophagosomes and the plasma membrane. The reported VAPB mediated ER-organelle
contacts are summarised in Table 1-3. Peroxisomes are small enzyme-filled organelles that involved
in metabolic pathways. ER-peroxisome interactions are suggested to be mediated by the VAPB MSP
domain binding to the FFAT motifs of Acyl-CoA-binding domain-containing (ACBD) proteins -4 and -5
(Costello et al., 2017a; Costello et al., 2017b). This is suggested to regulate peroxisomal growth and

motility.

The interaction between VAPB and endolysomal proteins StAR related lipid transfer domain-3
(STARD3), OSBP-related protein 1L (ORP1L) and sorting nexin 2 (SNX2) regulates cholesterol sensing
and endolysomal dynamics (Alpy et al., 2013; Dong et al., 2016; Weber-Boyvat et al., 2015). ER-golgi
contacts mediated by VAPB/YIF1A binding are required for intracellular membrane trafficking in
dendrites, regulating their morphology (Kuijpers et al., 2013). VAPB has also been shown to interact
multiple oxysterol-binding protein (OSBP) family proteins at ER-golgi contacts. These interactions
regulate lipid homeostasis, alongside interactions with ceramide transfer protein (CERT) and
membrane-associated phosphatidylinositol transfer protein 1 (PITPNM1) (Kawano et al., 2006; Peretti
et al., 2008; Venditti et al., 2019). To mediate OSBP cholesterol exchange, VAPB binds to the ER

resident protein phosphatidylinositol-3-phosphatase SAC1 (Wakana et al., 2015).

VAPB interactions with the plasma membrane are necessary for calcium dynamics, by interaction and
clustering of Kv2.1 potassium channels and interaction with OSBP-related protein 3 (ORP3) (Darbyson
and Ngsee, 2016; Johnson et al., 2018). VAPB has also been implicated in ER interactions with the
nuclear membrane, although this is not well characterised. VAPB is necessary for correct localisation
of Emerin to the nucleus and is suggested to interact with the nucleoporin ELYS to regulate mitosis
(James et al., 2024; James et al., 2019). VAPB is also involved in the regulation of autophagy, as VAPB
interacts with FIP200, ULK1 and WIPI2 which are proteins necessary for autophagosome biogenesis

(zhao et al., 2018).
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VAPA Intrinsically Intrinsically

Disordered Disordered
Region 1 Region 2
NHz— Major Sperm Protein (MSP) Coiled-Coll TM —COOH
1 14 131 169 209 228 249

VAPB Intrinsically Intrinsically

Disordered Disordered
Region 1 Region 2
NHz— Major Sperm Protein (MSP) Coiled-Coll T™M —COOH
17 124 161 194 223 243

Figure 1-4 Schematic of VAPA and VAPB protein domains.
VAPA and VAPB are structurally similar proteins containing an N-terminal major sperm protein (MSP)
domain (blue), a predicted coiled-coil domain (pink), and a C-terminal transmembrane (TM) domain

(green). Both proteins also contain two intrinsically disordered regions.
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Table 1-3 Summary of VAPB interactors at ER-contact sites.

) Interacting .
Contact site . Function Reference
protein(s)
OSBP family . o
. Lipid and cholesterol transfer  (Venditti et al., 2019)
proteins
ER-Golgi CERT Lipid transport (Kawano et al., 2006)
PITPNM1 Phosphatidylinositol transport  (Peretti et al., 2008)
YIF1A Axon and dendrite extension (Kuijpers et al., 2013)
Kv2.1 potassium  Clustering of potassium
(Johnson et al., 2018)
channels channels at PM
ER-Plasma
Calcium dynamics, cell
membrane ] y o (Darbyson and Ngsee,
ORP3 adhesion and migration,
. 2016; Gulyas et al., 2020)
cytoskeletal regulation
Endosomal dynamics and
STARD3 morphology, cholesterol (Alpy et al., 2013)
sensing
ER-Endosomes Cholesterol sensing, endo-
ORP1L . (Rocha et al., 2009)
lysosomal regulation
Physical tethering to
SNX2 (Dong et al., 2016)
endosomes
Calcium homeostasis, ATP (De Vos et al., 2012;
PTPIP51 production, autophagy, lipid Gomez-Suaga et al., 2017;
ER- transfer, synaptic function Gbmez-Suaga et al., 2019)
Mitochondria Mitochondrial metabolism,
- o (Freyre et al., 2019; Xu et
MIGA2 lipid storage in lipid droplets,
. al., 2020)
neuronal homeostasis
) (Costello et al., 20173;
. Peroxisomal growth and
ER-Peroxisomes ACBDA4/5 ilit Costello et al., 2017b; Kors
motili
v et al., 2022a)
FIP200, ULK1, . .
ER-Phagophore WIPL2 Autophagosome biogenesis (zhao et al., 2018)
OSBP-mediated cholesterol
ER-ER SAC1 (Wakana et al., 2015)
exchange
Emerin Emerin nuclear localisation (James et al., 2019)
ER-Nuclear
membrane s Nuclear pore assembly and (James et al., 2024; James

mitosis

etal., 2019)
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1.2.2.2 Structure and function of PTPIP51

Regulator of microtubule dynamics protein 3 (RMDN3), more commonly known as PTPIP51, is a
mitochondrial protein localised on the OMM. In humans there are three RMDN proteins (1-3),
although they are not functionally or structurally similar. The functions of RMDN-1 and -2 have not
been well characterised, but both are suggested to localise to the cytoskeleton to regulate
microtubule growth and mitosis (Oishi et al., 2007). RMDN2 has been suggested to bind to PTPIP51 in
high throughput studies, however the pathways regulated by this interaction have not been
investigated (Huttlin et al., 2017). PTPIP51 is the best characterised RMDN protein and is known to
contain an N-terminal TM domain, a putative coiled-coil domain, a tetratricopeptide-repeat-like (TPR)
domain and two tandem FFAT-like motifs (Figure 1-5). The TM domain is essential for the localisation
of PTPIP51 to mitochondria, which is suggested to regulate the induction of apoptosis (Lv et al., 2006).
The role of PTPIP51 in apoptosis is suggested to be mediated through its interaction with regulatory
14-3-3 proteins, as PTPIP51 contains two conserved 14-3-3 binding domains (AA 43 — 48 and 146 —
154) and reduction of PTPIP51 binding to 14-3-3 inhibits induction of apoptosis (Yu et al., 2008).
PTPIP51 was also shown to bind to protein tyrosine phosphatase 1B (PTP1B), a protein involved in the
UPR and apoptosis (Brobeil et al., 2010; Stenzinger et al., 2009). This interaction has been confirmed
in multiple human cell types and in mice, but the function of this interaction is not yet clear (Bobrich

et al., 2011; Brobeil et al., 2011; Brobeil et al., 2010).

PTPIP51

FFAT
m_olifs
Coiled-Coil 163172 468
NH.— |[TM TPR —COOH
113 35 91 124 157 166 239 470

Figure 1-5 Schematic of the PTPIP51 protein domains.

The PTPIP51 protein contains a mitochondrial targeting N-terminal transmembrane (TM) domain
(blue), a predicted coiled-coil domain (pink), and a C-terminal tetratricopeptide-repeat-like (TPR)
domain (green). The protein also contains two tandem FFAT (two phenylalanines [FF] in an acidic tract)

motifs (yellow).
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1.2.2.3 VAPB/PTPIP51 ER-mitochondria tethering

It is well established that PTPIP51 forms a functional and structural ER-mitochondria tether with VAPB.
Loss of either protein disrupts ER-mitochondria contact, whilst overexpression increases apposition
between the organelles (De Vos et al., 2012). PTPIP51 contains two FFAT-like motifs, one conventional
FFAT-like motif (166 TFTDAES172) and one phospho-FFAT motif (157VYFTASS163) (Di Mattia et al., 2020;
Neefjes and Cabukusta, 2021). Multiple lines of evidence suggest that VAPB/PTPIP51 tethering is
mediated by binding between the VAPB MSP domain and the PTPIP51 phospho-FFAT motif (Di Mattia
et al., 2018; Yeo et al., 2021). Phosphorylation of the threonine in position four of the PTPIP51
phospho-FFAT motif has been suggested to act as a switch mechanism that regulates binding to the
MSP domain of VAPB, however this has not yet be proven (Di Mattia et al., 2020). A recent study
suggests that phosphorylation of the acidic tract flanking the phospho-FFAT motif is necessary to
promote binding to the MSP domain (Kors et al., 2022a). This is suggested to be due to the addition
of negatively charged phosphate groups which bind to the basic electropositive surface of the MSP
domain. Indeed, the PTPIP51 phospho-FFAT motif is preceded by a series of serine and threonine
residues which may be phosphorylated (S149, S151, T152, S154). Although, whether phosphorylation
of these residues is necessary for binding is not yet clear. The model of MSP-FFAT binding is currently
under contention, as a recent study found that removal of the PTPIP51 coiled-coil domain but not the
phospho-FFAT motif led to reduced VAPB/PTPIP51 interaction (Mdrotz et al., 2022). Thus, more

research is needed to elucidate this binding mechanism between VAPB and PTPIP51.

The interaction between VAPB and PTPIP51 is essential for regulation of multiple physiological
processes, which is discussed in more detail in section 1.2.3. Alterations in expression of either protein
results in changes to the extent of Ca?* exchange between the two organelles (De Vos et al., 2012).
Through the regulation of mitochondrial Ca?* uptake, the complex can control the autophagic process.
Loss of VAPB/PTPIP51 tethering promotes the induction of autophagy, whilst tightening their contact
inhibits the process (Gomez-Suaga et al., 2017). The VAPB/PTPIP51 tether has been reported to form
within synapses (Gémez-Suaga et al., 2019). Here, stimulation of neuronal activity promotes ER-
mitochondria contact, which may be necessary for formation of proper dendritic spine morphology

(Gémez-Suaga et al., 2019).

In addition to VAPB, PTPIP51 has been shown to bind to VAPA in multiple proteomic studies (Hein et
al., 2015; Vinayagam et al., 2011). A recent study suggested that VAPB and VAPA may dimerise to
interact with PTPIP51, but this needs further investigation to confirm (Cabukusta et al., 2020). This
study also confirmed the interaction between PTPIP51 and the MSP domain-containing proteins
(MOSPD) -1, -2 and -3. MOSPD?2 colocalises at the ER with VAPA and VAPB, although loss of MOSPD2

does not disrupt ER-mitochondria tethering, suggesting the PTPIP51/MOPSD2 interaction is not a true
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structural tether (Di Mattia et al., 2018). However, MOSPD -1 and -3 are suggested to form a protein
complex that is sufficient to recruit PTPIP51 to the ER, although if loss of either protein disrupts ER-

mitochondria apposition has not been investigated (Cabukusta et al., 2020).

VAPB is also implicated in ER-mitochondria tethering independent of PTPIP51. Interactions between
VAPB and the protein mitoguardin 2 (MIGA2) are necessary for regulation of mitochondrial dynamics
and neuronal homeostasis (Freyre et al., 2019; Xu et al., 2020). Recent evidence suggests that contact
between the ER and mitochondria in axons is regulated by coat protein complex | (COPI), as loss of
COPI disrupts these contact sites and localisation of VAPB (Maddison et al., 2023). Whilst VAPB is
known to bind to multiple COP subunits, it is not yet clear whether these proteins form a protein

tether at MAM (Yamanaka et al., 2020).

1.2.3 The physiological role of ER-mitochondria contacts in neurons

ER-mitochondria communication regulates multiple cellular functions, including Ca** homeostasis,
autophagy, and synaptic functions, which are critical for maintaining neuronal health (Gémez-Suaga
et al., 2019; Hirabayashi et al., 2017). These functions are tightly regulated by ER-mitochondria
contacts and are considered common features of neurodegenerative diseases (Krols et al., 2016; Lee
et al., 2024). This leads to the hypothesis that apparently disparate pathological conditions could all

be linked by common cellular pathways (Paillusson et al., 2016).

1.2.3.1 Calcium homeostasis

The ER is the major site of Ca?* storage within the cell. Whereas mitochondria protect the cytosol from
high Ca?*levels by playing the role of temporary Ca% buffer (Carreras-Sureda et al., 2018). The transfer
of Ca* from the ER to mitochondria is facilitated by the close proximity between the organelles.
Release of Ca?* from ER stores is mediated by the IP3R localised on the ER (Ahumada-Castro et al.,
2021). Upon release into the cytosol, mitochondria Ca®* uptake is controlled by the OMM protein
VDAC1, acting through the chaperone Grp75 (Rapizzi et al., 2002; Szabadkai et al., 2006). Import of
Ca? into the mitochondria is then facilitated by transport through the inner mitochondrial membrane
by the MCU (Marchi and Pinton, 2014). This ER-mitochondria Ca?* exchange is pivotal for regulation of
ER and mitochondrial dynamics (Figure 1-6). Influx of Ca?* into the mitochondria promotes the
synthesis of NAD+ and ATP by OXPHOS, as Ca?* stimulates dehydrogenase enzymes with the TCA cycle
to catalyse NADH and FADHj; for the electron transport chain (Denton, 2009; Denton et al., 1972). This
ensures sufficient ATP is produced in response to dynamic changes in cellular energy demands (Bravo

etal., 2011; Denton et al., 1972; Paillusson et al., 2017; Turkan et al., 2004).

In low levels of ATP and/or elevated cytosolic Ca%*, a reduction in mitochondrial motility promotes the

recruitment of mitochondria. This enhances local Ca?* buffering and ATP synthesis to respond to the
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change in the energy needs (Saotome et al, 2008). In these conditions, the Ca?* sensitive
mitochondrial Miro/Milton protein complex, interacts directly with the kinesin-1 motor domain (Wang
and Schwarz, 2009). This induces a shift of kinesin-1 from an active state to inactive state, preventing
its interaction with microtubules and arresting anterograde mitochondrial movement in a Ca?* -
dependent manner (Wang and Schwarz, 2009). Dynamics of mitochondria are tightly interconnected
with the dynamics of the ER, and these associations can be maintained when both organelles are
moving. Therefore, the alteration of mitochondrial dynamics will impair ER dynamics, and vice versa

(Brough et al., 2005).

Due to the high metabolic cost to neurons required for synaptic activity, mitochondrial function and
dynamics are tightly regulated at synapses (Datta and Jaiswal, 2021). VAPB/PTPIP51 ER-mitochondria
tethering has been observed within synapses and it is reported that this regulates synaptic function
(Gémez-Suaga et al., 2019). Loss of either VAPB or PTPIP51, which reduces ER-mitochondria contacts,
inhibits synaptic activity, and perturbs dendritic spine morphology (Gémez-Suaga et al., 2019). The
precise mechanism by which VAPB/PTPIP51 tethering regulates synaptic activity is not completely
elucidated, but it is speculated that efficient Ca?* signalling is fundamental to synaptic transmission
since the discovery that presynaptic Ca?* levels regulate neurotransmission release and synaptic

plasticity (Datta and Jaiswal, 2021; Devine and Kittler, 2018; Gdmez-Suaga et al., 2019).

In mammalian neurons the ER-membrane protein PDZD8 has been shown to be necessary for ER-
mitochondria tethering, and it has been suggested that this is due to tethering with the OMM protein
FKBP8 (Hirabayashi et al., 2017; Nakamura et al., 2024). Importantly, PDZDS8 is essential for the
regulation of dendritic Ca** dynamics, as knockdown of PDZDS in cortical neurons reduces dendritic
mitochondrial Ca?* after presynaptic-induced release from ER-stores (Hirabayashi et al., 2017). This
suggests that regulation of ER-mitochondria tethering is involved in regulation of dendritic Ca®*
dynamics, potentially contributing to synaptic plasticity (Tsuboi and Hirabayashi, 2021). As loss of Ca
homeostasis and synaptic activity are both correlated with a deviation from the physiological

interaction between ER and mitochondria (Gémez-Suaga et al., 2019).

Whilst Ca?* influx is essential for mitochondrial function, prolonged or excessive mitochondrial Ca?*
exposure can lead to the opening of the mitochondrial permeability transition pore (mPTP), inducing
cytochrome c release which activates the apoptosis pathway (Boehning et al., 2003; Kroemer et al.,
2007). Impairment of Ca?* homeostasis and exchange between the ER and mitochondria causes
malfunction of folding of ER-localised proteins and an accumulation of these unfolded proteins (Bahar
et al., 2016). This stress leads to the activation of the UPR, which blocks the synthesis of the proteins
in order to re-establish ER homeostasis. ER stress induces a preliminary activation of UPR, whereas its

persistence triggers the apoptotic process (Rutkowski and Kaufman, 2004; Simmen et al., 2005). In
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response to prolonged ER stress Bid promotes translocation of the protein PACS2 from the ER to
mitochondria to promote initiation of apoptosis (Simmen et al., 2005). At the mitochondria surface
Bid is cleaved from PACS2 leading to interaction with Bax/Bak to promote OMM permeability and
cytochrome C release, initiating apoptosis. Moreover, PACS2 regulates apoptosis by inhibiting the
cleavage of its tethering partner BAP31, which when activated acts as a pro-apoptotic signal by
facilitating transfer of Ca* from ER to mitochondria (Simmen et al., 2005; Wang et al., 2011). The tight
regulation of Ca®* transfer between the ER and mitochondria is therefore pivotal for determination of

cell fate.
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Figure 1-6 Summary of ER-mitochondria tethers involved in Ca?* homeostasis.

The IP3R-Grp75-VDAC1 signalling complex mediates transfer of Ca?* from ER stores to mitochondria.
Upon mitochondrial uptake, the mitochondrial Ca?* uniporter (MCU) mediates Ca?* entry into the
mitochondrial matrix. Ca?* activates dehydrogenases isocitrate dehydrogenase (IDH) and oxoglutarate
dehydrogenase complex (ODGC) in the tricarboxylic acid (TCA) cycle to produce NADH/FADH; which
promote ATP synthesis. Maintenance of Ca** homeostasis is regulated by tethering between the two
organelles. The complex formed by VAPB/PTPIP51 is essential for regulation of ER-mitochondria
apposition and Ca?* homeostasis. This leads to downstream regulation of autophagy and synaptic
function. Mitofusin 2 (MFN2) homodimers regulate the ER-mitochondria apposition to control Ca?*
homeostasis. The PDZD8/FKBPS tether is essential for the regulation of dendritic Ca** dynamics and
synaptic function.
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1.2.3.2 Autophagy

Neurons have stringent quality control pathways to ensure cellular homeostasis and functionality
throughout their extended life cycle. Autophagy is critical for neuronal homeostasis through the
removal of damaged or retired cellular components, and failure to properly regulate protein and
organelle integrity is associated with the development of neurodegenerative diseases (Guo et al.,
2018; Kulkarni et al., 2018). ER-mitochondria contacts have been implicated as the site of
autophagosome formation, as in response to starvation the PI3K complex component ATG14 is
recruited to these sites (Hamasaki et al., 2013). Disruption of ER-mitochondria coupling inhibits ATG14
localisation and formation of the phagophore (Hamasaki et al., 2013). Dysregulation of Ca®* can also
lead to disrupted autophagy. Disruption of Ca?* transfer leads to translocation of AMPK to MAM,
which activate autophagy via Beclin1, which is independent of mTORC1 (Ahumada-Castro et al., 2019;
Vicencio et al., 2009). Contrary to the idea that ER-mitochondria contacts are the site of
autophagosome formation, reduction of VAPB/PTPIP51 tethering causes a decrease in mitochondrial
Ca?* uptake, which triggers the activation of the autophagic process (Gomez-Suaga et al., 2017). This
discrepancy may be due to the differing methods of autophagy induction, suggesting the effect of ER-
mitochondria contact domains in autophagy are dependent on the stimuli-specific signalling

mechanisms of autophagy induction.

The selective degradation of impaired or excess mitochondria is known as mitophagy and emerging
evidence suggests that multiple ER-mitochondria contact proteins are involved in this process. Prior
to degradation, mitochondria are isolated from the mitochondrial network via fission which is
regulated by Drpl and Fis1 (Friedman et al., 2011; Iwasawa et al., 2011). The isolated mitochondria
are engulfed by autophagosomes and degraded by fusion with the acidic lysosomes (Youle and
Narendra, 2011). This process is regulated by the PINK1-Parkin pathway, whereby PINK1 localised to
the OMM of depolarised mitochondria recruits Parkin from the cytoplasm (Narendra et al., 2008). This
leads to ubiquitination of OMM proteins present at MAM, including MFN2 (McLelland et al., 2018)
and VDAC1 (Ham et al., 2020). Ubiquitination of these membrane proteins leads to identification by,
and binding of LC3 and p62 on the autophagosome membrane, leading to mitochondrial degradation

(Geisler et al., 2010).

1.2.3.3 Lipid metabolism

ER-mitochondria contact sites are essential for the synthesis and transport of phospholipids (Yeo et
al., 2021) (Figure 1-7). These contact sites act as a hub for the synthesis of the phospholipid
phosphatidylserine (PS) which is involved in apoptotic signalling (Glade and Smith, 2015). At the
contact sites mitochondria uptake PS, which is converted into phosphatidylethanolamine (PE)

(Petrungaro and Kornmann, 2019). PE is essential for promotion of mitochondrial biogenesis and
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OXPHOS (Becker et al., 2013; Bottinger et al., 2012). As mitochondria cannot directly import PE, close
association with the ER is necessary to maintain enrichment of PE in mitochondria (Vance and Tasseva,
2013). Disruption of mitochondrial PE levels impairs mitochondrial morphology, respiration, and
dynamics, highlighting the importance of its regulation at MAM (Steenbergen et al., 2005; Tasseva et
al., 2013). Cardiolipin (CL) regulates mitochondrial respiration, apoptosis and mitophagy (Belikova et
al., 2006; Chu et al., 2013; McMillin and Dowhan, 2002). MAM regulate homeostasis of CL, as the CL
precursor phosphatidic acid (PA) is derived from these sites (Osman et al., 2011). Both PE and CL can
bind to electron transport chain complexes to regulate OXPHOS and ATP production (Bottinger et al.,
2012; Tasseva et al., 2013). Additionally, PE or CL deficiency results in mitochondrial dysfunction,
exhibited by reduced MMP and ATP production (Bottinger et al., 2012; Jiang et al., 2000). Thus, MAM
regulation of phospholipid transport is necessary for both energy metabolism and control of

apoptosis.

Multiple ER-mitochondria tethering proteins are involved in the regulation of lipid homeostasis. The
VAPB/PTPIP51 tether is necessary for transport of PA at MAM (Yeo et al., 2021). Other VAPB and
PTPIP51 tethering partners are also involved in this regulation. The PTPIP51 binding proteins ORP -5
and -8 interact with PTPIP51 at their lipid binding domain (Galmes et al., 2016). This interaction is
necessary to anchor ORP -5 and -8 at MAM (Galmes et al., 2016). As ORP -5 and -8 promote transfer
of PS at ER-plasma membrane contact sites, their interaction with PTPIP51 may involve this same lipid

transfer function (Chung et al., 2015).

The OMM protein MIGA2 forms a tether at MAM with VAPB (Freyre et al., 2019; Kim et al., 2022). At
these contact sites MIGA2 has been shown to link the mitochondria to lipid droplets which are formed
from the ER membrane (Freyre et al., 2019). The MIGA2/VAPB interaction enhances the transport of
PS and promotes the synthesis of triacylglycerols, which may facilitate lipid storage in lipid droplets
(Freyre et al., 2019; Kim et al., 2022). RNA-dependent protein kinase (PKR)-like ER kinase (PERK), a
protein with lipid kinase activity, interacts with VAPB (Sassano et al., 2021). The function of this
interaction is not yet clear, but PERK is also known to bind to the ER-mitochondria tethering protein
MFN2 in response to cellular stress (Cao et al., 2021; Munoz et al., 2013). In homeostatic conditions
MFN2 mediates the transfer of PS at MAM, although whether this involves PERK activity is not yet

clear (Hernandez-Alvarez et al., 2019).
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Figure 1-7 Summary of ER-mitochondria tethers involved in lipid homeostasis.

Modified from (Martin-Guerrero et al., 2022). Multiple ER-mitochondria tethering proteins are
involved in the regulation of lipid homeostasis. The VAPB-PTPIP51 tether is necessary for transport of
phosphatidic acid (PA) which is a precursor of cardiolipin (CL) that regulates mitochondrial respiration,
apoptosis and mitophagy. The PTPIP51-ORP5/8 interactions are suggested to promote transfer of
phosphatidylserine (PS) which is converted into phosphatidylethanolamine (PE) in mitochondria. PE
promotes mitochondrial biogenesis and oxidative phosphorylation. MIGA2/VAPB tethers link the
mitochondria to lipid droplets and enhance the transport of PS. PERK, a protein with lipid kinase
activity, interacts with VAPB and MFN2, but the role of these interactions is not yet clear. MFN2
homodimers mediate the transfer of PS at ER-mitochondria contact sites.
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1.2.4 ER-mitochondria tethering is disrupted in ALS

Increasing evidence suggests that the disruption of ER-mitochondria contacts is a key pathological
mechanism in ALS. In a recent high-throughput study of the effect ALS genes on ER-mitochondria
contact, it was found that 76% (16/21) of the genes investigated caused disruption of contact site
integrity (Sakai et al., 2021). This suggests that dysregulation of ER-mitochondria contacts may be a
common pathomechanism in ALS (Figure 1-8). Evidence of disrupted ER-mitochondria contact in

models of ALS is described below, and a summary is described in Table 1-4.

1.2.4.1 TDP-43 and FUS

Expression of wild type or pathological TDP-43 or FUS fALS mutants leads to significant reductions in
VAPB/PTPIP51 ER-mitochondria tethering and perturbed Ca?* homeostasis (Stoica et al., 2014; Stoica
et al., 2016). Neither TDP-43 nor FUS directly interact with PTPIP51 or VAPB but act through the
activation of the glycogen synthase kinase-3p (GSK3pB) by inhibiting its phosphorylation on Serine-9.
Activated GSK3p results in reduced VAPB/PTPIP51 interaction, and disrupted Ca?* signalling and ATP
production (Stoica et al., 2014; Stoica et al., 2016). Inhibiting GSK3B corrected the TDP-43 or FUS
damage to ER-mitochondria signalling (Stoica et al., 2016). This suggests the VAPB/PTPIP51 tether
complex may be targeted for damage by TDP-43 and FUS through GSK3B activation, thereby

contributing to the pathological features of ALS.

In transgenic mice, overexpressing human TDP-43 caused abnormal juxtanuclear aggregation of
mitochondria and dysfunctional mitochondrial dynamics, with enhanced levels of ER-mitochondria
contact protein Fisl and reduced levels of MFN1 (Xu et al., 2010). On the other hand, TDP-43 down-
regulation in Hela cells leads to a loss of ER-mitochondria contact site density (Peggion et al., 2021).
This may explain why loss of functional TDP-43 in ALS leads to dysregulated ER-mitochondria contacts,

thereby contributing to the pathological features of ALS.

1.2.4.2 SigmaR1 and SOD1

Under physiological conditions, SigmaR1 is found highly expressed at MAM of spinal motor neurons
where it is involved in Ca?* signalling by maintaining the stability of IP3R (Hayashi and Su, 2007;
Mavlyutov et al., 2010). The downregulation or loss of SigmaR1 function in motor neurons has been
shown to stunt axon extension and results in disrupted ER-mitochondria contacts and Ca?
dysfunction, thus generating ER stress and defects in mitochondrial dynamics and transport (Bernard-
Marissal et al., 2015). Additionally, SigmaR1 requires the mitochondria membrane AAA ATPase
ATAD3A to remain at MAM. Here SigmaR1 inhibits mitochondrial fragmentation, with both SigmaR1-
deficient or SOD1-linked ALS mice exhibiting fragmented mitochondria (Watanabe et al., 2023).
Moreover, disruption of SigmaR1 in mice causes an ALS-like motor disability phenotype (Luty et al.,

2010). Whereas the same SigmaR1 disruption in transgenic mice expressing ALS-associated mutant
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SOD1 resulted in earlier disease onset and disturbed ER-mitochondria contact site integrity (Watanabe

etal., 2016).

Motor neurons from SOD1%%*A-mutant mice have disrupted Ca?* homeostasis (Lautenschlager et al.,
2013). In vitro ALS-related mutant SOD1 aggregates and accumulates at MAM, impairing the integrity
of this domain (Watanabe et al., 2016). Interestingly, activation of SigmaR1 in SOD1-mutant mice
protects ER-mitochondria contact site integrity and maintains ER-mitochondria contacts and Ca?
homeostasis (Watanabe et al., 2016). SOD1°%* transgenic mice exhibit reduced levels of VAPB protein,
which may result in reduced VAPB/PTPIP51 tethering (Teuling et al., 2007). Neuronal overexpression
of human VAPB in SOD1%%**transgenic mice, caused prolonged lifespan and survival of spinal motor
neurons in addition to slowed disease progression (Kim et al., 2016). This suggests that rectification

of ER-mitochondria contact site dysfunction could be a viable therapeutic strategy in SOD1-ALS.

1.2.4.3 CY9orf72

Recent evidence has shown that in iPSC-derived cortical neurons from patients carrying a mutation in
C90rf72, there is disruption of the VAPB/PTPIP51 tether and IP3R-VDAC1 interactions (Gomez-Suaga
et al., 2022). In hippocampal neurons isolated from C9orf72 transgenic mice containing 450
hexanucleotide GGGGCC repeats, a decrease in interaction between VAPB and PTPIP51 has also been
observed prior to onset of disease (Gomez-Suaga et al., 2022). Furthermore, expression of mutant
C9orf72-associated pathogenic DPR proteins also disrupted VAPB/PTPIP51 and IP3R-VDAC1
interactions in rat cortical neurons and caused disruption of Ca?* signalling in SH-SY5Y cells (Gomez-
Suaga et al., 2022). This has been suggested to be due to activation of GSK3pB, in a manner similar to
FUS and TDP-43. Together, this implicates a common pathological mechanism of dysregulated MAM

caused by the three of the most common ALS-associated mutations.

1.2.4.4 VCP

Vacuolar protein sorting-associated protein 13D (VPS13D) is a ubiquitously expressed protein with
known roles in mitochondrial morphology, dynamics and mitophagy (Anding et al., 2018; Insolera et
al., 2021). VPS13D interacts with VCP in order to negatively regulate the level of VAPB at MAM, leading
to a reduction in VAPB/PTPIP51 tethering (Du et al., 2021). On the other hand, inhibition of VPS13D,
leads to an increase in ER-mitochondria tethering which is only rescued by the suppression of PTPIP51
and VAPB. As VCP mutations cause familial ALS and VCP is known to regulate the stability of FUS
granules, this negative regulation of ER-mitochondria contacts may be linked to mechanisms related

to ALS development (Johnson et al., 2010; Yasuda et al., 2022).
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Figure 1-8 Summary of ER-mitochondria tethering dysfunction in ALS.

Modified from (Martin-Guerrero et al. 2022). ALS-associated genetic mutations disrupt IP3R-Grp75-
VDAC1 and VAPB/PTPIP51 ER-mitochondria contacts. Mutant SigmaR1 and SOD1 disrupt the function
of wild type SigmaR1 to maintain IP3R at the ER membrane. This leads to defective transport of Ca?*
from ER stores to the mitochondria and downstream effects on ATP production and synaptic activity.
C9orf72-derived toxic DPRs, mutant TDP43 and FUS activate GSK3p kinase. GSK3p activation inhibits
VAPB/PTPIP51 tethering. Wild type VCP in association with VPS13D negatively regulates VAPB protein.
Mutant VCP leads to increased VAPB/PTPIP51 tethering which can lead to Ca* overload and
mitochondrial dysfunction.
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Table 1-4 Summary of ER-mitochondria tethering dysfunction in in vitro and in vivo models of ALS.
Modified from (Lee et al., 2024).

Model ALS Mutation/Pathology Observed ER-mitochondria tethering dysfunction Reference
C90rf72
iPSC-derived Loss of VAPB-PTPIP51 tethering and loss of IP3R-VDAC1

cortical neurons

Mutant C9orf72
hippocampal
neurons

Rat cortical
neurons

SH-SY5Y cells

FUS

HEK293 cells

NSC34 cells

Mouse spinal
motor neurons

TDP-43

HEK293 cells

NSC34 cells

C90rf72 GGGGCC repeat expansions

Transgenic mice expressing 450 C9orf72
GGGGCC repeat expansions

Overexpression of poly-GA, poly-GR and poly-
PR DPRs

Overexpression of poly-GA, poly-GR and poly-
PR DPRs

Overexpression of WT or fALS FUS mutations
(R521C & R518K)

Overexpression of WT or fALS FUS mutations
(R521C & R518K)

Transgenic mice expressing WT human FUS
(hFUS)

Overexpression of WT or fALS TDP-43
mutations (M337V, Q331K, A382T, G348C)

Overexpression of WT fALS TDP-43 mutations
(M337V, Q331K, A382T, G348C)

interaction

Loss of VAPB-PTPIP51 tethering

Loss of VAPB-PTPIP51 tethering and loss of IP3R-VDAC1
interaction

Disrupted Ca?* transfer

Disrupted Ca?* transfer

Loss of VAPB-PTPIP51 tethering, decreased MAM density and
reduced ATP production

Loss of VAPB-PTPIP51 tethering

Loss of VAPB-PTPIP51 tethering and disrupted Ca®* transfer

Loss of VAPB-PTPIP51 tethering and decreased MAM density

Gomez-Suaga et al. 2022

Gomez-Suaga et al. 2022

Gomez-Suaga et al. 2022

Gomez-Suaga et al. 2022

Stoica et al., 2016

Stoica et al., 2016

Stoica et al. 2016

Stoica et al., 2014

Stoica et al., 2014
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Model

ALS Mutation/Pathology

Observed MAM dysfunction

Reference

TDP-43

TDP-43prp mouse
spinal motor
neurons

Hela cells
SigmaR1
SigmaR1 ™/~

mouse spinal
motor neurons

N2A cells

Hela cells
SOD1

SOD1%%R mouse
spinal motor
neurons

SOD1%%3A mouse
spinal motor
neurons

VAPB

COS-7, N2A and
NSC-34 cells

Transgenic mice expressing WT human TDP-
43 (hTDP-43)

Knock down of TDP-43

Knock out of SigmaR1

Overexpression of SigmaR1 fALS mutations
(E102Q & L95fs)

Knock down of SigmaR1

Transgenic mice expressing mutant human
SODlG85R

Transgenic mice expressing mutant human
SODlG93A

Overexpression of mutant VAPBT™®!

Loss of VAPB-PTPIP51 tethering?, mitochondrial aggregation? and
dysregulated expression of MAM proteins Fis1 and MFN1?

Decreased MAM density and disrupted Ca?* transfer
Loss of IP3R-VDACL interaction?, decreased MAM density*3,
disrupted Ca?* transfer?, ER stress?, disrupted mitochondrial

morphology, dynamics and transport?, mitochondrial
fragmentation?

Disrupted Ca?*transfer

Mitochondrial fragmentation

Decreased MAM density and IP3R mis-localisation

Mitochondrial fragmentation® and disrupted Ca?* transfer?

Aggregation of VAPB into insoluble puncta

Stoica et al., 2014%, Xu et al.,
2010?

Peggion et al., 2021

Bernard-Marissal et al. 20157,
Watanabe et al. 20232,
Watanabe et al. 20163

Watanabe et al. 2016

Watanabe et al. 2023

Watanabe et al. 2016

Watanabe et al. 20232,
Lautenschlager et al. 20132

Chen et al. 2010
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Model ALS Mutation/Pathology Observed MAM dysfunction Reference

VAPB

Rat cortical . PSES . . . . 2

neurons Overexpression of mutant VAPB Disrupted mitochondrial transport and disrupted Ca** transfer Morotz et al. 2012

VAPB™% mouse
spinal motor
neurons

Post-mortem
spinal cord tissue

iPSC-derived
motor neurons

vce

U20S cells

Transgenic mice expressing mutant human
VAPBP5S

Various sALS and fALS patients

Expression of mutant VAPBP>6

Inhibition of VCP with allosteric inhibitor
NMS873 or knock down of VCP

Aggregation of VAPB into insoluble puncta, increased ER stress,
increased apoptosis and VAPB mis-localisation

Decreased expression of VAPBY2 and loss of VAPB-PTPIP51
tethering?

Decreased expression of VAPB

Hyper increased MAM density

Aliaga et al. 2013

Anagnostou et al. 2010 and
Hartopp et al. 2022

Mitne-Neto et al. 2011

Duetal. 2021
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1.3 The NEK1/C21orf2 protein complex in health and disease

Never in mitosis A-related kinase 1 (NEK1), encoded by the NEK1 gene, is a member of the NEK family
of serine/threonine kinases that mediate cell cycle regulation (Fry et al., 2017; Fry et al., 2012). The
NEK1 protein consists of an N-terminal kinase domain, a basic domain, four sequential coiled-coil
domains and two nuclear export sequences (Figure 1-9). It was recently reported that the C-terminal
domain of NEK1 is necessary for binding to the N-terminal leucine-rich repeat domains of the protein
C21o0rf2 (also known as cilia- and flagella-associated protein 410 (CFAP410)) (Gregorczyk et al., 2023).
NEK1 is both physically and functionally associated to C210rf2, and both proteins are essential for the
regulation of ciliogenesis (Wheway et al., 2015; White and Quarmby, 2008) and DNA damage repair
(Chen et al., 2011; Fang et al., 2015). The C21orf2 protein has not been well characterised, but it is
suggested to contain an N-terminal mitochondrial localisation sequence, three leucine rich repeats
and a C-terminal leucine rich repeat (Figure 1-9). A recent study suggested that the C-terminus of
C21orf2 forms a tetrameric helical bundle that regulates its localisation, although this is yet to be

validated (Stadler et al., 2022).

The C2lorf2 protein is targeted for degradation by ubiquitination by the substrate recognition
component of the SCF (SKP1-CUL1-F-box protein)-type E3 ubiquitin ligase complex; F-box only protein
3 (FBXO3) (Watanabe et al., 2020). It is reported that NEK1-mediated phosphorylation stabilises the
C21orf2 protein by inhibiting its interaction with FBXO3, which in turn stabilises the NEK1 protein
(Watanabe et al., 2020). It is suggested that in cells C21orf2 protein only exists when in complex with
NEK1, but not vice versa, which would explain the C21orf2-independent roles of NEK1 such as mitosis

regulation (Gregorczyk et al., 2023).

Genetic mutations in NEKI and C21orf2 are linked to several skeletal dysplasias such as Jeune
syndrome, spondylometaphyseal dysplasia (SMD) and autosomal recessive Majewski type short-rib
polydactyly syndrome (SRPS) (Mclnerney-Leo et al., 2015; Mclnerney-Leo et al., 2017; Thiel et al.,
2011; Wang et al., 2017; Wang et al., 2016a). Missense and loss of function mutations in NEK1 and
risk mutations in C21orf2 are linked to ALS, which is described in more detail in section 1.3.3 (Brenner
etal., 2016; van Rheenen et al., 2016). This suggests that close association of the two proteins may be
necessary for their proper function. Therefore, further investigation into the pathways that NEK1 and

C21orf2 regulate may highlight novel targets for therapeutic intervention of multiple diseases.
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Figure 1-9 Schematic of the NEK1 and C210rf2 proteins and disease-associated mutations.

Asterisk denotes the mutation into a premature stop codon. For NEK1 fs denotes a frameshift
mutation, followed by the number of amino acids until a premature stop codon in brackets. The amino
acid substitutions encoded by missense mutations are colour-coded according to disease as indicated.
Red labelled ALS-associated mutations for NEK1 are loss of function, whilst the location of identified
missense mutations are indicated by a black dashed line. ALS = Amyotrophic lateral sclerosis, SMD =
Spondylometaphyseal dysplasia, SRPS =
sequence.

Short-rib polydactyly syndrome, NES = Nuclear export
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1.3.1 NEK1 and C210orf2 mediate ciliogenesis

Primary cilia are non-motile microtubule projections that protrude from the surface of mammalian
cells. Cilia act as sensory organelles, to allow cells to respond to stimuli in the extracellular
environment and are involved in multiple essential signalling pathways such as sonic hedgehog, Wnt
and mTOR (Wheway et al., 2018). The eukaryotic cell cycle is broadly divided into 4 phases; DNA
replication (S), cell division (M), cell growth (G1) and preparation for division (G2), whilst cells can be
arrested by checkpoint control proteins in GO. Cilia are a feature of post-mitotic cells, formed during
phases GO and G1 of the cell cycle, due to being rooted to the centrosome-derived basal body, which
is essential for nucleation of the mitotic spindle during cell division (Sorokin, 1968). Thus, prior to
mitosis the cilia are released and reabsorbed from the centrosome, to allow cell division and then

ciliogenesis restarted after mitotic division (Basten and Giles, 2013).

NEK1 was first linked to the formation of cilia, known as ciliogenesis, as NEK1-deficient Kat2J mice
present with classic symptoms of ciliopathy such dwarfism, reduced spermatogenesis, and progressive
polycystic kidney disease (Mahjoub et al., 2005; Shalom et al., 2008; Upadhya et al., 2000). In vitro,
functional knock out of NEK1 causes defective ciliogenesis in mouse NIH3T3 fibroblasts and human
ARPE-19 cells, further implicating the role of NEK1 in ciliogenesis (Evangelista et al., 2008; Gregorczyk
et al., 2023). It is reported that NEK1 protein localises to the centrosome, which is the microtubule-
organizing centre involved in ciliogenesis, and that this localisation is mediated by its coiled-coil
domain (Mahjoub et al., 2005; White and Quarmby, 2008). At the centrosome, NEK1 is suggested to
be necessary for stabilisation of the microtubule axial filament of growing cilia, as depletion of NEK1
leads to abnormal cilia branching (Wang et al., 2014). NEK1 binds to and phosphorylates key
microtubule component tubulin a-1B chain, which is necessary for microtubule stabilisation which is
an early stage of ciliogenesis (Mann et al., 2023; Pitaval et al., 2017). NEK1 may promote ciliogenesis
at the centrosome by binding to the tubulin-interactor centrosomal protein of 104 kDa (Cep104),
which localises at the ciliary tip during cilia assembly (Al-Jassar et al., 2017; Satish Tammana et al.,
2013). This leads to disinhibition of Cep104 by outcompeting binding of Cepl104 to the protein
centriolar coiled-coil protein of 110 kDa (Cep110), which negatively regulates ciliogenesis by capping

the mother centriole (Al-Jassar et al., 2017; Li et al., 2013; Spektor et al., 2007).

Contrary to the role of NEK1 kinase activity in microtubule stabilisation, overexpression of NEK1 leads
to inhibition of ciliogenesis, an effect that is ablated with expression of kinase dead NEK1 (Shalom et
al., 2008; White and Quarmby, 2008). One possible explanation of this, is that NEK1 has a dual kinase
function in ciliogenesis, promoting cilia stability once the process is initiated, but halting initiation by
its role in cell cycle regulation. Activation of NEK1 by DNA damage leads to activation of the checkpoint

serine/threonine-protein kinase (Chk1), which is necessary for cell cycle arrest at G1 phase (Chen et
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al., 2011). Considering ciliogenesis occurs during G1, overexpression of NEK1 may lead to inhibition of
ciliogenesis by halting cell cycle progression, suggesting that NEK1 kinase activity may be tightly

regulated to mediate ciliogenesis.

C21orf2 was first identified as a key ciliopathy-associated protein, and loss of functional C21orf2 has
been reported to disrupt cilia growth and cilia-associated Shh signalling in multiple cell models (De
Decker et al., 2022; Gregorczyk et al., 2023; Lai et al., 2011). Currently the role of C21o0rf2 is not yet
understood. However, ciliopathy associated R73P and L224P mutations in C21orf2 lead to dissociation
from NEK1, suggesting that the protein complex is necessary for regulation of cilia function (Wheway
et al., 2015). Knock out of either NEK1 or C210rf2 causes a significant decrease in localisation to cilia
of the other protein (Gregorczyk et al., 2023). However, this could be due to loss of protein
stabilisation, as NEK1-mediated phosphorylation stabilises C21orf2, which in turn stabilises NEK1
protein (Watanabe et al., 2020). Overexpression of C21orf2 does not lead to ciliary defects, suggesting
that whilst C21orf2 may stabilise NEK1 protein, it does not regulate its kinase activity (De Decker et
al., 2022). Both NEK1 and C21orf2 play key roles in the regulation of ciliogenesis and cilia function,

although further research is needed to conclude the specific mechanism this involves.

1.3.2 The role of NEK1 and C21orf2 in the DNA damage response

1.3.2.1 The DNA damage response

The genome is under constant threat of damage and mutation due to environmental factors such as
ionising radiation (IR) or toxic chemicals. Damage to DNA can also occur dye to physiological processes,
such as by excessive cellular ROS or defective transcription machinery (Hoeijmakers, 2001). Thus, cells
have evolved a tightly regulated response mechanisms to detect and repair DNA lesions, known as the
DNA damage response (DDR) (Harper and Elledge, 2007). Considering the variety of DNA-lesions that
can occur, the DDR involves multiple mechanisms of DNA repair, specific to each DNA insult (lyama
and Wilson, 2013). Briefly, some of the main DNA repair pathways are O6-methylguanine-DNA
methyltransferase (MGMT) (Yu et al., 2019), nucleotide excision repair (NER) (Costa et al., 2003), base
excision repair (BER) (Mullins et al., 2019), DNA single-strand break repair (SSBR) (Caldecott, 2022),
and mismatch repair (MMR) (Jiricny, 2006). Double-strand breaks (DSBs) to DNA are one of the most
deleterious forms of damage, which result in cell death if not repaired efficiently (Jackson and Bartek,
2009). Induction of DSB repair is regulated by three main kinases; ataxia telangiectasia and Rad3-
related protein (ATR), ataxia-telangiectasia mutated (ATM) and DNA-dependent protein kinase (DNA-
PK) (Stiff et al., 2004). Induction of the DDR, the protein kinases phosphorylate the histone H2AX,
resulting in the accumulation of yH2AX around the DNA lesion. This phosphorylation of H2AX at $139
is critical in DDR signalling and is a key marker of DNA damage induction (Mah et al., 2010).
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There are two main repair mechanisms to deal with DSBs; homologous recombination repair (HR) and
non-homologous end-joining (NHEJ) (Giglia-Mari et al., 2011). HR occurs during the S and G2 phases
of the cell cycle, particularly in response to DSBs formed by collapse of the replication fork where DNA
replication takes place (Prado, 2018). This process involves using an intact sister chromatid as a
template to ensure accurate repair. DSBs are recognised by the MRN complex, composed of DSB repair
protein MRE11, DNA repair protein RAD50, and Nibrin, leading to recruitment of the ATM kinase,
which initiates the recombination process (Lee and Paull, 2007). On the other hand, NHEJ occurs
mostly during G1 phase, when a template sister chromatid is not available (Delacote and Lopez, 2008),
thus this pathway directly ligates broken DNA ends (Lieber, 2010). Induction of NHEJ is mediated by
the Ku70/Ku80 heterodimer binding to the DSB ends, which recruits the DNA-dependent protein
kinase catalytic subunit (DNAPKC) (Pannunzio et al., 2018). Alternatively, NHEJ can be induced by poly
ADP-ribose polymerase 1 (PARP1)-dependent DSB sensing, which completes DDR signalling by
recruitment of ATM and the MRN complex (Haince et al., 2008). As mature neurons are post-mitotic,
they do not follow the replicative cell cycle during which most DDR pathways take place (Frade and
Ovejero-Benito, 2015). Evidence suggests that NHEJ is the primary repair pathway for DSBs (lyama and
Wilson, 2013). It was recently suggested that neurons can undergo an RAD52-dependent HR
mechanism for DSBs, that uses an RNA template (Welty et al., 2018). Although this pathway is not yet

well understood.

The DDR promotes cell cycle arrest, which is performed at regulated checkpoints, to allow for efficient
DNA repair (Campos and Clemente-Blanco, 2020). Briefly, checkpoint at G1 is controlled by the
signalling complex of ATM, checkpoint serine/threonine-protein kinase 2 (Chk2) and cellular tumour
antigen p53 (Smith et al., 2020). Whilst arrest at S and G2/M checkpoints are mediated by signalling
between ATR-Chk1 and Wee1-like protein kinase (Weel) (Vera et al., 2015). Failure to arrest cell cycle
at checkpoints can lead to DNA damage accumulation and apoptosis (Boice et al., 2022). The p53
protein is critical in the DDR, as it regulates multiple processes to decide cell fate such as DNA damage
repair, apoptosis, and cellular senescence (Hafner et al., 2019). In a positive feedback mechanism, cell
cycle arrest kinases Chk1, Chk2 and the cyclin-dependent kinase inhibitor 1 p21 activates p53 to
promote cell cycle arrest, although prolonged activation due to DNA damage will lead to cell death

initiation (Shen and White, 2001; Simabuco et al., 2018).

1.3.2.2 NEK1 is involved in multiple DDR pathways

NEK1 protein is best characterised for its role in the DDR process (summarised in Figure 1-10), which
was first reported in 2004. It was shown that DNA damage due IR leads to upregulation of NEK1 kinase
activity (Polci et al., 2004). In response to IR-induced DNA damage NEK1 colocalises to the key DDR

protein yH2AX in the nucleus to promote DNA repair (Polci et al., 2004). NEK1 is proposed to be
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involved in three main signalling pathways within the DDR, responding to primarily to DNA DSBs. Prior
to DNA damage, NEK1 associates with the major DDR regulator ATR kinase leading to ATR
autophosphorylation at T1989 and stabilisation of the ATR-interacting protein (ATRIP) complex that is
essential for priming before DDR signalling (Cortez et al., 2001; Liu et al., 2013). NEK1 can act
independently of ATR or ATM protein kinases, as inhibition of ATR/ATM did not alter NEK1
upregulation or translocation of NEK1 in response to DNA damage (Chen et al., 2011). On the other
hand, silencing NEK1 does not disrupt ATM/ATR localisation or phosphorylation in response to DNA
damage (Chen et al., 2011). Loss of NEK1 does not lead to embryonic lethality in mice as seen with
ATR-deficiency, confirming that NEK1 can act independently of master DDR regulators (Brown and

Baltimore, 2000; Chen et al., 2011).

In response to DSBs by IR or toxic agents, tousled-like kinase 1 (TLK1) phosphorylates NEK1 at T141 to
promote cell cycle arrest via the TLK1 > NEK1 > ATR > Chk1 pathway, as inhibition of TLK1 leads to
reduced NEK1 and Chkl phosphorylation and increased apoptosis (Singh et al., 2017; Singh et al.,
2019). Upon TLK1-phosphorylation of NEK1, Chk1 is activated by an unknown mechanism and in turn
inhibits M-phase inducer phosphatase 1 (CDC25A) activity by phosphorylation at PS76 (Chen et al.,
2011; Knoblochova et al., 2023). This results in CDC25A proteasomal degradation and the disinhibition
of cyclin-dependent kinase 1 (CDK1)/Cyclin B, which arrests the cell cycle (Sakurikar et al., 2012).
Indeed, it is well reported that loss of NEK1 leads to failure of cells to initiate cell cycle arrest and
accumulate DNA damage, due to lack of Chk1 and Chk2 activation (Chen et al., 2008; Pelegrini et al.,
2010).

The NEK1-interacting protein C21orf2 has been suggested to be necessary for NEK1 to function
effectively in HR, although this is controversial. Multiple papers have reported that silencing C210orf2
leads to defective proliferation and DNA damage repair by HR after IR, although this could be rescued
by overexpressing NEK1, suggesting it is due to loss of NEK1 protein stabilisation (Fang et al., 2015;
Watanabe et al., 2020). Contradictory to this, small interfering RNA (siRNA) knockdown of C21orf2 in
SHSY-5Y did not disrupt the formation of yH2AX foci in response to DNA damage, suggesting no change
in DNA damage response efficiency (De Decker et al., 2022). Thus, further investigation is needed to

conclude whether C21orf2 is necessary for NEK1-mediated regulation of HRR.

In response to IR, lack of NEK1-mediated phosphorylation of Rad54 S572 during G2 leads to replication
fork instability and defective homologous recombination repair, although this is currently being
disputed (Ghosh et al., 2022; Spies et al., 2016). Finally, in response to DNA damage, a portion of NEK1
is recruited to mitochondria where it phosphorylates VDACL1 in order to prevent apoptosis, which is

discussed in more detail in section 1.3.2.4.
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Figure 1-10 Summary of the key pathways of NEK1 and C210rf2 in the DNA damage response.

Modified from (Pavan et al., 2021). In response to UV-induced replicative stress or double strand
breaks (DSB), NEK1 interacts with ATR, leading to autophosphorylation on T1989 and stabilisation of
the ATR-ATRIP complex. In response to DSBs, TLK1 phosphorylation NEK1 at T141 leads to NEK1-
mediated phosphorylation of VDAC1 S193 to prevent apoptosis. This also leads to initiation of the
TLK1 > NEK1 > ATR > Chk1 pathway that causes cycle arrest due to CDC25A-mediated CDK1 inhibition.
NEK1 also interacts with C21orf2 in response to DSBs to regulate homologous recombination repair
(HR).
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1.3.2.3 Nucleus to mitochondria signalling in the DDR

1.3.2.3.1 PARP1-SIRT1 signalling

Mitochondrial dysfunction and DNA damage accumulation are both hallmarks of aging and have been
reported in numerous neurodegenerative diseases (Maynard et al., 2015; Reddy, 2009). Emerging
evidence has implicated a role of mitochondria in the DDR, as it suggested that signalling between the
nucleus and mitochondria in response to DNA damage is pivotal for DNA repair (Cucchi et al., 2021).
One key protein family involved in nucleus to mitochondria signalling are sirtuins (SIRTs). Sirtuins are
NAD+ dependent deacetylases that are involved in cellular response to stresses, such as oxidative or
genotoxic stress (Grabowska et al., 2017). In response to DNA damage PARP1 consumes the coenzyme
NAD+ and acetyl-CoA, to recruit PAR-binding DNA repair proteins (Murata et al., 2019; Yang et al.,
2023). NAD+ is a rate-limiting metabolite for both PARP1 and sirtuin 1 (SIRT1), as SIRT1 requires NAD+
for the regulation of mitochondrial biogenesis and promotion of DNA damage repair (Cerutti et al.,
2014). Thus, upregulation of PARP1 or SIRT1 can lead to inhibition of the other due to competition for
NAD+ (Fang et al., 2014) (Figure 1-11).

SIRT1 inhibition leads to decreased activation of stress-activated proteins such as AMP-activated
protein kinase (AMPK). AMPK is a crucial cellular energy sensor that helps maintain energy balance
and supports cell survival (Herzig and Shaw, 2018). Upon changes in the ATP:ADP ratio during low
energy availability or high energy demand, AMPK phosphorylates multiple proteins to promote
catabolism, regulate mitophagy and mitochondrial dynamics (Gwinn et al., 2008; Liang et al., 2015).
In addition to SIRT1 activation, AMPK can also be activated by DNA damage factors such as ROS,
elevated calcium levels via calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2), ATM,
and p53 (Budanov and Karin, 2008; Tripathi et al., 2013). Once activated, AMPK enhances glucose and
fatty acid oxidation via glucose transporters (GLUTs) (Muraleedharan and Dasgupta, 2022) and
stimulates mitochondrial biogenesis via activation of forkhead box protein O3 (FOXO3A) (Urushihara
et al., 2023). When activated these proteins signal to the mitochondria in order to cope with oxidative
stress, by activation of SOD proteins (Marino et al., 2021). Thus, inhibition of SIRT1 due to out-
competition by PARP1 in response to DNA damage, leads to decreased activation and increased

mitochondrial ROS.

In a positive feedback manner, production of ROS signals back to the nucleus to promote activation of
PARP1-mediated DNA repair, although prolonged or hyperactivation of PARP1 is linked to
mitochondrial dysfunction (Fang et al., 2014; Rodriguez-Vargas et al., 2012). These actions contribute
to mitochondrial function regulation and cellular stress responses, controlling both production of ROS

and NAD+ as a feedback mechanism for PARP1 and SIRT1 function.
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Figure 1-11 PARP1-SIRT1 signalling in response to DNA damage.

In response to DNA damage PARP1 and SIRT1 consume the coenzyme NAD+ to promote DNA damage
repair by activation of DNA repair proteins Ku70 and ATM. Thus, upregulation of PARP1 or SIRT1 can
lead to inhibition of the other due to competition for NAD+. SIRT1 activates AMPK which enhances
glucose and fatty acid oxidation via glucose transporters (GLUTs) and Forkhead box protein O3
(FOXO3A). This activates SOD proteins to respond to oxidative stress. Inhibition of SIRT1 due to out-
competition by PARP1 in response to DNA damage, leads to decreased activation and increased
mitochondrial ROS. In a positive feedback manner, production of ROS signals back to the nucleus to
promote activation of PARP1-mediated DNA repair.
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1.3.2.3.2 Mitophagy-apoptosis crosstalk

Low levels of DNA damage stimulate mitophagy to promote cell survival by removal of damaged or
abnormal mitochondria (Kim et al., 2021). Whilst high levels of sustained genotoxic stress stimulate
apoptosis, suggesting that this nucleus to mitochondria signalling may be critical for deciding cell fate
(Biton and Ashkenazi, 2011; Shiloh and Ziv, 2013). This communication is mediated by three proteins
ATM, p53 and SIRT1 (Figure 1-12). Upon DNA damage, ATM, along with the NF-kB essential modulator
(NEMO), activates the Jun N-terminal kinase (JNK), which balances autophagy and apoptosis (Biton
and Ashkenazi, 2011; Picco and Pages, 2013). In low levels of genotoxic damage JNK promotes Beclin-
1initiation of autophagy, whilst upon extensive DNA damage, INK promotes apoptosis by deactivating
Beclin-2 and activating the FAS-associated death domain protein (FADD)—caspase 8 pathway (Marino
et al.,, 2014). ATM also regulates mitochondrial function by preventing Bid translocation to
mitochondria, thus reducing ROS production and apoptosis (Maryanovich et al., 2012). Under mild
stress, p53 can promote mitophagy by inducing pro-autophagy genes like DNA damage-regulated
autophagy modulator protein 1 (DRAM1) (Crighton et al., 2006). However, under severe genotoxic
stress, p53 activates pro-apoptotic proteins, leading to apoptosis, senescence, or growth arrest (Oda
et al., 2000). p53 is suggested to inhibit autophagy and mitophagy via the ULK1 autophagy complex
or suppressing the PINK1-Parkin mitophagy pathway (Gao et al., 2011; Hoshino et al., 2013). Finally,
SIRT1 deacetylates and inactivates p53, thereby preventing apoptosis and promoting survival after
genotoxic stress (Luo et al., 2001; Vaziri et al., 2001). SIRT1 also facilitates mitophagy via multiple
pathways, including deacetylation of LC3 and stabilising PINK1 by regulation of MMP (Fang et al., 2014;
Huang et al., 2015). Furthermore, SIRT1 facilitates AMPK to stimulate mitophagy and energy
homeostasis, possibly creating a positive feedback loop, as AMPK can also activate SIRT1 (Egan et al.,
2011). Therefore, ATM, p53, and SIRT1 each play critical roles in mediating the balance between

autophagy/mitophagy and apoptosis to determine cell fate in response to DNA damage.
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Figure 1-12 Mitophagy-apoptosis crosstalk in response to DNA damage.

Determination of cell fate is mediated by three proteins ATM, p53 and SIRT1. Upon DNA damage,
ATM, along with the NF-kB essential modulator (NEMO), activates the Jun N-terminal kinase (JNK). In
low levels of genotoxic damage JNK promotes Beclin-1 initiation of autophagy, whilst upon extensive
DNA damage, JNK promotes apoptosis by deactivating Beclin-2 and activating the FAS-associated
death domain protein (FADD)—caspase 8 pathway. ATM inhibits BID translocation to mitochondria,
inhibiting ROS production and apoptosis. p53 promotes mitophagy by inducing the pro-autophagy
gene DNA damage-regulated autophagy modulator protein 1 (DRAM1). Upon severe genotoxic stress,
p53 activates pro-apoptotic proteins, leading to apoptosis. p53 is inhibits ULK1 autophagy complex
and the PINK1-Parkin mitophagy to prevent mitophagy. SIRT1 deacetylates and inactivates p53, to
inhibit apoptosis and promote survival after genotoxic stress. SIRT1 facilitates AMPK to stimulate
mitophagy and energy homeostasis.
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1.3.2.4 NEK1 may link ER-mitochondria contacts to the DDR

Several lines of evidence suggest that NEK1 may regulate ER-mitochondria contacts or the processes
that they regulate. A proteomic analysis of HEK293 and mouse NSC-34 neuronal cell lines found that
NEK1 protein interacts with the ER-mitochondrial tethering protein VAPB (Cirulli et al., 2015).
Considering it is well established that NEK1 is recruited to mitochondria upon DNA damage to prevent
cell death via VDAC1-phosphorylation, it is probable that NEK1 is active at these ER-mitochondria sites
where VDACI resides under these conditions (Chen et al., 2009; Chen et al., 2010b). Accumulating
evidence shows that NEK1 is involved in regulation of many of the same pathways as MAM, such as
apoptosis, autophagy, and mitochondrial dynamics, which is discussed in more detail below. Thus,
NEK1 may be the key mediator of nucleus to mitochondria signalling in response to DNA damage, by

interaction with key MAM tethering proteins VDAC1 and VAPB.

Mitochondrial homeostasis is tightly regulated by both MAM and the DDR pathway (discussed in
sections 1.2.3.1 and 1.3.2.3 respectively). Accumulating evidence suggest that NEK1 is a key mediator
of mitochondrial homeostasis. MEFs from NEK1-deficient kat2)J mice have decreased levels of the
glucose transporter type 1 (GLUT1), leading to reduced glucose uptake, oxygen consumption levels
and ATP production (Wang et al., 2021a). NEK1-deficient HAP1 cells additionally show decreased
complex | activity with decreased expression of some key components of the complex and increased
mitochondrial ROS, which may be linked to increased DNA damage (Martins et al., 2021). The NEK1
interactome included many proteins essential for metabolism, such as pyruvate kinase M (PKM), the
2,4-dienoyl-CoA reductase and GSK3B (Melo-Hanchuk et al., 2017). The kinase GSK3B is suggested to
inhibit VAPB/PTPIP51 tethering, although whether this is due to direct phosphorylation is not yet clear
(Stoica et al., 2014; Stoica et al., 2016). However, how NEK1 interacts with these proteins to regulate

metabolism, possibly via ER-mitochondria contacts, needs further investigation.

In addition to dysregulated metabolism, mitochondrial fragmentation was reported in NEK1 kat2j
MEFs, which was suggested to be due to loss of NEK1-mediated endosomal trafficking (Wang et al.,
2021a). NEK1 phosphorylation of vacuolar protein sorting-associated protein 26 (VPS26B) at residues
$302/S304 to regulate the sorting nexin-27 (SNX27)-mediated trafficking from endosome to the
plasma membrane, with phospho-deficient VPS26B leading to the same mitochondrial dysfunction in
MEFs (Wang et al., 2021a). Loss of functional NEK1 in embryonic stem cell-derived motor neurons
leads to impaired retromer formation and decreased neurite outgrowth, implicating dysregulation of
retromer trafficking as a potential pathway in ALS pathophysiology (Huang et al., 2024). Although this
effect could be due to disruption of microtubule homeostasis, as treatment with the microtubule
stabilisation drugs paclitaxel or laulimalide rescued reduced neurite regrowth after photobleaching in

iPSC-derived motor neurons with NEK1 siRNA-mediated knockdown (Mann et al., 2023).
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In response to DNA damage, it is reported that a portion of NEK1 localises to mitochondria, where it
regulates the opening of the mitochondria permeability transition pore (mPTP) via phosphorylation of
the VDAC1 on the OMM (Chen et al., 2009; Chen et al., 2010b). Loss of NEK1 or expression of kinase-
dead NEK1 mutants results in loss of NEK1-dependent phosphorylation of VDACL, leading to increased
mitochondrial membrane permeability and accelerated cell death. This suggests that the interaction
between NEK1 and VDAC1 is vital to regulate apoptosis. Indeed, loss of phosphorylation of NEK1 by
TLK1 leads to increased apoptosis upon low doses of apoptotic stimulant doxorubicin, as shown
release of cytochrome Cinto the cytoplasm (Singh et al., 2020). In addition to regulation apoptosis via
VDAC1, NEK1 is involved in TNFa-associated receptor-interacting protein kinase 1 (RIPK1)-dependent
apoptosis (Amin et al., 2018). Functional knockdown of NEK1 sensitises cells to RIPK1-dependent
apoptosis and cell death in response to stimulation by TNFa/5Z-7 and increases levels of activated
RIPK1 (Amin et al., 2018). This is suggested to act by NEK1 binding to RIPK1 to inhibit formation of a
pool of activated RIPK1. Contrary to this, NEK1 has been suggested to indirectly modulate RIPK1 by
regulating the trafficking of the mammalian retromer complex upstream of RIPK1 inhibition by A20
(Wang et al., 2021a). Considering both ER-mitochondria contacts and the DDR decide cell fate by
regulating apoptosis (discussed in sections 1.2.3.1 and 1.3.2.3.2 respectively), NEK1 may link these

two seemingly disparate processes.

The NEK1 interactome contains several proteins involved in autophagy and mitophagy, including LC3B,
y-aminobutyric acid receptor-associated protein (GABARAP), ATG5 and Beclinl (Martins et al., 2021).
Furthermore, a recent CRISPR kinome-wide screen identified NEK1 as an inhibitor of both basal and
starvation-induced autophagy (Losier et al., 2024), and NEK1 KO HAP1 cells show decreased levels of
basal mitophagy (Martins et al., 2021). Multiple lines of evidence suggest that MAM are the site of
autophagosome formation (Gomez-Suaga et al., 2017; Hamasaki et al., 2013). Considering the role of
NEK1 in microtubule regulation and its interaction with proteins on the autophagosome membrane,
NEK1 may be necessary for autophagosome formation at these contact sites. Together, this implicates

a critical role for the regulation of ER-mitochondria contact sites in response to DNA damage.
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1.3.3 Mutations in NEK1 and C21orf2 are linked to ALS

1.3.3.1 NEK1 missense and loss of function mutations cause ALS

Multiple studies investigating whole exome sequences of ALS patients have reported heterozygous
LOF and missense mutations in NEK1 to be a cause of both familial and sporadic ALS (Brenner et al.,
2016; Cirulli et al., 2015; Lattante et al., 2021). NEK1 mutations are observed in 3 — 5% of ALS cases,
with approximately 1% these being LOF mutations (Kenna et al.,, 2016; Naruse et al., 2021).
Furthermore, approximately 1.8% of all cases and 30 — 50% of NEK1 mutation carriers are oligogenic,
therefore carrying an additional ALS risk mutation (lacoangeli et al., 2024; Lattante et al., 2021;
Nguyen et al., 2018). Typically, patients with NEK1 LOF mutations present with upper limb onset of
disease, with shorter survival duration than missense mutation carriers, suggesting the LOF mutations

to be more pathogenic (Jiang et al., 2023; Tsai et al., 2020).

Whilst there is a lack of knowledge of the pathological phenotype of NEK1-ALS, recent evidence shows
that post-mortem tissue from both NEK1 LOF and missense mutations contain pathological TDP-43
aggregates that are a hallmark of ALS (Rifai et al., 2024). The motor cortex of a patient with NEK1R?6H
missense mutation presented with NEK1-positive cytoplasmic aggregates, suggesting that missense
mutations may lead to LOF due to protein aggregation (Rifai et al., 2024). In line with this finding,
fibroblasts derived from missense NEK1 mutation harbouring ALS patients have decreased NEK1
protein expression, possibly due to protein aggregation (Lattante et al., 2021). NEK1 is involved in
regulation of primary cilia and human iPSC-derived motor neurons and brain organoids harbouring a
NEK1%%'" LOF mutation had significantly fewer and shorter cilia (Nice et al., 2024). Finally, iPSC-derived
motor neurons harbouring a NEKI®**®* ALS-associated mutation exhibited defective microtubule
homeostasis and nucleus-cytoplasmic transport, suggesting there may be multiple pathways of NEK1
pathology in ALS, dependent on the specific mutation (Mann et al., 2023). NEK1 is well established as
a protein involved in response to DNA damage, and NEK1 LOF mutations are suggested to lead to DNA

damage accumulation, which is discussed in order detail in section 1.1.4.5.

1.3.3.2 (C21orf2 variants confer susceptibility to developing ALS

A meta-analysis of genome wide association studies (GWAS) identified C210rf2 as a risk variant in ALS
(van Rheenen et al., 2016). Whilst the mechanisms by which C21orf2 may confer disease susceptibility
in unclear, mouse embryonic stem cell-derived motor neurons harbouring an ALS-associated V58L
mutation in C2lorf2 leads to accumulation of NEK1 protein and impaired neurite outgrowth,
suggesting it may be due to loss of NEK1 protein function (Watanabe et al., 2020). Investigation into
the effect of C21orf2 ALS mutations on its interaction with NEK1 reported that R73P mutation within
the LRR domain but not T1501 mutation led to disassociation with the NEK1 protein (Gregorczyk et al.,

2023). This suggests that the location of the mutation within the protein may influence its pathology.
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C21orf2 is best characterised as a cilia-related protein. Ciliary defects observed with siRNA-mediated
C21orf2 knock down are rescued with overexpression of wild type but not ALS-associated V58L mutant
C21orf2 constructs (De Decker et al., 2022). Furthermore, patient iPSC-derived motor neurons
harbouring a V58L or V58L/R60W compound mutation show significantly reduced ciliary frequency
and length, suggesting that C21orf2 ALS-mutations may have a unique primary ciliary defect, although

how this leads to disease is not clear (De Decker et al., 2022).

1.4 Summary, hypotheses, and aims

Missense and heterozygous LOF mutations in the gene NEK1 are a cause of familial and sporadic ALS
(Brenner et al., 2016; Cirulli et al., 2015). NEK1 is a multi-functional kinase with roles in DNA damage
repair (Pelegrini et al., 2010) and primary cilium formation (Shalom et al., 2008). C210rf2 is a known
interactor of NEK1 and has been shown to be required for NEK1 to function (Fang et al., 2015). C21orf2
also has functions in DNA damage repair and studies have found nonsynonymous and LOF mutations
in C21orf2 to be associated with increased ALS risk (van Rheenen et al., 2016). It is unclear how these
mutations may contribute to ALS, however as DNA damage accumulates in neurons in ALS (Kim et al.,
2020) and a LOF mutation in NEK1 leads to DNA damage accumulation in ALS patient-derived motor

neurons (Higelin et al., 2018), it is suspected that it may involve dysfunctional DNA damage repair.

Neurons are cells with high metabolic requirements, so the function of ATP producing mitochondria
is vital for neuronal function and survival. Mitochondria are closely associated with the endoplasmic
reticulum (ER), forming physical associations known as ER-mitochondria contact sites (MAM), that
regulate several physiological processes that are dysregulated in ALS, such as calcium handling,
autophagy, and synaptic function (De Vos et al., 2012; Gomez-Suaga et al., 2017; Gémez-Suaga et al.,
2019). In multiple forms of ALS there is reported reduced ER-mitochondria coupling and signalling
(Bernard-Marissal et al., 2015; Gomez-Suaga et al., 2022; Stoica et al., 2014, Stoica et al., 2016). There
is a specific reduction between the binding partners of vesicle-associated membrane protein
associated protein B (VAPB) on the ER membrane and outer mitochondrial protein tyrosine
phosphatase interacting protein 51 (PTPIP51) (Hartopp et al., 2022; Stoica et al., 2014; Stoica et al.,
2016). Although how and why this reduced ER-mitochondria apposition may lead to

neurodegeneration is still elusive.

In response to DNA damage, NEK1 has been found to localise to mitochondria where it inhibits
apoptosis by regulating opening of the mitochondria permeability transition pore (mPTP) via
phosphorylation of the voltage dependent anion channel 1 (VDAC1) on the outer mitochondrial
membrane (Chen et al., 2009; Chen et al., 2010b). Proteomic studies suggest that NEK1 interacts with

the ER-mitochondria tethering protein VAPB. Thus, it is possible that NEK1 and VAPB form a signalling
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complex that regulates ER-mitochondria interactions, calcium homeostasis and autophagy in response

to DNA damage.

We hypothesised that NEK1 and its interactor-C21lorf2 regulate ER-mitochondria apposition in
response to DNA damage and that ALS-associated loss of NEK1 or C210rf2 function will disturb these
processes to cause disease. This project aimed to elucidate the role of this novel complex and
understand how it may directly link impaired DNA damage repair and ER-mitochondria contacts in

neurodegeneration, furthering our knowledge towards the mechanisms underlying ALS (Figure 1-13).
In order to investigate the above hypotheses, my aims were:

e To characterise the interaction between NEK1, C2lorf2 and the VAPB/PTPIP51 ER-
mitochondria tether
e To determine if loss of NEK1 and C21orf2 may disrupt ER-mitochondria contacts

e To elucidate the mechanism of NEK1-mediated regulation of VAPB/PTPIP51 tethering
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Figure 1-13 Hypotheses of the project.

We hypothesised that NEK1 and C2lorf2 regulate ER-mitochondria apposition by mediating
VAPB/PTPIP51 protein tethering in response to DNA damage (left) and that ALS-associated loss of
NEK1 or C21orf2 function will disturb these processes (right).
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Chapter 2 Materials and methods

Unless otherwise indicated, chemicals were purchased from Sigma Aldrich and stock solutions made

using ultrapure water from a Milli-Q purification system (Merck Millipore).

2.1 Cell culture techniques

2.1.1 Celllines

The cell lines used in this study include HEK293, wild type (WT) HelLa and C21orf2 knock out (KO) Hela
cells. Parental cell wild type (PC) HelLa and NEK1 KO Hela cells were a gift from Dr Carl Laflamme

(Montreal Neurological Institute).

2.1.2 Subculture of cell lines

All cell lines were grown to a confluency of 100% and sub-cultured twice weekly in 4500 mg/L glucose
containing Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich, D5796), supplemented with
10% foetal bovine serum (FBS) (Sigma-Aldrich, F7524), and 1mM sodium pyruvate (Sigma-Aldrich,
$8636), at 37 °Cin a 5% CO, incubator. All cell lines were subjected to monthly testing for mycoplasma

contamination.

Briefly, media was removed, and cells washed once with phosphate-buffered saline (PBS, 137 mM
NaCl, 2.7 mM KCI, 10 mM Na;HPO,4, 1.8 mM KH,PO,). Cells were incubated for 3 min at 37 °C with
trypsin-ethylene-diamine-tetraacetic acid (EDTA) (Gibco, 15400054), then neutralised by addition of

fresh prewarmed media and triturated to create a single cell suspension.

An appropriate volume of cell suspension was diluted in fresh media in new flask for continuation of
cell culture (Table 2-1), or into an appropriately sized plate for experimental purposes (Table 2-2). For
immunofluorescence or live imaging experiments, cells were plated on @13 mm (Academy,
NPS16/2424) or @18 mm glass coverslips (VWR, 631-1580) respectively, which were pre-sterilised by
baking for 2 h at 180 °C.

Table 2-1 Volume of trypsin and media used for subculturing of cell lines.

Flask size Trypsin volume (mL) Total media volume (mL)
T25 1 5
T75 3 15
T175 5 30
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Table 2-2 Volume of media used for experimental cell culture plates and their applications.

Plate size Media volume per well (mL) Application
96 wells 0.1 CRISPR/Cas9
24 wells 0.5 siRNA transfection & immunofluorescence

siRNA transfection, live cell imaging &

12 wells ! CRISPR/Cas9
6 wells 2 siRNA transfection & immunoblot
10 em? dish 10 Immunoprecipitation & electron

microscopy

2.1.3 Thawing cell lines

All cell lines were stored long term at -80 °C in cryovials. Vials were thawed quickly in hand and diluted
in 9 mL fresh warmed media and gently mixed. The cell suspension was split 3 mL into a T25 flask for
continuation of cell culture and 7 mL into a T75 flask, to be frozen down once confluent to allow

expansion of the cell line stocks.

2.1.4 Freezing cell lines

To freeze the cell lines for long term storage, cells were grown until 100% confluent in a T75 flask,
washed and trypsinised, as described in 2.1.2. The cell suspension was centrifuged for 4 min at 400 x
g, the supernatant was removed, and the cell pellet resuspended in 3 mL of freezing media (FBS + 10%
DMSO (dimethyl sulfoxide, Sigma-Aldrich, D2650)). The resuspended cells were transferred into
cryovials (Thermo Scientific, 375353) and frozen for 24 h at -80 °C in a CoolCell® freezing container

(Corning, 432010), prior to long term storage at -80 °C.
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2.1.5 CRISPR/Cas9 gene editing

CRISPR/Cas9 technology was used to functionally knock out the C21orf2 protein. WT Hela cells were
seeded in a 12 well plate and grown in standard supplemented media to approximately 80%
confluency on the day of transfection. The Cas9 transfection was completed using Dharmacon Edit-R
reagents following the manufacturer’s protocol. The Edit-R trans-activating CRISPR RNA (tracrRNA)
(Dharmacon, U-00200) and Edit-R CRISPR RNA (crRNA) designed to target either exon 3 or 5 of the
C21orf2 gene (Dharmacon, CM-019913-03-0002 and CM-019913-05-0002) were diluted to 10 uM
stock in 10 mM Tris-HCI pH 7.5. The Edit-R Cas9 plasmid (Dharmacon, U-005300-120) was diluted to a
100 ng/ul stock in Tris-HCl pH 7.5.

A mixture of puromycin resistant Edit-R Cas9 plasmid, Edit-R tracrRNA, Edit-R crRNA and Tris-HCI pH
7.5 was diluted in Opti-MEM (Gibco, 11058021). Separately, the transfection reagent Lipofectamine
2000 (Invitrogen, 11668019) was diluted in Opti-MEM and incubated for 5 min. The Cas9 and
Lipofectamine 2000 mixtures were combined, vortexed for 10 s and incubated for 20 min, before

adding dropwise to the cells. The media was changed 5 hours post-transfection.

Twenty-four hours post-transfection, the cells were washed once in PBS and trypsinised to detach
them from the plate surface. The cells were resuspended in media containing 3 pg/mL puromycin
(Sigma-Aldrich, 540411) and plated into a fresh 12 well plate, to allow selection of successfully
transfected puromycin resistant cells. Forty-eight hours after replating, the puromycin media was

replaced for puromycin-free media to allow growth of selected Cas9 transfected cells.

Once 90% confluent, the cells were split in both a serial and limiting dilution across 96 well plates, and
wells with single cells marked as single clones. The remaining cells were frozen down as an ‘edited
pool’. Single cell clones were expanded into 6 well plates and analysed by immunoblot and gPCR.
Details of the Cas9 transfection mix for 1 well of a 12 well plate are described in Table 2-3 and the

crRNA sequences are described in Table 2-4.
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Table 2-3 Reagent mixture for Cas9 transfection of 1 well of a 12 well plate.

Reagent Volume (pL)
Cas9 mixture
Edit-R Cas 9 plasmid 100 ng/pl 20
Edit-R trans-activating CRISPR RNA (tracrRNA) 10 uM 2
Edit-R CRISPR RNA (crRNA) 10 puM 2
Tris pH 7.5 10 mM 6
Opti-MEM 70
Lipofectamine mixture
Lipofectamine2000 4
Opti-MEM 96

Table 2-4 CRISPR Cas9 crRNA target sequences.

Target ;A Protospacer adjacent
crRNA product number exon Target sequence 5’ -3 motif (PAM)
Dharmacon CM-019913-03-0002 5 CTGTCCCGTGCACTGAGTGA GGG
Dharmacon CM-019913-05-0002 3 TTGCCAGGAGATGCCCAGCC TGG
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2.1.6 Plasmid DNA transfection
Hela and HEK293 cells were transfected with plasmid DNA with either Lipofectamine 2000 according

to the manufacturer’s instructions, or with polyethylenimine (PEI).

Separately, Lipofectamine 2000 (2 uL/ug DNA) and plasmid DNA were diluted in Opti-MEM and
incubated for 5 min. The mixtures were combined, vortexed for 10 s and then incubated for 20 min.
After incubation the mixture was added dropwise directly to cells in culture medium and incubated at

37°C.

For transfection with PEI, plasmid DNA was diluted in Opti-MEM and incubated for 5 min. The PEI (3
puL/ug DNA) was added directly to the DNA/Opti-MEM mix and immediately vortexed for 15 s. The
DNA/PEI mixes were incubated for 20 min and then added dropwise directly to cells in culture medium

and incubated at 37°C.

All transfection reagents were incubated for at least 24 h prior to experimentation. The DNA plasmids
used in transfections are listed in Table 2-5. The amount of DNA and transfection reagent used for

transfections in different culture plates are listed in Table 2-6.
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Table 2-5 Plasmid DNA constructs.

Plasmid DNA construct Attribution
Empty vectors
pCl-neo Promega

pCl-neo-mCherry-N

In house (Dr Annekathrin Moller)

pGEX6p1 GE Healthcare
pPEGFPc2 Clontech
C21lorf2

pCl-neo-Myc-C21orf2

pCl-neo-C21orf2-HA
pCl-neo-C21orf2-HA A2 — 15

pPGEX6p1-C21orf2-HA

In house (Dr Rebecca Cohen) from human C21orf2 cDNA
(Dharmacon MHS6278-202832621)

In house (Miss Natalie Pye)
In house (Miss Natalie Pye)

In house (Miss Natalie Pye)

NEK1

pCl-neo-Myc-NEK1

pCl-neo-V5-NEK1
pCl-neo-V5-NEK1 K33R
pCl-neo-mCherry-NEK1
pCl-neo-V5-NEK1 (AA 1-258)
pCl-neo-V5-NEK1 (AA 1-379)

pCl-neo-V5-NEK1 (AA 1-732)

In house (Dr Rebecca Cohen) from human NEK1 cDNA
(Dharmacon MHS6278-211690479)

In house (Miss Natalie Pye)
In house (Miss Natalie Pye)
In house (Miss Natalie Pye)
In house (Miss Natalie Pye)
In house (Miss Natalie Pye)

In house (Miss Natalie Pye)

PTPIP51

pCl-neo-PTPIP51-HA

pGEX6p1-PTPIP51-ATM-HA
pCl-neo-PTPIP51-HA S149A
pCl-neo-PTPIP51-HA S151A
pCl-neo-PTPIP51-HA T152A

pCl-neo-PTPIP51-HA S154A

Prof Chris Miller (King’s College London)

In house (Prof Kurt De Vos)
GenScript
GenScript
GenScript

GenScript
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Plasmid DNA construct Attribution

PTPIP51

pCl-neo-PTPIP51-HA .
Genscript

S149A/S151A/T152A/S154A
pCl-neo-PTPIP51-HA Y158A/F159A/T160A
pCl-neo-PTPIP51-HA F167A/A170D

pCl-neo-PTPIP51-HA
F167A/T168A/D167A/A170D

pCl-neo-PTPIP51-HA Y176A
pCl-neo-PTPIP51-HA Y176F
pCl-neo-PTPIP51-HA Y176E

pCl-neo-PTPIP51-HA Y176A/A179F

In house (Miss Lucy Jennings)

GenScript

GenScript

GenScript
GenScript
GenScript

GenScript

VAPB

pCl-neo-Myc-VAPB
pCl-neo-Myc-VAPB T201A
pCl-neo-Myc-VAPB T201E
pCl-neo-Myc-VAPB K87D/M89D
PGEX6p1-VAPB-ATM

pEGFPc2-VAPB

Prof Chris Miller (King’s College London)
In house (Miss Natalie Pye)

In house (Miss Natalie Pye)

GenScript

In house (Prof Kurt De Vos)

Prof Chris Miller (King’s College London)

VAPA

pcDNA3.1-FLAG-VAPA

pcDNA3.1-FLAG-VAPA K94D/M96D

Prof Chris Miller (King’s College London)

GenScript
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Table 2-6 Reagents and conditions for plasmid DNA transfection.

DNA per well  Transfection reagent  Transfection mix

Transfection reagent Plate size (1g) per well (L) per well (L)
Lipofectamine2000 24 well 0.5 1 50
12 well 1 2 100
6 well 2 4 200
10 cm? dish 10 20 500
PEI 24 well 0.5 1.5 50
12 well 1 3 100
6 well 2 6 200
10 cm? dish 10 30 500

2.1.7 siRNA transfection

Small interfering RNA (siRNA) for knockdown of protein expression were obtained from Sigma-Aldrich,
Integrated DNA Technologies (IDT) or Dharamacon and are described in Table 2-7. HelLa and HEK293
cells were transfected with siRNA using Lipofectamine RNAIMAX (Invitrogen, 13778150) according to

the manufacturer’s instructions.

Separately, Lipofectamine RNAIMAX (0.1 uL/pmol siRNA) and siRNA were diluted in RNA-se free Opti-
MEM and incubated for 5 min. The Lipofectamine RNAIMAX mix was then added to the siRNA,
vortexed for 10 s and incubated for 20 min. The mixture was then added dropwise to cells in culture

medium and incubated at 37°C. Media was changed 5 h post-transfection.

Cells were used for experimentation 4 days post-siRNA transfection. When subsequent plasmid DNA
transfection was required, this was performed on day 3, 24 h before cells were used in
experimentation. The amount of siRNA and Lipofectamine RNAIMAX used for siRNA transfections in

different sized culture plates are listed in Table 2-8.

68



Table 2-7 siRNA sequences.

siRNA Sequence(s) 5’ - 3’ Company Product Code Reference
Sigma- SASI_Hs01_000

NEK1 #1 GUGCUAAGUGCUGGUGGAA st 25386
UGGUUUACAUGUCGACUAA
UGGUUUACAUGUUGUGUGA

NTC Dharmacon D-00181-10-20  \Anderson et
UGGUUUACAUGUUUUCUGA al., 2008)
UGGUUUACAUGUUUUCCUA

PTPIPS1#11 GAAGCUAGAUGGUGGAUGAUU >8Ma N/A [Dee Hiog 2 ot

Aldrich 2012)

Table 2-8 siRNA transfection conditions with Lipofectamine RNAiMax.

Plate Size siRNA per well (pmol) RNAiMax per well (uL) Total volume per well (uL)
24 well 6 0.6 50
12 well 12 1.2 100
6 well 24 24 200
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2.1.8 Induction of DNA damage

DNA damage in the form of double strand breaks was induced by DNA topoisomerase inhibitor
camptothecin (CPT). CPT has been shown to cause increased expression of yH2AX and increased
caspase 3 activity (Berniak et al., 2013; Rodriguez-Hernandez et al., 2006). DNA damage was induced
by incubation with 10 uM CPT (Abcam, ab120115) for 1 hour at 37 °C. After incubation, cells were

immediately lysed or fix to prevent the repair of DNA before analysis.

2.1.9 Induction of autophagy

Autophagy was induced by incubation with 250 nM Torin1 (Sigma-Aldrich, 475991) for 3 h. Fusion of
autophagosomes with lysosomes was inhibited by treatment of 100 nM Bafilomycin Al (LKT
laboratories, B0025) for 6 h. Where cells were treated with Torin1 and Bafilomycin A1, the Torin1 was

added 3 h after addition of Bafilomycin Al.

2.2 Molecular DNA techniques
2.2.1 Site-directed mutagenesis
Site-directed mutagenesis was utilised to cause the mutation of a single amino acid, such as to produce
phospho-mutants or insertion of premature stop codons. Primers for mutagenesis were designed
using the QuikChange primer design tool (Agilent), purchased from IDT, and are described in Table
2-9. Mutagenesis was performed according to the manufacturer’s protocol using a QuikChange

Lightning kit (Agilent, 210518).

Briefly, 50 ng of plasmid DNA was mixed with 125 ng of the designed mutagenesis primers
supplemented with 10x QuikChange Lightning buffer, deoxynucleotide (dNTP) mix and QuikSolution
reagent and nuclease free water. The QuikChange Lightning enzyme was then added immediately
before running the mixture on a PCR cycle to cause amplification and mutation of the template DNA.

The composition of the reaction is described in Table 2-10.

Amplification was performed in a thermocycler using the following parameters: 2 min at 95 °C,
followed by 18 cycles of 95 °C for 20 s to melt double stranded DNA (dsDNA), 60 °C for 10 s to anneal
primers and an elongation step at 68 °C for 30 s per kbp of plasmid to be amplified (Table 2-11).
Parental DNA, lacking the mutation, was digested by incubation with 2 uL of Dpn I enzyme for 10 min
at 37 °C. Plasmid DNA was transformed into XL-10 Gold ultracompetent cells (2.2.8). All constructs

harbouring a mutation generated in house were verified by sequencing.
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Table 2-9 Primer sequences for site directed mutagenesis.

Construct Primer Sequence (5’-3’)
pCl-neo-Vs- Forward CTTGAGATGTTAATTTCCCTGATAACATACTGTCTGCCATCTTCT
NEIAEEL Reverse = AGAAGATGGCAGACAGTATGTTATCAGGGAAATTAACATCTCAAG
pCl-neo-V5- Forward GCTGAGGAGAGAGAAACTTTTAAATGCGTTTGGCTATAAAACC
NEKI (AA 1-258) Reverse  GGTTTTATAGCCAAACGCATTTAAAAGTTTCTCTCTCCTCAGC
TCAGCCTTCATTAAACTAATAATCTAATCCTTTTGTTTCTTTTCTTTTTCAA
Forward 1) aaTTC
pCl-neo-V5-
NEK1 (AA 1-379) Reverse GAATTTATTGAAAAAGAAAAGAAACAAAAGGATTAGATTATTAGTTTA
ATGAAGGCTGA
pCl-neo-Vs- Forward ATCTTCATGAACATTTATCTAAAAAGTATCAGAGAGATTCTGCTTTCC
NEK1 (AA 1-732) Reverse = GGAAAGCAGAATCTCTCTGATACTTTTTAGATAAATGTTCATGAAGAT
Forward TGTTGCTCTGCACTGCCTTCCTCATCCGCAG
pCl-neo-Myc-
VAPB-T201A  poverse  CTGCGGATGAGGAAGGCAGTGCAGAGCAACA
Forward GGCTGTTGCTCTGCACTTCCTTCCTCATCCGCAGTC
pCl-neo-Myc-
VAPB-T201E  poverse  GACTGCGGATGAGGAAGGAAGTGCAGAGCAACAGCC
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Table 2-10 Composition of QuikChange Lightning mutagenesis reaction.

Reagent

Volume or Amount

10x QuikChange Lightning buffer
Plasmid DNA
dNTP mix
QuikSolution reagent
Forward primer 10 uM
Reverse primer 10 uM
Nuclease free water

QuikChange Lightning enzyme

3uL
50 ng
0.6 pL
0.9 pL
1.25puL
1.25uL

13 uL

Table 2-11 Parameters for PCR cycle of QuikChange Lightning mutagenesis reaction.

Cycles Temperature (°C) Time
1 95 2 minutes
18 95 20 seconds
60 10 seconds
68 (30 seconds/kbp)
1 68 5 minutes
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2.2.2 Restriction digest of plasmid DNA

For sub-cloning of cDNA into a new plasmid vector with compatible restriction enzyme sites, a
restriction digest was performed to cut the insert from the existing vector and to open the recipient
destination vector. Three ug of insert plasmid DNA and 1 pg of vector plasmid DNA were digested in
FastDigest green buffer (Thermo Fisher Scientific, B72), using the required FastDigest restriction
enzymes (Thermo Fisher Scientific), by incubating at 37 °C for 15 min. For the vector plasmid, digests
were supplemented with FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific,
EF0651) to prevent re-ligation, by catalysing the release of 5'- and 3'-phosphate groups from DNA
dephosphorylating the vector. The composition of restriction digests is described in Table 2-12.

Digested DNA was run on an agarose gel for purification (2.2.3).

Table 2-12 Composition of plasmid DNA restriction digests.

Volume or amount

Reagent DNA insert DNA vector
Plasmid DNA 3pug 1ug
Fast Digest green 10x buffer 2 uL 2 uL
Restriction enzyme 1 1ul 1ul
Restriction enzyme 2 1ul 1ul
Fast AP - 1ul

Nuclease free water Up to 20 pL Up to 20 pL
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2.2.3 Agarose gel electrophoresis

Separation of DNA products on an agarose gel was performed in order to extract and purify PCR DNA
products for subsequent plasmid cloning or to confirm the successful insert of a DNA fragment into a
vector, prior to sequencing. Prior to loading on the gel, 6x loading buffer dye (Thermo Fisher, R0611)

was diluted to 1x in each of the samples.

DNA samples were run on one % agarose gels (1 % agarose (BioLine, BIO-41026), 0.002 % ethidium
bromide in Tris-acetate-EDTA (TAE) buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA pH 8)), for 45
min at 100 V in TAE buffer. Bands were visualised on a G:Box UV box (Syngene). The size of DNA
products was estimated using Hyperladder 1 kbp (BioLine, BIO-33053) or Hyperladder 25 bp (Bioline,
BI0-33057) as required.

2.2.4 Gel extraction and purification of DNA
Following the agarose gel electrophoresis of restriction digested plasmid DNA or Phusion PCR DNA
products, bands corresponding to the insert and vector were excised from the gel using a scalpel under

a UV light box.

Excised DNA was eluted from the gel using a GenElute kit (Sigma-Aldrich, NA1111-1KT) according to
the manufacturer’s protocol for spin procedure, with all centrifugation steps performed at 14,000 x g
at room temperature. Briefly, excised bands were dissolved in gel solubilisation buffer at 55 °C for 10
min. During solubilisation, binding columns were prepared by a spin for 1 min with column preparation
solution. 100% isopropanol was added to the dissolved gel and the sample passed through the
prepared spin column for 1 min. The column was washed in wash buffer at for 1 min and dried by
centrifugation at for 1 min. DNA was eluted from the column using GelElute elution solution by
centrifugation for 1 min. The concentration of the eluted DNA was determined on a NanoPhotometer

N60 (Implen).
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2.2.5 DNA ligation

For the cloning of insert DNA into a new vector using restriction enzyme sites, ligation was performed
by incubating linearised insert and vector at a 3:1 molar ratio using the Quick Ligation kit (NEB,
M2200). For each reaction 50 ng vector DNA was used, with the amount of insert DNA used calculated

by the following formula:

(ng (vector) basepairs(insert))

* 3 =ng(insert
(basepairs(vector)) 9 )

Briefly, DNA for vector and insert were diluted in nuclease free water (Qiagen, 129114) and 2 X Quick
Ligase buffer to a final volume of 19 uL. One uL of Quick Ligase enzyme was added and the reaction
and incubated for 15 min at room temperature (Table 2-13). The ligates were transformed into XL-10

Gold ultracompetent cells (2.2.8).

Table 2-13 Composition of DNA ligation reaction.

Reagent Volume
DNA insert Variable
DNA vector Variable
2X Quick Ligate buffer 10 uL
Quick Ligase enzyme 1ul
Nuclease free water Up to 20 uL
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2.2.6 Phusion PCR

For sub-cloning of plasmid DNA into a new vector without compatible restriction enzyme sites, Gibson
Assembly was performed (2.2.7), which requires amplification of a PCR product with overlapping
regions to the destination vector. Primers for Phusion PCR were designed using the NEBuilder

assembly tool (NEB) and purchased from IDT.

Phusion High-Fidelity PCR kit (NEB, E0553L) was used according to manufacturer’s protocol to amplify
insert DNA fragments with complementary overlapping regions to the destination vector DNA. Briefly,
5 ng of template DNA was mixed with 100 ng of the designed primers, Phusion High-Fidelity buffer,
and dNTP mix. Immediately prior to amplification by PCR, 1 uL of Phusion enzyme was added (Table
2-14).

Amplification (Table 2-15) was performed in a thermocycler using the following parameters: 1 min at
98 °C for initial denaturation, followed by 30 cycles of 98 °C for 10 s to denature dsDNA, 45-72 °C
(depending on primers) for 20 s to anneal primers and an extension step at 72 °C for 30 s per kbp of
plasmid to be amplified, followed by a final extension at 72 °C for 10 min. The primers used for Phusion

PCR are described in Table 2-16.

Table 2-14 Composition of Phusion PCR reaction.

Reagent Volume or amount
Plasmid DNA 5ng
Phusion High-Fidelity buffer 4 pL
dNTP mix 1ul
Forward primer 10 uM 1ul
Reverse primer 10 uM 1ul
Phusion enzyme 1ul

Nuclease free water Up to 20 uL
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Table 2-15 Parameters for PCR cycle of Phusion PCR.

Step Cycles Temperature (°C) Time
Initial Denaturation 1 98 1 min
Denaturation 30 98 10s
Annealing 45 — 72 depending on primer 20s
Extension 72 30 s per kbp
Final Extension 1 72 10 min

Table 2-16 Sequences of primers used for Phusion PCR.

Construct Primer Sequence (5’-3’)
TTAATACGACTCACTATAGGCTAGCGCCACCATGAAGCTGACGC
Forward - caAGATG
pCl-neo-C21orf2-

HA Reverse AACCCTCACTAAAGGGAAGCGGCCGCTCAAGCGTAATCTGGAA
CATCGTATGGGTAGTCGACCTCGGCGTGCTCCTGCAC
TTAATACGACTCACTATAGGCTAGCGCCACCATGGAGCTGCACA

Forward GCGTG
pCl-neo-C21orf2-
HA A2-15
Reverse AACCCTCACTAAAGGGAAGCGGCCGCTCAAGCGTAATCTGGAA
CATCGTATGGGTAGTCGACCTCGGCGTGCTCCTGCAC
Forward GGGGCCCCTGGGATCCCCGGGAATTCGCGCCACCATGAAGCTG
DGEX6p1- ACGCGGAAG
C2lorf2-HA TCGTCAGTCAGTCACGATGCGGCCGCTCAAGCGTAATCTGGAAC
Reverse
ATCG
GCTGGGCCTGGATAGCACCCTCGTCGACGAGAAGTATGTTAGA
Forward
CTACAG
pCl-neo-V5-NEK1
Reverse AACCCTCACTAAAGGGAAGCTTATTCATCATTATCTTCTTGGTAG
GCGGGAGTGCTAGCCTCGAGTCTAGAGAGAAGTATGTTAGACT
Forward ACAG
pCl-neo-mCherry-
NEK1 Reverse AACCCTCACTAAAGGGAAGCGTCGACTTATTCATCATTATCTTCT

TGGTAG
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2.2.7 Gibson assembly

Following Phusion PCR to create DNA inserts with overlapping ends to the destination vector, the DNA
products were excised from agarose gels (2.2.3) and purified (2.2.4). Restriction digest to open the
destination vector DNA was performed as described in 2.2.2. Gibson assembly was performed by
incubating linearised insert and vector at a 2:1 molar ratio with Gibson Assembly Master Mix (NEB,

E2611) (Figure 2-1), using the following equation.

(ng (vector) * basepairs(insert))

* 2 =ng(insert
(basepairs(vectors)) 9 )

For each reaction, 50 ng vector DNA and calculated amount of insert were diluted in nuclease free
water (Qiagen, 129114) and 2 X Gibson Assembly Master Mix to a final volume of 20 uL (Table 2-17)
and the reaction incubated for 15 min at 50 °C in a thermocycler. Plasmid DNA was transformed into

XL-10 Gold ultracompetent cells (2.2.8).

Insert Insert
| _— | — ' |nsert
: II “ I A
1 y !
. y ]
Linear
Vector " \ ’ ’
Linear Vector & Gibson @ Assembled Bacterial
DNA inserts with assembly vector transformation

overlapping ends

Figure 2-1 Process of cloning with Gibson Assembly.

1) PCRis used to produce DNA inserts with overlapping ends to the intended vector. The vector is de-
linearised by restriction digestion.

2) Gibson Assembly is employed to ligate the insert and vector by use of three enzymes. The 5’
exonuclease exposes the complementary sequence for annealing the 5 end sequences. The DNA
polymerase fills in the gaps on the annealed regions. A DNA ligase covalently binds the DNA fragments
together.

3) The assembled plasmid DNA is then transformed into bacteria for downstream applications (4).
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Table 2-17 Composition of Gibson assembly reaction.

Reagent Volume
DNA insert Variable
DNA vector Variable
2x Gibson assembly master mix 10 uL
Nuclease free water Up to 20 uL

2.2.8 Transformation of XL10-Gold ultracompetent cells

Plasmid DNA was transformed into XL-10 Gold ultracompetent cells (Agilent, 200315) according to the
manufacturer’s protocol. Briefly, bacteria were thawed gently on ice and 20 plL transferred to a pre-
chilled tube, supplemented with 1 pL RB-mercaptoethanol to improve competency. Two L of ligated
plasmid was incubated with the bacteria for 30 min on ice, followed by a heat shock at 42 °Cin a heat
block for 30 s. Bacteria were returned to ice for 2 min, followed by addition of 250 pL Miller’s LB broth
(Thermo Fisher Scientific, 11372599) in sterile conditions, and subsequent incubation for 1 h at 37 °C
in a shaker at 200 rpm. Transformed bacteria were then plated onto pre-warmed LB agar (Thermo
Fisher Scientific) plates containing the appropriate antibiotic (ampicillin (100 pg/mL) or kanamycin (30

pg/mL)) and grown overnight at 37 °C.

2.2.9 Preparation of bacterial glycerol stocks

Once transformed into ultracompetent bacterial cells, bacterial colonies were picked using a sterilised
loop in sterile conditions into 5 mL LB broth and cultured overnight at 37 °C with constant shaking at
200 rpm. In sterile conditions, 500 uL of overnight bacterial culture in LB broth was added to 500 uL
of 50 % glycerol, to obtain a final concentration of 25 % glycerol (Thermo Fisher Scientific, BP2291) in
cryovials. The cryovials were gently inverted to mix the bacterial cells with glycerol and immediately

transferred to storage at -80 °C.
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2.2.10 Preparation of plasmid DNA from bacterial cultures

Bacteria were streaked from glycerol stocks onto LB agar plates containing the appropriate antibiotic
(ampicillin (100 pg/mL) or kanamycin (30 pug/mL)) and grown overnight at 37 °Cin an incubator. The
following morning, single colonies were picked in sterile conditions into 1 mL starter cultures of LB
broth containing the appropriate antibiotic (ampicillin (100 pg/mL) or kanamycin (30 pg/mL)) and
grown at 37 °C in an incubating shaker at 200 rpm. After 8 h cultures were expanded to 5 mL cultures

which were grown overnight at 37 °C in in an incubating shaker at 200 rpm.

DNA was extracted from bacteria using a NucleoSpin plasmid kit (Macherey-Nagel, 740588.250),
according to the manufacturer’s instruction, all centrifugation steps were at 11,000 xg. Briefly,
bacteria were pelleted by centrifugation at for 10 min at room temperature. Bacterial pellets were
resuspended in Al buffer and subjected to SDS/alkaline lysis by addition of A2 buffer for 5 min. The
lysis was neutralized by addition of A3 buffer and bacterial debris pelleted by centrifugation for 5 min
at room temperature. The supernatant was transferred to a spin column and centrifuged 1 min. DNA
was washed once in AW buffer 1 min and once in A4 buffer containing ethanol for 1 min. The column
was dried by centrifugation for 2 min. The DNA was then eluted from the column by the addition of
elution buffer and incubation at room temperature for 1 min followed by centrifugation for 1 min.

DNA concentration was determined on a NanoPhotometer N60 (2.2.11).

2.2.11 Quantification of DNA concentration
The concentration and quality of DNA samples were determined using a NanoPhotometer N60
(IMPLEN) which measured the absorption value of the samples at 260 nm and 280 nm. The

concentration of the DNA in ng/pl is then calculated using the following equation (IMPLEN):

Concentration (ng/ug) = Azgo * 50 (ng * cm/ul)

The purity of DNA was assessed based on the A260/A280 ratio, with an acceptable ratio of ~1.8 being
considered ‘pure’ (Lucena-Aguilar et al., 2016). A significantly lower ratio (<1.6) may be due to
contamination of proteins, whilst a higher ratio (22.0) may be due to the presence of RNA and thus

lead to overestimation of the DNA concentration (Hassan et al., 2015).
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2.3 Protein biochemistry

2.3.1 Cell lysis and protein extraction

2.3.1.1 Cell lysis for Inmunoblot

Cells plated in 10 cm dishes or 6 well plates were washed once in ice cold PBS, then lysed in 500 or
200 pl respectively of ice cold radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris HCI pH 8,
140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1 % SDS, 0.1 % deoxycholic acid, 1 % Triton X-100)
supplemented with and 1 X Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, 78429). Cells
were scraped into Eppendorfs and lysed for 1 h at 4 °C with constant rotation and clarified by

centrifugation at 17,000 x g for 20 min at 4 °C.

The supernatant was collected, and the protein concentration of the whole cell lysate was determined
by Bradford protein assay (2.3.2). Samples were diluted to a standard concentration in RIPA buffer
and 5 X Laemmli buffer (1 X Laemmli buffer: 60 mM Tris-HCI pH 6.8, 2.5 % SDS, 5 % glycerol, 5 % -

mercaptoethanol, 0.002 % bromophenol blue) and stored at -20 °C.

Cells plated in a 24 or 12 well plate were directly lysed in 70 puL or 130 pL 2.5 X Laemmli buffer
respectively. The cells were scraped using a pipette tip and transferred into an Eppendorf. All protein

samples were boiled for 5 min at 95 °C to denature the proteins, prior to running on SDS-PAGE.

2.3.1.2 Cell lysis for immunoprecipitation

Cells were washed once in ice cold PBS and then lysed in 500 uL ice cold modified BRB80 buffer (80
mM K-PIPES pH 6.8, 1 mM EDTA, 1 mM MgCl,, 1 % NP-40, 140 mM NaCl) supplemented with 1 X Halt
Protease Inhibitor Cocktail, 1 X PhosStop phosphatase inhibitor tablet (Roche, 4906845001), 1 mM
NaF, 1 mM Nay;VOs;, 1 mM NasP,0; and 40 mM B-glycerophosphate. Cells were scraped into
Eppendorfs and lysed for 1 h at 4 °C with constant rotation and clarified by centrifugation at 17,000 x
g for20 min at 4 °C.

Protein concentration was determined by Bradford protein assay (2.3.2). Input samples diluted to a

standard concentration in BRB80 buffer and 5 X Laemmi buffer and stored at -20 °C.

2.3.2 Bradford assay for protein quantification

Protein samples, or the corresponding lysis buffer as a background control, were diluted 1:500 in
Bradford reagent (Bio-Rad, 5000006). The samples were measured using a $1200 Diode Array
Spectrophotometer (WPA) at optical density 595 nm (ODsgs), as binding with protein results in a
confirmational change of the Coomassie Brilliant Blue G-250 in the Bradford and a shift of absorbance
from 465 nm to 595 nm. The protein concentration was determined assuming a line of best fit with a

slope of 15.
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2.3.3 Immunoprecipitation

Immunoprecipitation samples contained at least 1 mg of whole cell protein lysate diluted in BRB80
buffer and incubated overnight at 4 °C with 1 - 2 pug primary antibody with constant rotation. Fifteen
uL per sample of magnetic Protein G Sepharose beads (GE Healthcare, 28-9670-70) were washed 3
times in BRB8O prior to incubation with the protein lysates for 2 h at 4 °C with constant rotation. For
capture of FLAG-tagged proteins, samples were incubated for 10 pL anti-FLAG conjugated agarose
magnetic beads O/N at 4°C (Sigma-Aldrich, M8823). Bead-antibody complexes were washed in BRB8O
using an Extractman magnetic bead extraction platform (Gilson, 22100000). The beads were finally
resuspended in 20 puL BRB80 and 5 pL 5 X Laemmli buffer. The proteins were eluted from the beads
by boiling for 5 min at 95 °C.

2.3.4 Cell fractionation

For cell fractionation, HEK293 cells were grown to 100% confluency in a T75 growth flask. The cells
were harvested by addition of 5 mL trypsin-EDTA (Gibco, 15400054) for 3 min at 37 °C and the trypsin
guenched by addition of 10 mL DMEM. The cells were pelleted by centrifugation at 400 x g for 4 min

and washed twice with PBS on ice. All subsequent centrifugation steps were performed at 4 °C.

Isolation of MAM by cell fractionation was performed as previously described (De Vos et al., 2012;
Vance, 1990). The cell pellet was washed once and then resuspended in 600 uL isolation buffer (250
mM mannitol, 5 mM HEPES pH 7.4, 0.5 mM EGTA, 0.1% BSA) (Vance, 1990) supplemented with x 1
Halt Protease Inhibitor Cocktail. For whole cell lysate, 100 pL of resuspended pellet was washed in PBS
and lysed in RIPA buffer as previously described (2.3.1.1). The resuspended pellet was homogenised
using a teflon/glass dounce homogenizer (100 strokes; Kontes Pestle 19; Kimble Chase). The

homogenate was centrifuged twice at 600 x g for 5 min to remove nuclei and unbroken cells.

The MAM-enriched mitochondrial fraction was pelleted by centrifugation for 10 min at 10, 300 x g. To
extract the cytosol and small vesicles, the supernatant was centrifuged for 30 min at 100,000 x g in a
TLASS ultracentrifuge (Beckman Coulter). The cytosol containing supernatant, and the small vesicle

enriched pellet were separated and collected.

To separate MAM and mitochondria, the MAM-enriched mitochondrial pellet was resuspended in
isolation buffer and layered on top of a self-forming 30% Percoll gradient (225 mM mannitol, 25 mM
HEPES pH 7.4, 1 mM EGTA, 0.05% BSA, 30% Percoll). The samples were centrifuged for 35 min at
95,000 x g in a TLAS5 ultracentrifuge (Beckman Coulter). After centrifugation, a dense band containing
the mitochondria was recovered at the bottom of the gradient. The MAM-containing band was
retrieved above the mitochondrial band. To remove residual Percoll, both the mitochondria and

MAM-containing bands were diluted in isolation medium and washed thrice by centrifugation at 6,300
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x g for 10 min. To remove residual mitochondria from the MAM fraction, the sample was centrifuged
for 30 min at 100,000 x g in a TL100 ultracentrifuge (Beckman Coulter). The MAM-enriched pellet was

recovered, diluted in isolation buffer and centrifuged again for 30 min at 100,000 x g.

All final organelle pellets were resuspended and lysed in RIPA buffer (2.3.1.1), the protein
concentrations determined by Bradford assay (2.3.2) and the samples prepared to a standard

concentration with Laemmli buffer (2.3.1.1).

2.3.5 SDS-PAGE
Protein lysates were separated by SDS-PAGE on single percentage (7.5%, 10 %, 12 % or 15%)
polyacrylamide gels, with either a 6% stacking gel (for >10% acrylamide resolving gel) or 4% stack

(2£10% acrylamide resolving gel) (Table 2-18).

Polyacrylamide gels were run in the 4-gel Mini-PROTEAN Vertical Tetra Cell system (BioRad,
1658004EDU), at 120 V for approximately 1.5 h whilst immersed in 1X SDS-PAGE running buffer (25
mM Tris, 192 mM glycine, 0.1 % SDS). The size of protein bands was estimated by running 3 uL of
Precision Plus Protein All Blue Protein Standard (Bio-Rad, 1610373) ladder alongside the protein

samples.

Table 2-18 Composition of acrylamide gels.

Reagent Stacking gel Resolving Gel
30% Acrylamide (Geneflow, A2-0074) 4 or 6% 7.5,10,120r15%
0.5M Tris-HCl pH 6.8 125 mM -
1.5M Tris-HCI pH 8.8 - 375 mM
10% Sodium dodecyl sulfate (SDS) 0.1% 0.1%
10% Ammonium persulfate (APS) 0.1% 0.6%

Tetramethylethylenediamine (TEMED)

9 0
(Melford, T18000) 0.001 % 0.003 %
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2.3.6 Transfer to membrane

For immunoblotting of proteins separated by SDS-PAGE, the proteins were transferred onto 0.45 um
nitrocellulose membrane (GE Healthcare, 10600002). The polyacrylamide gels were sandwiched,
whilst immersed in buffer, into a cassette in direct contact with the membrane, between 2 sheets of
filter paper and sponge. The membranes were transferred in the Criterion Blotter system (BioRad,
1704070) at 100 V for 30 min or at 30 V for 16 h, whilst immersed in 1X transfer buffer (25 mM Tris,
192 mM glycine, 20 % methanol).

After transferring, the membranes were subject to reversible Ponceau S (0.1 % Ponceau S, 5 % acetic
acid) staining, to confirm successful transfer and ensure the protein samples were loaded equally. The
membranes were washed in distilled water to remove the Ponceau S stain prior to blocking the

membranes.

2.3.7 Immunoblotting
Prior to immunoblotting, the membranes were incubated for 1 h in either 5 % milk or 5% BSA (if using
a phospho-specific antibody) diluted in 1X TBS-T (20 mM Tris HCl pH 7.5, 137 mM NacCl, 0.1 % Tween-

20) at room temperature for 1 h to block aspecific binding of the primary antibodies.

After blocking, the membranes were incubated for 1 h at room temperature or overnight at 4 °C in
primary antibodies diluted in 2 mL blocking buffer. After 3 X 10 min washes in TBS-T, the membranes
were incubated for 1 h whilst protected from light in either horseradish peroxidase (HRP)-conjugated

or fluorescent fluorophore-conjugated secondary antibodies diluted in 25 mL TBST-T.

A final 3 washes for 10 min in TBS-T were performed before imaging. If membranes were incubated
with HRP-conjugated antibodies, they were incubated prior to imaging with SuperSignal West Pico
PLUS Chemiluminescent substrate (Thermo Scientific, 34577) according to the manufacturer’s
instructions. An equal volume of the stable peroxide and luminol/enhancer was added to the
membrane and incubated for 3 min at room temperature. The membranes were imaged on a Licor
Odyssey FC, with the Image Studio software v5.2 (Licor), using the necessary channels (680 for protein
ladder & rabbit fluorescent antibodies, 800 for mouse fluorescent antibodies or chemi for HRP-
conjugated antibodies) for a standard 2 min exposure per channel. The antibodies used in for

immunoblotting are described in Table 2-19.
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Table 2-19 Antibodies used for immunoblot.

Antibody Target Host Species Dilution Supplier Product Code
Primary antibodies
Alpha-tubulin (DM1A) Mouse 1:5000 Sigma T6199
ACSL4 Rabbit 1:1000 Thermo Fisher PA5-27137
Actin (C4) Mouse 1:5000 Sigma MAB1501
C21orf2 Rabbit 1:2000 Proteintech 27609-1-AP
Chk1 Mouse 1:1000 ProteinTech 60277-1-Ig
Phospho Chk1 S345 Rabbit 1:1000 Cell Signalling 2348
FLAG Mouse 1:1000 Sigma F3165
GAPDH Rabbit 1:2000 Cell Signaling 2118
GFP (JL-8) Mouse 1:5000 TaKaRa Bio 632381
HA Rabbit 1:1000 Sigma H6908
HA (7) Mouse 1:1000 Sigma H9658
H2AX Rabbit 1:1000 Proteintech 10856-1-AP
Phospho H2AX S139 Mouse 1:1000 Biolegend 613401
LC3B Rabbit 1:1000 Novus Biologicals NB100-2220
Myc (71D10) Rabbit 1:500 Cell Signaling 2278
Myc (9B11) Mouse 1:2000 Cell Signaling 2276
NEK1 Rabbit 1:1000 Bethyl Laboratories A304-570A
NEK1 Rabbit 1:1000 Proteintech 27146-1-AP
PDI Mouse 1:1000 Genetex GTX25484
PTPIP51 Rabbit 1:1000 Proteintech 20641-1-AP
VAPB Rabbit 1:2000 Genetex GTX131631
VAPB Mouse 1:2000 Proteintech 66191-1-Ig
VDAC1 Rabbit 1:1000 Abcam Ab15895
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Antibody Target Host Species Dilution Supplier Product Code

Secondary antibodies

Alexa Fluor® 790

AffiniPure Anti-Mouse Donkey 1:50,000 Jackson 715-655-150
ImmunoResearch
IgG (H+L)
Alexa Fluor® 790 Jackson
AffiniPure Anti-Mouse Goat 1:50,000 115-655-174
ImmunoResearch
18G (L)
Alexa Fluor® 680
- . . Jackson
AffiniPure Anti-Rabbit Donkey 1:50,000 711-625-152
ImmunoResearch
IgG (H+L)
Anti-Mouse
R T o A Goat 1:5000 Dako P0447
HRP AffiniPure Anti- Jackson
Rabbit 1gG (H+L) Donkey 1:25,000 ImmunoResearch 711-035-152

2.3.8 Quantification of band intensities

Quantification of band signal intensities was performed using the Image Studio Lite software v5.2
(Licor). A region of interest (ROI) was drawn around the band using the add rectangle feature. The ROI
were set with a border width of 3 above and below, with the median signal intensities of these
bordering spaces being subtracted as background. The signal intensities were normalised to the

loading control, or the immunoprecipitated protein if quantifying protein interactions.
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2.4 Fluorescence microscopy

2.4.1 Immunofluorescence

Coverslips were washed once with PBS and fixed for 20 min at room temperature in 3.7 %
formaldehyde followed by 20 min at -20 °C in ice cold methanol if imaging ER-mitochondria contacts.
The coverslips were then washed twice in PBS, followed by 1 wash in 50 mM ammonium chloride
qguenching solution (50 mM NHA4CI in PBS) and a subsequent incubation in quenching solution for 15
min at room temperature to quench the fixing agents and any autofluorescence. The cells were then
permeabilised with 0.2 % Triton X-100 in PBS for 3 min at room temperature to allow entry of the
antibodies through the plasma membrane. Following permeabilisation, the coverslips were incubated
for 20 min in blocking buffer (0.2 % fish gelatine in PBS) at room temperature, to block aspecific

binding of the primary antibodies.

The coverslips were then incubated with primary antibodies diluted in blocking buffer for 1 h at room
temperature in a humidity chamber to prevent evaporation of the primary antibody. Following
primary antibody incubation, the coverslips were washed 3 times with blocking buffer and then
incubated for 1 h in secondary antibodies diluted in blocking buffer at room temperature in a humidity
chamber, protected from light. Following secondary antibody incubation, the subsequent washes and

incubations were performed in the dark to prevent quenching of the fluorescent antibodies.

The coverslips were washed 3 times in PBS prior to incubation with 1 pug/mL Hoechst 33342
(Invitrogen, H1399) in PBS for 10 min for nuclear staining. Coverslips were washed for a final 3 times
with PBS and then mounted onto slides (Academy, N/A132) using fluorescence mounting media
(Dako, $3023), which was allowed to dry overnight whilst protected from light prior to imaging. The

antibodies used in for immunofluorescence are described in Table 2-20.
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Table 2-20 Primary antibodies for immunofluorescence.

Antibody Target Host Species Dilution Supplier Product Code
Primary antibodies
Alpha-tubulin (DM1A) Mouse 1:500 Sigma T6199
HA Rabbit 1:1000 Sigma H6908
HA Chicken 1:1000 Abcam ab9o111
HA (7) Mouse 1:1000 Sigma H9658
Phospho H3A.X S139 Mouse 1:200 Biolegend 613401
LAMP2 (CD107B) Mouse 1:250 Biolegend 345302
LC3B Rabbit 1:100 Novus Biologicals NB100-2220
Myc (71D10) Rabbit 1:200 Cell Signaling 2278
Myc (9B11) Mouse 1:2000 Cell Signaling 2276
PDI Mouse 1:200 Genetex GTX25484
PEX14 Rabbit 1:100 Invitrogen PA5-78103
PTPIP51 Mouse 1:1000 Abcam ab69337
Rab5 Rabbit 1:250 Abcam 218624
Rab7 Rabbit 1:100 Abcam ab137029
TOM20 Mouse 1:200 BD Biosciences 612278
V5 Chicken 1:200 Bethyl Laboratories A190-118A
V5 (D3H8Q) Rabbit 1:500 Cell Signaling 13202
VAPB Rabbit 1:100 Genetex GTX131631
Vimentin Chicken 1:5000 IMD Millipore ab5733
Secondary antibodies
:I':)i;MFfu‘fﬁM'i?ugH;’;; Donkey 1:500 Invitrogen A32766
AT RE Donkey 1:500 Invitrogen A10037

Alexa Fluor™ Plus 568
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Antibody Target Host Species Dilution Supplier Product Code
Secondary antibodies
Anti-Rabbit 1gG (H+L) ) .
Alexa Fluor™ Plus 488 Donkey 1:500 Invitrogen A32790
Anti-Rabbit 1gG (H+L) ) .
Alexa Fluor™ Plus 568 Donkey 1:500 Invitrogen A10042
Anti-Chicken IgG (H+L) ) .
Alexa Eluor™ Plus 488 Goat 1:500 Invitrogen A32931
Cy5-conjugated
. e Jackson
AffiniPure Anti-Chicken Donkey 1:500 703-175-155
ImmunoResearch

IgG (H+L)
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2.4.2 Proximity ligation assay (PLA)

Proximity ligation assays were performed using Duolink PLA reagents (Sigma-Aldrich), according to the
manufacturer’s protocol. The coverslips were washed, fixed, and quenched as previously described
for immunofluorescence (2.4.1). Following quenching, the cells were permeabilised with 0.2 % Triton
X-100 for 15 min at room temperature, followed by blocking with the Duolink blocking solution for 30

min at 37 °C in a humidity chamber.

Coverslips were then incubated with primary antibodies diluted in Duolink antibody diluent for 1 h at
room temperature in a humidity chamber. The primary antibodies were used at the same dilutions as
for immunofluorescence (Table 2-20). After primary antibody incubation, the coverslips were washed
2 X 5 min in wash buffer A (Sigma-Aldrich, DU082049). Coverslips were then incubated with the
Duolink PLUS anti-rabbit (Sigma-Aldrich, DU092002) and MINUS anti-mouse (Sigma-Aldrich,
DUQ092004) PLA probes for 1 h at 37 °C in a humidity chamber. If the addition of a fluorescent
secondary antibody was needed, this was added to the PLA probe incubation at the same dilution as

described for immunofluorescence (Table 2-20).

Following 2 X 5 min washes in wash buffer A, coverslips were incubated with ligase diluted in ligation
buffer (Sigma-Aldrich, DU0O92008) to anneal the PLA probes for 30 min at 37 °Cin a humidity chamber.
After 2 X 5 min washes in wash buffer A, the coverslips were incubated with polymerase diluted in
amplification buffer (Sigma-Aldrich, DU092008) for 100 min at 37 °C in a humidity chamber, to allow
amplification of the PLA signal by rolling loop PCR. The amplification buffer is light sensitive, so from

this step onwards, all steps were performed whilst protected from light.

The coverslips were washed 2 X 10 min in wash buffer B (Sigma-Aldrich, DU082049), followed by
incubation with 1 pg/mL Hoechst 33342 in 0.01 X wash buffer B for 10 min. After a final 3 X 10 min
wash in 0.01 X wash buffer B, the coverslips were mounted onto glass slides with fluorescence

mounting medium and allowed to dry overnight whilst protected from light prior to imaging.

2.4.3 Image acquisition

Images were acquired using the MicroManager 2.0 software (Edelstein et al., 2014) on a BX61
microscope (Olympus) fitted with a Retiga R3 (Qlmaging) CCD camera or a Zyla4.4 (Andor) sCMOS
camera, PE-4000 Ultra LED illumination (CoolLED), and either an UPlanFLN 40x/0.75na objective
(Olympus), or a Plan-APOCHROMAT 63x%/1.4na oil objective (Zeiss).

All samples were blinded prior to imaging and where possible, single cells were selected for analysis
based on fluorescence in a second channel. lllumination intensities, exposure times, and camera

settings were kept constant during experiments.
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2.4.4 Image analysis

2.4.4.1 Quantification of PLA

For quantification of PLA signal, composite images (Figure 2-2A) were separated into their individual
channels. ROI for analysis were created on the vimentin or protein of interest-stained channel using
the polygon selection tool to manually outline individual cells (Figure 2-2B). Overlapping cells or cells
not fully in frame were excluded from analysis. The respective PLA images (Figure 2-2C) were filtered
using a Hat filter (17x17 kernel) to extract single PLA signals (Figure 2-2D). PLA signal was quantified
using an in-house Imagel macro that uses the ‘Find maxima’ function of ImagelJ (Figure 2-2E). Prior to
image analysis the prominence needed for image analysis was determined by testing a random image
from each sample and adjusting the prominence on the ‘Find maxima’ function with the ‘strict’ and

‘count’ settings applied, until all PLA signal but no background is counted.

Figure 2-2 Quantification of proximity ligation assay (PLA) signal per cell

A) The composite image as acquired showing PLA signal (magenta), vimentin stain (green) and nuclear
Hoechst stain (blue). B) The images were split into separate channels and regions of interest (ROI)
drawn around cells to be analysed using the vimentin-stained channel. The PLA channel (C) was
filtered with a Hat filter (17x17 kernel) to allow identification of single PLA signals (D). E) The
prominence needed for the ‘Find maxima’ function of Image) was determined by adjusting the
parameter until all PLA signal and no background was counted. F) Example image of the Hat filtered
PLA signal of a cell. G) The output count of PLA signal using the ROI of the same cell. Scale bars = 20
pm.
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2.4.4.2 Quantification of nuclear phosho-H2AX intensity

For quantification of nuclear phospho-H2AX intensity, composite images (Figure 2-3A) were separated
into their individual channels and the nuclei ROI for analysis were manually created on the Hoechst-
stained channel using the polygon selection tool (Figure 2-3B). Overlapping nuclei or nuclei not fully
in frame were excluded from analysis. The number of phospho-H2AX positive puncta (Figure 2-3C)
was quantified using an in-house Imagel macro that uses the ‘Find maxima’ function of Imagel. Prior
to image analysis the prominence needed for image analysis was determined by testing a random
image from each sample and adjusting the prominence on the ‘Find maxima’ function with the ‘strict’

and ‘count’ settings applied, until all phospho-H2AX puncta but no background is counted.

Figure 2-3 Quantification of nuclear phospho-H2AX intensity.

A) The composite image as acquired, opened in Imagel showing phosphorylated H2AX (yellow) and
Hoechst nuclear stain (blue).

B) The images were split into separate channels and regions of interest (ROI) drawn around nuclei to
be analysed using the Hoechst-stained channel.

C) Example image of the phospho-H2AX signal of cell nuclei.

D) The output count of phospho-H2AX signal using the ROI of the indicated cell, analysed with the
‘Find maxima’ function. Scale bars = 10 um.

92



2.5 Live cell Ca?* imaging

2.5.1 Live cell Ca®* imaging with Fura2-AM dye

To measure the cytoplasmic Ca?* concentration in HEK293 cells, the cells were washed once in loading
media (DMEM + 2 % FBS), then loaded with 2 uM Fura2-AM (Calbiochem, 344905) in loading media
for 15 min at 37°C followed by washing in DMEM for 15 min at 37°C. Fura2-AM is a radiometric Ca%*
indicator dye, that in low Ca?* concentrations has an excitation maximum at 362 nm, whilst at high
conditions has an excitation maximum at 335 nm. Simultaneous measurement at 340 nm and 380 nm
is used to create a Fura2 ratio (340/380) that is directly proportional to the level of cytosolic Ca?

(Oakes et al., 1988).

During experiments, cells were perfused continuously with Tyrode’s solution (2.5 mM CaCl,, 1 mM
MgCl,, 129 mM NacCl, 5 mM KCI, 30 mM glucose, 25 mM HEPES, pH 7.4) using MINIPULS Evolution
peristaltic pumps (Gilson), set to deliver 2 mL/min. To invoke Ca? release from ER stores, 200 uM
Oxotremorine-M (Sigma-Aldrich, 0100) was applied in Tryrode’s solution for 30s. To image the Ca?*
sensitive-Fura2-AM dye sequential 340 nm and 380 nm excitation images were recorded in time-lapse
mode (1 s interval) at 37°C using MetaFluor software (Molecular Dynamics) on an IX73 inverted
microscope (Olympus) equipped with a Dual OptoLED light source (Cairn Research), Optospin filter
wheel (Cairn Research), UApoN-340 40x/1.35na oil objective (Olympus), and a Prime BSI sCMOS
camera (Photometrics). Cells were kept at 37°C on the microscope using an objective heater

(Bioptechs) and stage heater (Warner Instruments).

2.5.2 Analysis of live cell calcium imaging

Using the MetaFluor software, the ratio of Fura2 fluorescence at 340 and 380 nm (Fura2 340/380) was
calculated as a measure of cytoplasmic Ca2+ levels. To calculate the baseline cytoplasmic Ca?* level,
the average Fura2 340/380 ratio was calculate between the first 30 — 120 s of recording. To calculate
the amplitude of response to Oxotremorine-M-stimulated Ca?* release from the ER, the peak Fura2
ratio for each cell after stimulation was normalised by subtraction of the respective baseline ratio

value.
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2.6 RT-qPCR

2.6.1 RNA extraction

To extract RNA from cells, an appropriate amount of TRIzol reagent (Invitrogen, 15596026) was added
to the cells and scraped into an Eppendorf, before incubating at room temperature for 5 min. Next,
200 pL chloroform (Fisher Scientific, 10572714) was added per 1 mL of TRIzol reagent, shaken for 15
s and incubated at room temperature for 3 min, before centrifugation for 15 min at 12,000 x g at 4°C.
This causes separation of the samples into a lower red phenol-chloroform layer, an interphase layer
and a colourless upper aqueous layer. The upper aqueous layer containing the RNA was transferred

into a fresh Eppendorf, ensuring not to disturb the interphase layer beneath.

Toisolate the RNA, 0.5 mLisopropanol (Fisher Scientific, 11917993) per 1 mL TRIzol reagent was added
and incubated for 10 min at 4°C, followed by centrifugation at 12,000 x g for 10 min at 4°C to cause
precipitation of the RNA into a pellet. The supernatant was then discarded, and the pellet dried at
room temperature, before resuspending in 1 mL of 75% ethanol (Fisher Scientific, 10542382) per 1 mL
TRIzol reagent used, to wash the pellet. The sample was then vortexed for 10 s and centrifuged at
7,500 x g for 5 min at 4°C. The supernatant was then discarded, and the pellet again dried at room

temperature.

Finally, the RNA pellet was resuspended in an appropriate amount of RNase-free water (Qiagen,
129114) and incubated at 55°C for 15 min, and then frozen at -80°C until use. The concentration of
RNA was determined using a NanoPhotometer N60 (Implen). The volume of TRIzol and RNase-free

water used for different sized culture plates is described in Table 2-21.

Table 2-21 Volume of TRIzol and RNAse-free water used RNA extraction.

Plate Size Volume of TRIzol per well Volume of RNase-free water per well
6 well plate 1mL 21 L
12 well plate 500 plL 16 uL
24 well plate 200 pL 11 uL
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2.6.2 Reverse transcription for cDNA synthesis

Reverse transcription was utilised to synthesise the extracted RNA into cDNA. On ice, 1 ug RNA was
diluted in RNase free water, and incubated for 10 min at 37°C with 1 pl of DNase | reaction buffer and
1 pl of DNase | (New England BioLabs, M0303S) to degrade any potential contaminating genomic DNA
from the RNA samples. The DNAse | was then inactivated to prevent further DNA degradation by
heating at 75°C for 10 min with the addition of 1 pl of 25 mM EDTA.

A master mix of 5 X gScript cDNA SuperMix (QuantaBio, 95048-025) was then diluted in RNase free
water and 9 ul added to each sample. The gScript cDNA SuperMix contains optimized concentrations
of MgCl2, dNTPs, recombinant RNase inhibitor protein, gScript reverse transcriptase, oligo(dT) primer
and stabilizers for efficient synthesis from RNA to cDNA. The samples were then subjected to the
following PCR cycles: 5 min at 25°C for annealing and extension of the primers, 30 min at 42°C for DNA
polymerization and a final 5 min at 85°C for deactivation of the reverse transcriptase enzyme (Table

2-22).

Assuming a 100 % conversion from RNA to cDNA, 1 ug cDNA was obtained from the reverse

transcription PCR, and the resulting cDNA was stored at 4 °C.

Table 2-22 Parameters for PCR cycle of qScript reverse transcription PCR.

Step Temperature (°C) Time
Annealing & extending primers 25 5 minutes
DNA polymerisation 42 30 minutes
Enzyme denaturation 85 5 minutes
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2.6.3 Real time quantitative PCR

For use in RT-gPCR, the amount of cDNA and the dilution of primer used was optimised for each
experiment.The cDNA and 100 uM primer stock were diluted as required in nuclease free water
(Qiagen, 129114), the primer sequences and dilutions used are described in Table 2-23. The RT-qPCR
reactions were performed in triplicate, with a negative control that contains only nuclease free water
and no cDNA. For each primer set a master mix was produced, comprised of 5 X HOT FIREPol EvaGreen
gPCR Mix Plus (Solis Biodyne, 08-25-00001), complementary forward and reverse primers and
nuclease free water (Table 2-24). Nine pL of master mix and 1 pL of cDNA or nuclease free water were

loaded in white 96 well plates (Azenta, PCR0980) sealed with clear flat optical caps (Azenta, PCR1066).

Table 2-23 Primer sequences used in RT-qPCR.

Target Primer Sequence (5’-3’) Dilution Reference
Forward CCCAGGGTGAAGACAGTCAC

C21orf2 1:80 (Watanabe et al., 2020
Reverse TCCACCCTCTATGTCCCGAG
Forward GGGTGGGGCTCATTTGCAGGG

GAPDH 1:33 (Webster et al., 2016)
Reverse TGGGGGCATCAGCAGAGGGG

Table 2-24 Composition of master mix for RT-qPCR.

Reagent Volume per well
5 X HOT FIREPol EvaGreen gqPCR Mix Plus 2 uL
Forward primer 0.5 uL
Reverse primer 0.5 uL
Nuclease free water 6 L
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RT-gPCR reactions were performed in a CFX96 Touch Real-Time PCR Detection System (BioRad). The
thermocycling conditions for the RT-gPCR were as follows: 95 °C for 5 min for denaturation, followed
by 39 cycles of 95 °C for 30 s for denaturation and 60 °C for 1 min for primer annealing and extension.
RT-gPCR cycles were followed by a melt curve cycle to ensure specificity of the primers and ensure
single dsDNA products were generated. Thermocycling conditions for the melt curve were 1 min at 95

°C, followed by 1 cycle at 65 °C, followed by 57 cycles increasing by 0.5 °C/cycle (Table 2-25).

Table 2-25 Parameters for PCR cycle of RT-qPCR.

Step Cycles Temperature (°C) Time

Initial denaturation 1 95 1 min
Denaturation 39 95 30s
e o
1 95 1 min

Melt curve 1 65 1 min

57 65 + 0.5 per cycle 1 min
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2.6.4 Relative fold change analysis
The CFX Manger software (BioRad) was used to analyse the RT-gPCR data. The relative mRNA levels
of the gene of interest were determined by normalising to the GAPDH control via the AAC: method

(Livak and Schmittgen, 2001)

Briefly, the cycle threshold (C;) values from the triplicate cDNA samples for the gene of interest and
GAPDH control gene were averaged. The normalised C;value (AC;) was calculated by subtracting the

GAPDH C:from the gene of interest C;, to normalised for amount of cDNA used between samples.

ACt = Ct (Gene of interest) — Ct (GAPDH)

The AC: for the experimental sample was then normalised to the AC: of the control sample by

subtracting control AC;from the experimental AC..

AA Ct = A Ct (experimental) - A Ct (control)

To determine fold change of mRNA expression relative to the control samples, 2722 s calculated. This
produced a value relative to the control sample, such as 0.5 would be a 50% decrease in gene

expression, compared to the control.

mRNA expression relative to control = 2 *(— AA Ct)

2.6.5 Melt curve analysis
To ensure a single product has been produced and there is no contaminating dsDNA, primer dimers
or non-specific primer binding, the melt curve is analysed. For each primer pair used, the melt curve

should have one peak, indicating a single product.
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2.7 Invitro protein assays

2.7.1 Production of GST-tagged proteins in bacteria

Empty vector GST, GST-C21orf2, GST-VAPB and GST-PTPIP51 were expressed in a pGEX-6p1 plasmid
vector. Bacteria were grown overnight from glycerol stocks in 100 mL of Terrific Broth (TB) (Fisher

Scientific, 12801670) supplemented with 100 pg/mL ampicillin, at 37 °C with constant shaking.

The following morning, the bacterial growth of the pre-culture was determined by measuring the
optical density at 600 nm (ODsoo) using a S1200 Diode Array Spectrophotometer (WPA). To calculate
the volume of bacterial pre-culture to add to the TB culture (supplemented with 100 pg/mL ampicillin),

the following formula was used:

Desired culture starting OD600 * volume of culture (mlL)
0D600 of preculture

Volume of preculture (mlL) =

For the main bacterial culture, a volume of 750 mL and a starting ODeggo of 0.04 was chosen. The
bacterial cultures were grown at 37 °C with constant shaking for 2 h, after which the ODgy Was
measured to assess growth. The ODggo Was measured every 30 min until a reading of 0.7 was obtained,
at which the production of GST-protein was induced by addition of 0.5 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG, Fluorochem, M02726) for 3h for empty vector GST and GST-VAPB or
overnight for GST-C210rf2 and GST-PTPIP51, at 37 °C with constant shaking.

After incubation with IPTG, the bacteria were pelleted by centrifugation at 6,000 rpm (6,371 x g MAX
/ 3,951 x g AVG) in an Avanti J26 centrifuge using a JA-10 rotor for 10 min at 4 °C. The supernatant

was discarded, and the pellets frozen at -20 °C until use.
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2.7.2 Extraction and purification of GST-tagged proteins

For the in vitro assays, the amount of bacterial pellet lysed per reaction was 0.1g of GST and GST-
VAPB, and 0.2g GST-C21orf2 and GST-PTPIP51. The bacterial pellet for each GST-protein was weighed
and lysed in 1 mL RB100 buffer (25 mM HEPES pH 7.5, 100 mM KOAc, 10 mM MgCl2, 1 mM DTT, 0.05 %
Triton X-100, 10 % glycerol), supplemented with 1 X Halt Protease Inhibitor Cocktail (Thermo Fisher
Scientific, 78429). If GST-proteins were produced for use in in vitro phosphorylation assays, the RB100
buffer was also supplemented with 1 X PhosStop phosphatase inhibitor tablet (Roche, 4906845001).
The pellets were kept on ice and lysed by sonication at 100%, 3 X 10 s. The lysates were then clarified
by centrifugation at 4 °C for 5 min at 17,000 X g, the supernatant taken and centrifuged again at 17,00

X g for 5 min, to ensure removal of any insoluble debris.

Per sample, 30 pL of Glutathione (GSH) Sepharose 4B beads (GE17-0756-01, Cytiva) were prewashed
3 X in RB100 buffer, with centrifugation at 4 °C for 1 min at 600 X g to pellet the beads between
washes. The clarified lysates were then incubated with the washed GSH beads for 1 h at 4 °C, with
constant rotation. The beads were then washed 3 X with RB100 buffer as previously described, to
remove any unbound protein. The captured and washed GST-proteins were then used on-bead for

both the binding (2.7.3) and phosphorylation assay (2.7.4).

2.7.3 Invitro binding assay

2.7.3.1 Invitro translation

In vitro translation was used to produce recombinant C2lorf2 and NEK1 proteins with the
incorporation of radioactively labelled 3°S-methionine. Briefly 0.5 pug plasmid DNA diluted in 1.5 pL
nuclease free water was added to 8 pL of TnT® Quick Coupled T7 Transcription/Translation System
Master Mix (Promega, L1171) and 0.5 pL 3S-Methionine (PerkinElmer, NEG709A500UC). The master

mix was incubated at 37 °C for 90 min.

2.7.3.2 Binding assay

After the GST-proteins captured on GSH beads were washed (2.7.2), they were resuspended in 400 pL
RB100 buffer. Eight uL of radiolabelled in vitro translated protein was added to the resuspended GST-
proteins and incubated on bead for 1h at 4 °C with constant rotation. The beads were then washed
three times in RB100 buffer as previously described (2.7.2). The RB100 buffer was removed, and the
beads eluted in 50 puL GSH elution buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 40 mM reduced

glutathionine) by trituration and incubated for 10 min at room temperature.
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The samples were prepared by diluting 1 pL of GST or GST-VAPB in 15 ulL of GSH elution buffer and 4
pL 5 X Laemmli buffer. GST-PTPIP51 and GST-C21orf2 were prepared by adding 16 pL of GST-protein
elution to 4 pL of 5 X Laemmli buffer. An input sample of in vitro translated protein was made by
adding 0.5 pL of translated protein to 7.5 uL of GSH elution buffer and 2 uL of 5 X Laemmli. The samples
were then boiled for 5 min at 95 °C and ran on SDS-PAGE (2.3.4), stained with Coomassie (2.7.5), dried

onto filter paper (2.7.6) and imaged for radioactivity (2.7.7).

2.7.4 Invitro phosphorylation assay

After the GST-proteins captured on GSH beads were washed (2.6.2), they were resuspended in 100 pL
RB100 buffer supplemented with 1 mM adenosine triphosphate (ATP) (Sigma-Aldrich, A2383). To each
reaction, 100 ng of recombinant active NEK1 kinase (Abcam, ab268812) was added with 0.5 pL y-32P-
ATP (PerkinElmer, NEG502Z2250UC) and incubated for 1 h at 37 °C. The beads were then washed three
times in RB100 buffer, eluted in 50 pL GSH elution buffer and the samples prepared as previously
described (2.7.3.2). The samples were then boiled for 5 min at 95 °C and ran on SDS-PAGE (2.3.4),

stained with Coomassie (2.7.5), dried onto filter paper (2.7.6) and imaged for radioactivity (2.7.7).

2.7.5 Coomassie staining

To confirm the expression of the GST-tagged constructs, the polyacrylamide gels were stained with
Coomassie solution (0.1 % Coomassie Blue R-250, 50 % methanol, 10 % acetic acid). Briefly, the gels
submerged in Coomassie solution were heated for 15 s in a microwave in a sealed container and
incubated overnight at room temperature with constant movement. The following morning the
Coomassie solution was removed, and the gels were destained by heating for 15 s in destain solution
(30 % methanol, 10 % acetic acid) and incubated for 20 min. After 20 min the destain was removed
and the gels heated and incubated in fresh destain until the gel was clear. The gel was washed twice
in ddH20, to remove any residual destaining solution and imaged with a phone camera or dried onto

filter paper (2.7.6).

2.7.6 Drying acrylamide gels onto filter paper

To expose the polyacrylamide gel onto the phosphoscreen for imaging of radioactivity, the gels were
dried onto filter paper. Briefly, the destained and washed gels were placed onto Whatman filter paper,
ensuring no bubbles formed between the two surfaces. The gels were then placed in a Model 582 gel

dryer (BioRad), preheated to 80 °C and dried for at least 40 min, until completely dried.
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2.7.7 Imaging in vitro assays

Prior to use, the phosphor screens (Amersham, 28956475) were subjected to light exposure for 10
min to quench any residual signal. The dried polyacrylamide gel was then placed into the exposure
cassette (Amersham, 29175523) and a reference photo taken to record the position of the gel in the
cassette. The phosphor screen was then placed directly onto the dried gel, the cassette closed and

incubated in the dark for at least 2 days before imaging.

After incubation, the phosphor screens were imaged on a Typhoon FLA 7000 Laser Scanner (GE
Healthcare) using the phosphorimaging setting on the Typhoon FLA 7000 Control Software (GE
Healthcare). The images were acquired with a standard pixel size of 50 pm. Following exposure, the

phosphoscreens were exposed to light for 10 min to quench any signal.

To analyse the results, the image of the Coomassie stained gel and the phosphorimage were digitally

overlayed, to confirm which GST-protein the radioactive band corresponded to.

2.8 Mass spectrometry

For mass spectrometry, GST-VAPB protein were produced (2.7.1), extracted and purified (2.7.2), and
incubated with or without 100 ng recombinant active NEK1 kinase and eluted into GSH elution buffer
(2.7.4) as previously described. The concentration of eluted GST-VAPB protein was then determined
by Bradford assay (2.3.2). The proteins were diluted to 0.4 ug/uL using GSH elution buffer and frozen
at -80 °C until digestion. For analysis by mass spectrometry, four technical replicates of each sample

were prepared.

For mass spectrometry of Hela cells transfected with eGFP-VAPB, the cells were lysed with BRB80
buffer as previously described in section 2.3.1.2. VAPB was captured by immunoprecipitation with
eGFP-trap magnetic agarose beads (ChromoTek, 17323363) for 2h at 4°C and the samples washed
with BRB80 using an Extractman (Gilson, 22100000). The samples were stored on ice prior to protein

digestion.

2.8.1 S-trap digest of GST-tagged proteins

For digestion of the GST-proteins for mass spectrometry the S-Trap micro-MS sample prep kit (Protifi,
K02-micro) was used. Five pg (12 uL) of eluted protein sample was diluted with an equal volume of 2
X S-trap lysis buffer (10% SDS (Sigma-Aldrich, 05030), 100 mM TEAB (Triethylammonium bicarbonate)
pH 8.5 (Thermo Scientific, 90114)).

The proteins were reduced to break any disulphide bonds by incubation with 5 mM TCEP (tris (2-
carboxyethyl) phosphine) (Supelco, 646547) at 70 °C for 20 min at 750 rpm in a shaking incubator then
cooled down for 5 min at room temperature. The samples were alkylated to cap the disulphide bonds

by incubation with 10 mM IAM (2-lodoacetamide) (Sigma-Aldrich, 16125) for 30 min at room
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temperature in the dark, followed by addition of 1.2% phosphoric acid to denature the proteins by

acidification.

Two hundred and fifty pL of binding buffer (100 mM TEAB pH 7.1 in 90% methanol) was added to the
samples and loaded to the S-Trap column by centrifuged at 4,000 X g for 1 min at room temperature.
The S-Traps were washed four times with 150 pL binding buffer by centrifugation at 4,000 X g for 1

min and finally dried by centrifugation without any additional wash buffer for 1 min at 4,000 X g.

Following drying, the samples were digested by addition of 1 pg trypsin. Briefly, trypsin (Thermo
Scientific, 13464189) was resuspended in 0.1 % TFA (trifluoroacetic acid) to a concentration of 0.1
pg/uL, then diluted to 40 ng/uL in 50 mM TEAB. Twenty-five pL of trypsin in TEAB was added to the S-
Trap column and incubated for 1 % h at 47 °C without shaking. The peptides were eluted from the S-
Trap column by sequential elution buffers, for each elution the buffer was added to the column and
centrifuged at 4,000 X g for 1 min at room temperature. The first elution was with 40 uL 50 mM TEAB,
followed by 40 pL 0.2 % formic acid (Fisher Scientific, A117-50), 40 uL 50% ACN (acetonitrile)

containing 0.2 % formic acid and a final elution with 40 uL 80% ACN containing 0.2% formic acid.

The eluted samples were dried for 1% h at 45 °Cin a Concentrator plus (Eppendorf). The dried samples
were finally resuspended in 50 plL 0.5% formic acid and 30 uL loaded into mass spectrometry vials, for

loading into the mass spectrometer. Remaining elutions were stored at -20°C.

2.8.2 Trypsin digest of eGFP-VAPB

For digestion of eGFP-VAPB immunoprecipitated on GFP-trap magnetic agarose beads, the BRB80
buffer was removed, and cells washed twice with 200 uL 50 mM ammonium bicarbonate. The samples
were digested in 25 pL of 2 M urea, 50 mM ammonium bicarbonate with 1 pg trypsin for 2 h at 37°C
with constant shaking at 900 rpm. The digested peptides were collected using a magnetic rack and

washed with 25 puL 50 mM ammonium bicarbonate prior to transferring to a fresh eppendorf.

The samples were acidified by addition of 0.4% TFA prior to addition to C18 wash spin columns (Pierce,
89870). The samples were captured on the column by centrifugation at 2000 x g for 1 min. Samples
were washed by sequential spins with 200 puL ACN, followed by 200 uL 50% ACN/ 0.1% TFA and finally
200 pL 0.1 % TFA at 2000 x g for 1 min. The acidified samples were loaded onto the C18 columns for
three more spins at 2000 x g for 1 min to ensure all the peptides were captured. The peptides were
washed with 100 pL 0.1% TFA and the columns transferred to a fresh Eppendorf. The peptides were
eluted with 100 pL 50% ACN/ 0.1% TFA at 2000 x g for 1 min.

The eluted samples were dried for 1% h at 45 °Cin a Concentrator plus (Eppendorf). The dried samples
were finally resuspended in 50 pL 0.5% formic acid and 30 pL loaded into mass spectrometry vials, for

loading into the mass spectrometer. Remaining elutions were stored at -20°C.
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2.8.3 Mass spectrometry

GST-VAPB peptides were analysed in an LTQ Orbitrap Elite hybrid ion trap-orbitrap mass spectrometer
(Thermo Fisher Scientific) equipped with an EASY-Spray lon Source hyphenated to a Dionex Ultimate
3000 uHPLC (Thermo Fisher Scientific). The peptides were trapped with an Acclaim™ PepMap™ 100
C18 trap column (3 um particle size, 75 um x 150 mm, Thermo Fisher Scientific, 164946) and separated
on an EASY-Spray™ C18 column (2 um particle size, 50 um x 150 mm, Thermo Fisher Scientific, ES901)
using a 2 min gradient with 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in 80%

acetonitrile (mobile phase B).

2.8.4 Analysis of mass spectrometry

Analysis of mass spectrometry was performed as previously described in (Woodley and Collins, 2019).
Briefly, the raw MS/MS data files were used for protein identification using MaxQuant software (Cox
and Mann, 2008) with default parameters using the E. coli proteome to check for bacterial
contamination and referenced to a FASTA file containing the canonical human VAPB sequence. The
protein group files generated by MaxQuant were then loaded into the Perseus platform (Tyanova et
al.,, 2016). The label-free quantification (LFQ) values were selected for calculation of variable

modifications, oxidation (M) and phosphorylation (STY).

2.9 Electron microscopy

For visualisation with electron microscopy cells were washed with PBS to remove DMEM at room
temperature. Cells were fixed in 3% glutaraldehyde in a buffer of 0.1M sodium phosphate/10%
sucrose for 1 h prior to collection of cells by scraping. Cells were placed in a fresh Eppendorf and

centrifuged at 6500 rpm for 2 min. The supernatant was removed and replaced with buffer (as above).

Cell pellets were then post-fixed using 2% aqueous osmium tetroxide for 2 h, washed briefly in distilled
water and replaced with buffer for 10 min. The buffer wash step was repeated for a further 10 min.
Subsequently, the cell pellet was dehydrated by treating for 1 h for each step, with increasing
concentrations of aqueous solutions of ethanol (70%, 90%, 100%, 100% dried over copper sulphate).

The samples were cleared of remaining ethanol in epoxypropane twice for 20 min.

Infiltration was in a 50/50 mix of epoxypropane (EPP) and araldite resin (a mix of CY212, DDSA, and
BDMA) overnight on a rotor mixer. This mixture was evaporated free of EPP in a fume hood for 2 h
before the mixture was replaced by 100% araldite resin. This mixture was replaced over an 8 h period
before the samples were embedded in fresh resin mixture using a "coffin" style mould. These were

polymerised in a 60 °C oven for between 48-72 h.
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Sections were cut using a Reichart Jung Ultracut E ultramicrotome at ~85 nm and collected on nickel
EM grids. These were air dried and then stained for 30 min in 2% uranyl acetate, washed in dH,0 for

30 min, and stained in Reynold's Lead citrate for 5 min, and then washed in dH,0 for 5 minutes.

Grids were examined using an FEI Tecnai Spirit at an operating voltage of 80kv. Images were recorded

using a Gatan Orius 1000B camera and Gatan Digital Micrograph software.

2.10 Bioinformatics tools

2.10.1 Kinase prediction

To investigate the predicated kinase for identified phosphorylation sites, the online platform
PhosphoSitePlus was utilised (Hornbeck et al., 2015). The protein of interest was searched for on the
platform and the queried phospho-site selected for analysis with the kinase prediction tool. This tool

ranks the highest predicted kinase based on the kinase consensus phosphorylation sequence.

2.10.2 Protein sequence alignment

To investigate the sequence alignment of RMDN proteins, the software Jalview (version 2.11.3.3) was
utilised. The FASTA format protein sequences for the alignment were obtained from UniProt (UniProt,
2021), and loaded into the Jalview software. The default parameters were used to perform

alignments.

2.10.3 Insilico protein modelling

To model protein structures and protein interactions in silico, the online platform AlphaFold3
(Abramson et al., 2024) was utilised. Peptide sequences spanning the protein domains of interest were
obtained from UniProt and loaded into the AlphaFold3 software using the default parameters. To
model dimerisation the number of copies of the peptide of interest was changed to 2. The predicted
protein structures and interactions were visualised and annotated with the software UCSF ChimeraX

(version 1.8) (Meng et al., 2023).

To visualise the confidence of the predicted protein interaction models as calculated by AlphaFold3,
PAE viewer was utilised (Elfmann and Stulke, 2023). For each model the predicted local distance
difference test (pLDDT) was reported as a measure of local confidence, where a higher score indicates
higher confidence that the predicted model would agree with an experimental structure (Guo et al.,
2022). Additionally, the predicted alignment error (PAE) was reported as a measure of confidence in
the relative position of two residues, with a lower score indicating low predicted error and high
confidence (Guo et al., 2022). Additionally, for models of protein interactions the predicted template
modelling (pTM) score and interface predicted template modelling (ipTM) score were reported. The
pTM measures how well the protein complex has been predicted, with scores over 0.5 suggesting the

complex is similar to the true structure. The ipTM measures the accuracy of the predicted relative
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positions of the subunits in the protein complex, with scores above 0.8 representing high confidence

predictions (Magana and Kovalevskiy, 2024).

2.11 Statistical analysis

Statistical analysis was performed using the GraphPad Prism version 10.3.1 for windows (GraphPad
Software, USA). All data is presented as mean + SEM unless otherwise stated. For comparison between
two samples, statistical analysis was performed by unpaired two-tailed t-test. For comparison
between multiple samples, statistical analysis was performed by one-way ANOVA with Fisher’s LSD

test.

2.12 Figure creation
For creation of schematic figures, the online tool BioRender was utilised
(https://www.biorender.com/). For experimental figures, the Adobe Illustrator (version 27.9.6) was

utilised.
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Chapter 3 Characterising the interaction between NEK1, C21orf2 and the
VAPB/PTPIP51 ER-mitochondria tether

3.1 Introduction

The ER and mitochondria are physically tethered at specialised contact sites that are pivotal in the
regulation of Ca?* transfer between the organelles (De Vos et al., 2012). One of the best characterised
ER-mitochondria tethers is between VAPB on the ER membrane and its mitochondrial partner
PTPIP51. This tether has particular significance in the regulation of Ca?* dynamics, autophagy, lipid
homeostasis and synaptic function (De Vos et al., 2012; Gomez-Suaga et al., 2017; Gdmez-Suaga et
al., 2019). Dysregulation of ER-mitochondria contacts has been reported in multiple models of ALS, a
progressive neurodegenerative disease, suggesting it may be an early event in disease aetiology (Lee
et al., 2024). Evidence of disrupted ER-mitochondria tethering in ALS is discussed in more detail in

section 1.2.

Mutations in the gene NEK1 are a cause of familial and sporadic ALS, and nonsynonymous mutations
in the NEK1-interacting protein C21orf2 confer risk to developing the disease (Brenner et al., 2016;
van Rheenen et al., 2016). The mechanisms by which NEK1 and C21orf2 mutations lead to ALS is not
yet understood. Although as NEK1 LOF mutation iPSC-derived motor neurons exhibit DNA damage
accumulation, it may involve the role of NEK1 in the DDR (Higelin et al., 2018) (discussed in section
1.3.3.1). In response to DNA damage a portion of NEK1 is recruited to mitochondria where it
phosphorylates the MAM protein VDAC1 to prevent cell death (Chen et al., 2009; Chen et al., 2010b).
In addition to VDAC1, a proteomic study suggested that NEK1 may interact with the ER tethering
protein VAPB (Cirulli et al., 2015). Upon activation by DNA damage, NEK1 may be recruited to MAM
to regulate signalling between the nucleus and mitochondria to promote cell survival (discussed in

section 1.3.2.4).

The aim of this chapter was to validate and characterise the interaction of NEK1 and its interacting
partner C21orf2 with the VAPB/PTPIP51 ER-mitochondria tether. As at the start of the project the
NEK1/C21orf2 protein complex had not been well studied, we also characterised this interaction in

parallel.
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3.2 Development of a toolbox to investigate the NEK1/C21orf2 protein complex

In order to investigate the effect of loss of NEK1 function on ER-mitochondria contacts, NEK1 knock
out (KO) Hela cells were used as a model. Wild type parental and NEK1 knock KO Hela cells, which
have previously been characterised, were a gift from Dr Carl Laflamme (University of Montreal). As
C210rf2 KO cells were not readily available, we utilised CRISPR/Cas9 genome editing to establish a
Hela C21orf2 KO cell line.

3.2.1 Creation and validation of C21orf2 knock out Hela cells

Wild type Hela cells were co-transfected with Edit-R trans-activating CRISPR RNA (tracrRNA), a
puromycin resistant Edit-R Cas9 nuclease plasmid and Edit-R CRISPR RNA (crRNA) designed to target
either exon 3 or 5 of the C210orf2 gene. The tracrRNA, crRNA and Cas9 nuclease form a complex which
is targeted to the intended site of mutation. The Cas9 nuclease generates a site specific DSB, which is
repaired through NHEJ (Ran et al., 2013). NHEJ is an inefficient DNA repair method, which leads to
small insertions and deletions (indels) that can cause nonsense mutations (Pannunzio et al., 2018).
This leads to nonsense-mediated decay and functional knock out of the gene. Successfully transfected
cells were selected by growth in puromycin containing media. Single cell colonies were identified by
seeding in a limiting dilution across 96 well plates. Cell cultures were scaled up from these colonies
and screened for functional C21orf2 knock out by immunoblot and qPCR. To confirm functional knock
out of C21orf2, the expanded colonies were first run on immunoblot and probed for endogenous
C21orf2 and a-tubulin as a loading control. As C21orf2 is necessary for stabilisation of NEK1 protein
(Watanabe et al.,, 2020), the blots were also probed for endogenous NEK1 (Figure 3-1A). On
immunoblot we observed three distinct phenotypes in the CRISPR edited cells: the addition of a
C21orf2 positive band at a lower molecular weight (3D9, 3F10), loss of the full length C210rf2 band
and addition of a smaller band (3F3, 3D10, 3C4) and loss of the full length C210rf2 band (5F3) (Figure
3-1B). The presence of an aspecific band below the full length C210rf2 has previously been reported

with this antibody (Watanabe et al., 2020).

As DNA repair by NHEJ leads to random insertion of indels, one possible explanation for the smaller
band is due to the production of a truncated protein due to the insertion of a premature stop codon.
If the indels within the coding exon are in multiples of three this would prevent a frameshift mutation.
This would prevent induction of nonsense-mediated decay and thus cause translation of a truncated
protein (Wang et al., 2024b). As the 5F3 clone was the only line to exhibit both loss of full length
C21orf2 and NEK1 protein, and did not exhibit a potentially truncated C21orf2 protein, this was chosen

for further validation by quantification of C21orf2 mRNA levels.
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RNA was extracted from the 5F3 Hela cells and subjected to RT-qPCR, using primers specific to
endogenous C21orf2 and GAPDH as a housekeeping control. The C21orf2 mRNA level was significantly
decreased in the 5F3 clone by 75% (Figure 3-1C). As immunoblot and RT-qPCR analysis confirmed the
functional knock out of C210rf2, the 5F3 clone was selected for experimental use as the C21orf2 KO

Hela cell line.

3.2.2 Validation of NEK1 and C21orf2 endogenous antibodies

In literature there is a lack of validated endogenous NEK1 and C21orf2 antibodies. Thus, we decided
to test commercial antibodies for a range of biochemical techniques including immunoblot,
immunoprecipitation and immunostaining. Wild type parental cell (PC) or wild type (WT) Hela cells,
or the corresponding NEK1 KO or C21orf2 KO Hela cells as negative controls, were subjected to
immunoprecipitation. For NEK1 we tested two endogenous NEK1 antibodies, whilst for C21orf2 we
tested one endogenous C21orf2 antibody. The samples were immunoblotted with the corresponding
endogenous anti-NEK1 and anti-C21orf2 antibodies, and an a-tubulin antibody as a loading control
(Figure 3-2). Successful immunoblotting and immunoprecipitation of NEK1 and C21orf2 was observed
with the Proteintech NEK1 antibody and the C21orf2 antibody (Figure 3-2B & C), which were used in
future experiments. We were unable to validate the specificity of our endogenous antibodies for

immunostaining (data not shown).

As we were unable to optimise endogenous antibodies to investigate the cellular localisation of NEK1
and C21lorf2 using immunostaining, we decided to create tagged NEK1 and C21lorf2 plasmid
constructs. For these protein tags we have anti-tag antibodies that work reliably on immunoblot, co-

immunoprecipitation and immunostaining.
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Figure 3-1 Validation of a C210rf2 knock out (KO) Hela cell line by immunoblot and qPCR.

Wild type (WT) Hela cells were subjected to CRISPR/Cas9 genome editing, targeting the C21orf2 gene.
Six CRISPR/Cas9 clones were isolated, expanded and validated for knock out of C210rf2 protein. Five

clones targeting exon 5 (3F3, 3D9, 3D10, 3F10 and 3C4) and one clone targeting exon 3 (5F3) were
selected.

A) The selected Cas9 edited clones were subjected to immunoblot with anti-NEK1, anti-C21orf2 and
anti-a-tubulin antibodies. Per sample 45 ug protein was loaded. * denotes a non-specific band.

B) Four phenotypes were observed on immunoblot, with observed C210rf2 bands above and below a
non-specific band. The 5F3 clone was chosen as it presented neither C21orf2 band.

C) RT-qPCR was used to quantify the relative C21orf2 mRNA levels of WT or 5F3 C210rf2 KO Hela cells.
Graph represents C21orf2 mRNA levels normalised to GAPDH as a housekeeping control. Data were
analysed by two-tailed unpaired t-test, N = 3. Bars represent mean + SEM.
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Figure 3-2 Validation of endogenous NEK1 and C21orf2 antibodies for immunoprecipitation.

A & B) Wild type parental (PC) or NEK1 knock out (KO) Hela cells were subjected to
immunoprecipitation with either one of two endogenous NEK1 antibodies and probed on immunoblot
for endogenous NEK1 and a-tubulin as a loading control.

C) Wild type (WT) or C2lorf2 KO Hela cells were subjected to immunoprecipitation with an
endogenous C21orf2 antibody and probed on immunoblot for endogenous NEK1, C21orf2 and a-
tubulin as a loading control. Per sample 45 pug protein was loaded as input. * denotes a non-specific
band.
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3.2.3 Production of wild type and kinase dead V5-tagged NEK1 constructs

To detect specific colocalisation of NEK1 and C21orf2, we produced tagged constructs with different
protein tags. For NEK1 we produced a N-terminal V5-tagged full length NEK1 construct. To allow for
investigation of the role of NEK1 kinase activity in future experiments, site-directed mutagenesis was
used to produce a kinase dead K33R mutation within the kinase domain of the V5-NEK1 (Spies et al.,
2016). Both constructs were validated by sequencing. The constructs were transfected into HEK293
cells and immunoblot was used to confirm expression of proteins at the correct molecular weight. As
our V5 antibody produced a non-specific band at the same molecular weight as endogenous NEK1
(not shown), we instead used our endogenous NEK1 antibody (Proteintech) to confirm NEK1
overexpression. Samples were immunoblotted, probing for NEK1 and a-tubulin as a loading control.
We observed a band for overexpressed V5-NEK1 at ~180 kDa, which coincides with published data
(Figure 3-3A) (Feige et al., 2006). To further confirm successful expression of V5-NEK1, we transfected
WT Hela cells with V5-NEK1 or V5-NEK1 K33R and immunostained the cells with an anti-V5 antibody.
This confirmed diffuse cytoplasmic staining of the expressed proteins (Figure 3-3B), which is in line

with data from the Human Protein Atlas and published literature (Chen et al., 2008; Thul et al., 2017).

3.2.4 Production of HA-tagged C21orf2 constructs

To investigate C21orf2 localisation and protein interactions, we used Gibson assembly to produce C-
terminally HA-tagged C21orf2 protein constructs. As literature suggested the existence of a N-terminal
mitochondrial localisation sequence in C21lorf2, we wanted to investigate whether this may be
involved in potential C210orf2 localisation and function at MAM (Krohn et al., 1997). We produced a
protein construct with disruption of this sequence (C21orf2 A2 — 15), without altering the leucine rich

repeats, as the function of this domain has not been well characterised (Figure 3-4A).

HEK293 cells were transfected with empty vector pCl-neo, C21orf2-HA or C21orf2-HA A2 — 15 and
immunoblotted with anti-HA and anti-a-tubulin antibodies. Both C210rf2 constructs expressed at the
correct molecular weight (42 kDa and 40 kDa respectively) (Figure 3-4B). To further validate protein
expression in cells, WT Hela cells were transfected with the HA-tagged C21lorf2 constructs and
immunostained with an anti-HA antibody. This revealed cytoplasmic and punctate staining of both
C21orf2 constructs (Figure 3-4C), which had not previously been reported and thus warranted further

investigation.
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A) HEK293 cells transfected with empty vector pCl-neo, wild type V5-NEK1 or kinase dead V5-NEK1

K33R were immunoblotted with anti-NEK1 and anti-a-tubulin antibodies. Per sample 45 ug protein
was loaded. Both constructs expressed at the expected molecular weight at ~180 kDa.

Figure 3-3 Characterisation of V5-tagged active and kinase dead NEK1.

B) Wild type Hela cells were transfected with empty vector pCl-neo, wild type V5-NEK1 or kinase dead
V5-NEK1 K33R and immunostained with a V5 antibody (green) and nuclear Hoechst stain (blue). Both
constructs expressed diffusely throughout the cytoplasm. Scale bar = 20 um.
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Figure 3-4 Characterisation of HA-tagged C21o0rf2 constructs.

Legend next page.
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Figure 3-4 Characterisation of HA-tagged C21o0rf2 constructs.

A) Schematic of the C210rf2 protein structure, indicating the truncation of the putative mitochondrial
localisation sequence. LRR = Leucine rich repeat, LRRCT = C-terminal LRR.

B) HEK293 cells transfected with empty vector pCl-neo, full length C21orf2-HA or truncated C21orf2-
HA A2 — 15 were immunoblotted with anti-HA and anti-a-tubulin antibodies. Per sample 45 ug protein
was loaded. Both constructs expressed at the expected molecular weight (42 kDa and 40 kDa
respectively).

C) Wild type Hela cells transfected with empty vector pCl-neo, C21orf2-HA or C21orf2-HA A2 — 15
were immunostained with an anti-HA antibody (green) and nuclear Hoechst stain (blue). Scale bar =
20 pm.

3.3 Characterisation of the NEK1/C210rf2 protein complex

3.3.1 NEK1 and C21orf2 do not localise to mitochondria

Currently there is conflicting evidence as to the cellular localisation of NEK1 and C21orf2. Literature
suggests that both NEK1 and C21orf2 may exist diffuse throughout the cytoplasm (Chen et al., 2008;
Fang et al., 2015), localised to mitochondria (Chen et al., 2009; Krohn et al., 1997), or localised to cilia
and the centrosome (Gregorczyk et al., 2023; Shalom et al., 2008). During characterisation of our NEK1
and C21orf2 protein constructs, we observed punctate staining of C21orf2 that has not been reported
in literature (Figure 3-4C). It was previously suggested that C21orf2 was a mitochondria protein (Krohn
et al., 1997), and it is well established that NEK1 is partially localised to the mitochondria in response
to DNA damage (Chen et al., 2009). Thus, we first investigated whether NEK1 and C21orf2 may be

colocalising at mitochondria.

To investigate this WT Hela cells were transfected with either empty vector pCl-neo, V5-NEK1,
C21orf2-HA, or C21orf2-HA with a disrupted mitochondrial localisation sequence (C21orf2-HA A2 -
15). Cells were immunostained with either an anti-HA or anti-V5 antibody and co-stained with an
antibody specific to the OMM protein TOM20 (Figure 3-5). Immunofluorescent staining revealed that
C21orf2 positive puncta do not co-localise with mitochondrial marker TOM20 but appear to lie next
to mitochondria. We also did not observe specific localisation of NEK1 to mitochondria. As only a small
portion of NEK1 is proposed to localise to mitochondria, this could be masked by the large proportion

of NEK1 diffuse in the cytosol.

3.3.2 Disruption of the C210orf2 N-terminal domain disrupts NEK1/C21orf2 interaction

It is well characterised that NEK1 and C21orf2 interact, but the details of their interaction are not yet
clear (Fang et al., 2015; Gregorczyk et al., 2023; Watanabe et al., 2020). We had previously confirmed
that the N-terminal domain in C21orf2 did not function as a mitochondrial localisation sequence

(Figure 3-5). Thus, we decided to investigate if this domain may have an alternative function in binding
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to NEK1. To investigate this, HEK293 cells were co-transfected with either empty vector pCl-neo or
V5-tagged NEK1 and either C210orf2-HA or C21orf2-HA A2 — 15. The samples were immunoprecipitated
with an anti-V5 antibody to capture V5-NEK1. The samples were immunoblotted with anti-NEK1 and
anti-HA antibodies, and an anti-GAPDH antibody as a loading control (Figure 3-6). Indeed, we observed
that disruption of the C210orf2 N-terminal domain caused a significant reduction in C21orf2 binding to

NEK1 (Figure 3-6).

As NEK1 and C21orf2 are considered to be functionally linked, we next determined to investigate if
the proteins co-occur. WT Hela cells were co-transfected with either empty vector pCl-neo or V5-
tagged NEK1 and either C210orf2-HA or C21orf2-HA A2 — 15. The samples were immunostained with
anti-V5 and anti-HA antibodies (Figure 3-7). When overexpressed on its own V5-NEK1 was diffuse
throughout the cytoplasm, however when co-expressed with full length C21orf2-HA it was recruited
to C21orf2-HA positive puncta. In line with our co-immunoprecipitation experiment, disruption of the
C21orf2 N-terminal domain leads to loss of this NEK1 recruitment. Together this validates that the

C21orf2 N-terminal domain is necessary for binding to and recruitment of NEK1.
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Figure 3-5 NEK1 and C21o0rf2 do not localise to mitochondria.

Wild type Hela cells were transfected with empty vector pCl-neo, V5-NEK1, C21orf2-HA, or C21orf2-
HA with a disrupted mitochondrial localisation sequence (C21lorf2-HA A2 — 15). The samples were
subjected to immunostaining with either an anti-HA or anti-V5 antibody (green), co-stained for the
outer mitochondrial membrane protein TOM20 (magenta) and with nuclear Hoechst stain (grey). Scale
bar = 20 um, zoom = 10 um. Figure represents N = 3.
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Figure 3-6 Disruption of the C210rf2 N-terminal domain prevents binding to NEK1.

HEK293 cells were co-transfected with either empty vector pCl-neo or V5-tagged NEK1 and either
C21orf2-HA or N-terminally disrupted C21orf2-HA A2 — 15. The samples were immunoprecipitated
with an anti-V5 antibody and immunoblotted, probing with anti-NEK1 and anti-HA antibodies, and an
anti-GAPDH antibody as a loading control. Per sample 45 pg protein was loaded as input. Graph shows
qguantification of the level of overexpressed C21orf2 bound to V5-NEK1. Data were analysed by
unpaired two-tailed t-test, N = 3. Bars represent mean = SEM.
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Figure 3-7 Disruption of the C210rf2 N-terminal domain prevents co-occurrence with NEK1.

Wild type Hela cells were co-transfected with either empty vector pCl-neo or V5-tagged NEK1 and
either full length C2lorf2-HA or N-terminally disrupted C2lorf2-HA A2 — 15. Samples were
immunostained with anti-V5 (green) and anti-HA (magenta) antibodies and Hoechst nuclear stain
(grey). Scale bar = 20 um, zoom = 10 um. White arrows indicate points of overlap between V5-NEK1
and C21orf2-HA. Figure represents N = 3.
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3.3.3 (C21orf2 localises to microtubules

In our previous experiments, immunofluorescent staining suggested that C21orf2 puncta lay next to
mitochondria (Figure 3-5). One possible explanation could be that when overexpressed C2lorf2
localises to an endosomal compartment. To investigate this, we used immunofluorescence to stain for
a panel of endosomal-associated proteins. WT Hela cells were transfected with pCl-neo empty vector
or C21orf2-HA and immunostained with an anti-HA antibody and endogenous antibodies specific to
either: PEX14 (peroxisomes), Rab5 (early endosomes), Rab7 (late endosomes), LAMP2 (lysosomes),

PDI (ER) and LC3B (autophagosomes).

A more in-depth investigation of the localisation of C21orf2 revealed two distinct phenotypes: the
punctate structures previously identified and filamentous structures (Figure 3-8). We observed that
neither the C21orf2-positive puncta or filamentous staining specifically overlapped with any of the
compartments tested (Figure 3-9). However, there was visible partial overlap between C210orf2 and
each of the endosomal-associated proteins tested. As C21orf2 is essential for ciliogenesis, a process
dependent on microtubule growth, we next investigated if the filamentous C21orf2 staining may be

localised at microtubules.

To investigate this, WT Hela cells were transfected with pCl-neo empty vector or C21orf2-HA and co-
stained with an anti-HA antibody and an antibody specific to the microtubule protein a-tubulin.
Immunofluorescent staining showed a partial overlap between C2lorf2 positive filamentous
structures and the a-tubulin positive microtubules (Figure 3-10). The C21orf2 positive punctate
structures also decorated the microtubules, suggesting when overexpressed C21orf2 may be recruited

to microtubules.
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Figure 3-8 Overexpression of C21orf2 leads to two distinct phenotypes.

Wild type Hela cells were transfected with full length C21orf2-HA and subjected to immunostaining
with an anti-HA antibody (green) and nuclear Hoechst staining (blue). Example of punctate and
filamentous C21orf2 staining are shown in the zoomed boxes. Scale bar =20 um, zoom =5 um. Figure
represents N = 3.
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Figure 3-9 C210rf2 partially localises to endosomal compartments.
Legend on next page.
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Figure 3-9 C210rf2 partially localises to endosomal compartments.

Wild type Hela cells were transfected with pCl-neo empty vector or full length C21orf2-HA and
subjected to immunostaining with an anti-HA antibody (green) and nuclear Hoechst staining (grey).
The cells were co-stained with a panel of endogenous antibodies (magenta); PDI (ER), LAMP2
(lysosomes), Rab5 (early endosomes), Rab7 (late endosomes), PEX14 (peroxisomes), and LC3B
(autophagosomes). Scale bar = 20 um, zoom = 5 um. Figure represents N = 3.
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Figure 3-10 Overexpressed C21orf2 localises to microtubules.

Wild type Hela cells were transfected with pCl-neo empty vector or full length C21orf2-HA and
subjected to immunostaining with an anti-HA antibody (green), anti-a-tubulin (magenta) and nuclear
Hoechst staining (grey). Scale bar 20 = um, zoom = 10 um. Figure represents N = 3.
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3.4 NEK1 and C21orf2 interact with the VAPB/PTPIP51 tether

3.4.1 NEK1interacts with PTPIP51

Proteomic and co-immunoprecipitation data have suggested an interaction between NEK1 and the
MAM protein VAPB (Cirulli et al., 2015). To investigate NEK1 interactions with the VAPB/PTPIP51
tether and maximise our chances of observing an interaction, HEK293 cells were co-transfected with
pCl-neo or V5-NEK1 and either PTPIP51-HA (Figure 3-11A) or Myc-VAPB (Figure 3-11B). The samples
were immunoprecipitated with an anti-V5 antibody to capture NEK1 and ran on immunoblot, probing
with anti-NEK1 and either anti-Myc or anti-HA antibodies. When co-expressed we observed that NEK1
interacts with PTPIP51 but not VAPB. To determine if NEK1 interacts with endogenous PTPIP51,
HEK293 cells lysed and immunoprecipitated with either an anti-NEK1 or anti-HA antibody as a non-
specific control. The samples were probed for endogenous NEK1, PTPIP51 and actin as a loading
control (Figure 3-12). We observed that endogenous NEK1 interacts with endogenous PTPIP51, but to
a lower extent than when co-expressed with PTPIP51-HA (Figure 3-11A). This suggests that only a small
portion of NEK1 may localise to MAM where it interacts with PTPIP51. One possible explanation for

this effect, may be that PTPIP51 recruits NEK1 to these ER-mitochondria contact sites.

Overexpression of PTPIP51 recruits its ER binding partner VAPB to the mitochondria (De Vos et al.,
2012). As we had established that NEK1 can interact with PTPIP51, we wanted to test if overexpression
of PTPIP51 would also recruit NEK1 to mitochondria. As we had previously observed that co-
overexpression of C21orf2 recruits NEK1, we used this as a positive control (Figure 3-6). WT Hela cells
were co-transfected with either pCl-neo empty vector or V5-NEK1 with either C21orf2-HA or PTPIP51-
HA, and the cells immunostained with anti-V5 and anti-HA tag antibodies. As observed in our previous
experiments, when expressed alone NEK1 is diffuse throughout the cytoplasm, and is recruited to
C21orf2 when co-expressed (Figure 3-13). However, when NEK1 was co-expressed with PTPIP51, we
did not observe recruitment to mitochondria. This suggests that whilst NEK1 interacts with PTPIP51,

the PTPIP51 protein does not influence localisation of NEK1.
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Figure 3-11 NEK1 interacts with exogenous PTPIP51.

HEK293 cells were co-transfected with pCl-neo empty vector or V5-NEK1 and either PTPIP51-HA (A)
or Myc-VAPB (B). Samples were immunoprecipitated using an anti-V5 antibody and immunoblotted
for endogenous NEK1, HA (A) or Myc (B). GAPDH was probed as a loading control. 45 ug protein per
sample was loaded as input. Figures represent N = 3.
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Figure 3-12 NEK1 interacts with endogenous PTPIP51.

HEK293 cells were lysed and NEK1 immunoprecipitated using an anti-NEK1 antibody.
Immunoprecipitation with an anti-HA antibody was used as a negative control. Samples were
immunoblotted for endogenous NEK1, PTPIP51 and actin as a loading control. * Denotes a non-specific
antibody band. 45 pg protein per sample was loaded as input. Figure represents N = 3.
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Figure 3-13 NEK1 is not recruited to mitochondria by PTPIP51.

Wild type Hela cells were transfected with empty vector pCl-neo (EV) either V5-NEK1 (A), PTPIP51-
HA (B) or C210orf2-HA (C). The cells were immunostained for outer mitochondrial membrane marker
TOM20 ( ) and the respective protein tag (green). Hela cells co-transfected with V5-NEK1 and
either PTPIP51-HA (D) or C21orf2-HA (E) were immunostained for TOM20 ( ), V5 (green) and
HA (grey). Scale bars = 20 um. Figure represents N = 3.
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3.4.2 C(C2lorf2interacts with PTPIP51

As we had confirmed that NEK1 binds to PTPIP51, we wanted to confirm whether the NEK1 interacting
protein C21orf2 was involved in this interaction. To investigate C21orf2 protein interactions, pCl-neo
empty vector or C21orf2-HA was co-expressed with Myc-VAPB. We were unable to co-express PTPIP51
as both protein constructs had a HA protein tag. The samples were immunoprecipitated with an anti-
HA antibody to capture C21orf2 and ran on immunoblot, probing with anti-HA, anti-PTPIP51 and anti-
Myc antibodies. In the same pattern as NEK1, we observed that when overexpressed C21lorf2
interacted with endogenous PTPIP51, but we observed no interaction with VAPB (Figure 3-14). This
further suggested that the NEK1/C210rf2 protein complex may bind to PTPIP51 at MAM.

3.4.3 (C2lorf2 may require NEK1 to bind to PTPIP51

We had now observed that both NEK1 and C21orf2 interact with PTPIP51 when overexpressed. As
NEK1 is known to interact with the MAM protein VDAC1, we wanted to investigate whether NEK1 may
recruit C21orf2 to these sites and be necessary for its interaction with PTPIP51. To test this, we utilised
the C21orf2 A2 — 15 construct that exhibits reduced binding to NEK1 (Figure 3-6). HEK293 cells were
transfected with pCl-neo empty vector, C2lorf2-HA, or C2lorf2-HA A2 - 15, and C2lorf2
immunoprecipitated with an anti-HA antibody. The samples were run on immunoblot, probing with
anti-HA and anti-NEK1 and anti-PTPIP51 antibodies. Samples were probed with an anti-GAPDH
antibody as a loading control. We observed that the C21orf2-HA A2 — 15 construct bound less to
PTPIP51 compared to full length C210orf2 (Figure 3-15). This confirms that the N-terminal domain of
C210rf2 is necessary for its interaction with PTPIP51. This suggests that C21orf2 requires binding with
NEK1 in order to interact with the VAPB/PTPIP51 tether.
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Figure 3-14 C210rf2 binds to PTPIP51.

HEK293 cells were co-transfected with either pCl-neo empty vector or C21orf2-HA, and Myc-VAPB.
C21orf2 was immunoprecipitated using an anti-HA antibody. Samples were immunoblotted for HA,
Myc, endogenous PTPIP51 and a-tubulin as a loading control. 45 g protein per sample was loaded
as input. * Denotes a non-specific antibody band. Figure represents N = 3.
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Figure 3-15 Disruption of the C21orf2 N-terminal domain prevents interaction with PTPIP51.
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HEK293 cells were transfected with pCl-neo empty vector, C21orf2-HA or C21orf2-HA A2 — 15. The
samples were immunoprecipitated with an anti-HA antibody and immunoblotted, staining with anti-
HA, anti-NEK1 and anti-PTPIP51 antibodies. An anti-GAPDH antibody was used as a loading control.
45 pg protein per sample was loaded as input. Graph shows quantification of endogenous PTPIP51
normalised to the level of immunoprecipitated C21orf2-HA or C2lorf2-HA A2 — 15. Data were
analysed by unpaired two-tailed t-test, N = 3. Bars represent mean = SEM.
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3.4.4 NEK1 but not C210rf2 partially localises to MAM

As our data indicated an interaction between NEK1, C21orf2 and the VAPB/PTPIP51 ER-mitochondria
tether (Figure 3-12, Figure 3-14), this indicated that NEK1 and C21orf2 may localise to MAM. To test
this, HEK293 cells were fractionated by Percoll gradient centrifugation, as has previously been
performed for VAPB and PTPIP51 (De Vos et al., 2012). The protein fractions were immunoblotted,
probing for endogenous NEK1 and C21orf2. To confirm specific isolation of cell fractions, the samples
were probed for proteins known to localise to each fraction. PTPIP51 and VDAC1 were probed as

markers of mitochondria and MAM. PDI and ACSL4 were probed as markers of ER and MAM.

As expected, each of the control proteins were enriched in their expected fractions (Figure 3-16). NEK1
was enriched in the small vesicle fraction, and a small portion was apparent in both the mitochondrial
and MAM fractions. In line with our co-immunoprecipitation data, this suggests that only a small
proportion of NEK1 protein localises to mitochondria/MAM. This may explain both the supposed
cytoplasmic phenotype when overexpressed (Figure 3-5), and small proportion of NEK1 interacting
with endogenous PTPIP51 (Figure 3-12). Whilst C210orf2 was not present in the mitochondrial or MAM
fractions, C21orf2 was also enriched in the small vesicle fraction. This coincided with our
immunostaining data that indicated C21orf2 partially localised to endosomal compartments but not
mitochondria (Figure 3-5, Figure 3-9). Due to time limitations this experiment was only performed

once, thus further experimentation will be necessary to confirm this result.

3.4.5 NEK1 binds directly to PTPIP51 in vitro

In our previous experiments, we had established using co-immunoprecipitation that NEK1 and C21orf2
interact with the VAPB/PTPIP51 tether by interaction with PTPIP51 (Figure 3-12, Figure 3-14). As we
observed that NEK1 but not C21orf2 was enriched in the MAM cell fraction, it suggested that NEK1
and PTPIP51 interact may be the key binding proteins (Figure 3-16). To confirm the direct binding
between NEK1 and PTPIP51, we used an in vitro GST-pull down assay. We firstly prepared and
validated the recombinant cytosolic domains of PTPIP51 (AA 36-470; PTPIP51 ATM) and VAPB (AA 1-
220; VAPB ATM) to be used in the assay. Empty vector GST and GST-tagged recombinant cytosolic
domains of PTPIP51 and VAPB were produced and purified from E. coli and captured by incubation
with gluathione sepharose beads. The samples were run on SDS-PAGE and the gel stained with
Coomassie stain to view the purified proteins. Proteins of the correct molecular weight were observed
for each of the GST-tagged proteins, GST (~28 kDa), GST-PTPIP51 (~77 kDa) and GST-VAPB (~54 kDa)
(Figure 3-17).
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Figure 3-16 NEK1 but not C21orf2 partially localises to MAM.

Whole cell lysis and fractions of cytosol, small vesicles, mitochondria and mitochondria associated ER-
membranes (MAM) were extracted from HEK293 cells by Percoll gradient centrifugation. Samples
were immunoblotted, probing for endogenous NEK1 and C21orf2 and proteins known to localise to
each of the fractions; PTPIP51 (Mitochondria/MAM), ACSL4 (ER/MAM), PDI (ER/MAM) and VDAC1
(Mitochondria/MAM). * Denotes a non-specific protein band. N = 1.
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Figure 3-17 Purification of GST-tagged PTPIP51 and VAPB.

Empty vector GST and GST-tagged recombinant cytosolic domains of PTPIP51 (AA 36-470; PTPIP51
ATM) and VAPB (AA 1-220; VAPB ATM) were produced and purified from E. coli by incubation with
gluathione sepharose beads. Eluted GST proteins were run on SDS-PAGE, stained with Coomassie
stain, destained and imaged.

133



To determine the direct binding between NEK1, C21orf2 and the VAPB/PTPIP51 tether, NEK1 and
C21orf2 were in vitro translated from the V5-NEK1 and C21orf2-HA template plasmid DNA constructs
to produce 35S-methionine radiolabelled proteins. The radiolabelled in vitro translated NEK1 and
C21orf2 were incubated with the GST-tagged PTPIP51 and VAPB captured on glutathione-coated
beads and ran on SDS-PAGE before the gel was dried onto Whatmann paper and exposed to a
phosphor-screen for imaging. We observed that in line with our co-immunoprecipitation experiment,
NEK1 bound directly to PTPIP51 but not to VAPB (Figure 3-18A), whilst C210orf2 did not directly bind
to PTPIP51 or VAPB (Figure 3-18B). This supports our co-immunoprecipitation data (Figure 3-15),

suggesting that this interaction is mediated by direct binding between NEK1 and PTPIP51.

To determine which NEK1 domain may bind to PTPIP51, we created recombinant fragments of NEK1
protein domains. Site directed mutagenesis was used to insert premature stop codons in the V5-NEK1
at amino acids 258 (kinase domain), 378 (kinase & basic domains) or 732 (kinase, basic & coiled-coil
domains) (Figure 3-19A). In vitro translation was used to radiolabel full length NEK1 or NEK1 protein
fragments with 35S-methionine. SDS-PAGE of the in vitro translated NEK1 protein fragments
confirmed translation of proteins of the correct size, 1-258 at ~30 kDa, 1-379 at ~43 kDa and 1-732 at
~76 kDa. We found that each of the protein fragments bound to PTPIP51 (Figure 3-19B). Considering
that the NEK1 kinase domain alone was sufficient to bind to PTPIP51, and the fact that NEK1 is a kinase,
this suggested that the interaction between NEK1 and the VAPB/PTPIP51 may be mediated by its
kinase activity. Due to time limitations this experiment was only performed once, thus further

experimentation will be necessary to confirm this result.
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Figure 3-18 NEK1 binds directly to PTPIP51 in vitro.

In vitro translated 35S-radiolabeled NEK1 (A) or C210rf2 (B) were added to empty vector GST or GST-tagged
recombinant cytosolic domains of PTPIP51 (AA 36-470) and VAPB (AA 1-220) immobilised on glutathione-
coated beads and incubated for 1h at 4°C. 35S-radiolabeled proteins were visualized by phosphorimager
(top panels). Coomassie-stained GST-tagged proteins in the pull-down samples are shown (bottom panels).

Figures represent N = 3.
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Figure 3-19 NEK1 protein fragments bind to PTPIP51 in vitro.

A) Schematic of NEK1 protein fragments produced with site-directed mutagenesis of premature stop
codons (denoted by *), NES = nuclear export sequence.

B) 35S-radiolabelled fragments of NEK1 protein domains were incubated with GST or GST-PTPIP51
immobilised on glutathione-coated beads. 35S-radiolabelled NEK1 fragments were visualised by
phosphorimager (top panels). Coomassie-stained GST and GST-PTPIP51 in the pull-down samples are

shown (bottom panels). N = 1.
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3.5 Discussion

3.5.1 Characterisation of the NEK1/C21orf2 protein complex

At the start of this project there was little known about the functional NEK1/C210rf2 protein complex,
and conflicting information about the cellular localisation of either protein. It was initially established
that C21orf2 was a mitochondrial protein (Krohn et al., 1997). However, we found that C21orf2 when
overexpressed did not localise to mitochondria (Figure 3-5), and endogenous C21orf2 is not enriched
in mitochondrial or MAM cell fractions (Figure 3-16). Instead, we observed an enrichment of C21orf2
in the small vesicular cell fraction. Overexpression of C21orf2 led to two distinct phenotypes, globular
punctate staining, and filamentous staining (Figure 3-8). We observed partial overlap of both
phenotypes to multiple endosomal compartments (Figure 3-9), and partial overlap of C210rf2 staining
to the microtubule marker a-tubulin (Figure 3-10). C210rf2 is known as a protein involved in regulation
of primary cilia (Wheway et al., 2015), thus its localisation to microtubules may be related to this
function. In literature, it is reported that C21orf2 co-localised with the microtubule centrosomal
marker y-tubulin (De Decker et al., 2022), although it is not clear if C21orf2 interacts with other
microtubule components. One possible explanation for the microtubule localisation of C21orf2 could
be due to its interaction with NEK1. A recent study reported that NEK1 is involved in microtubule
homeostasis as loss of NEK1 destabilises microtubules and inhibits nuclear import (Mann et al., 2023).
Additionally, NEK1 was found to interact with multiple cytoskeletal proteins such as tubulin a-1B chain
and elongation factor 1-a-1 (EF1A1) (Mann et al., 2023). EF1A1 interacts with filamentous actin to
regulate actin bundling (Vlasenko et al., 2015). Interestingly, EF1A1 is a known interactor of PARP1, a
protein pivotal in the mediation between autophagy and apoptosis in response to DNA damage
(discussed in section 1.3.3) (Maruyama et al., 2007). A proteomic study found that in response to
genetic stress, PARP1 is in close proximity to proteins involved in microtubule polymerisation, such as
the microtubule-associate protein targeting protein for Xklp2 (TPX2) which promotes microtubule
assembly during (Mosler et al., 2022; Moss et al., 2009). Loss of NEK1 leads to increased PARP1
expression, possibly as a compensatory mechanism to promote NHEJ when HR is disrupted due to loss
of functional NEK1 (Martins et al., 2021). Thus, it is possible that NEK1 and C21orf2 located on the
microtubules may be involved in microtubule stability in response to DNA damage, although this

warrants further investigation.

3.5.2 NEK1 and C21orf2 interact with the VAPB/PTPIP51 tether.

Whilst we did not observe the enrichment of C21orf2 at mitochondria or MAM, we observed a small
proportion of NEK1 enriched in these fractions (Figure 3-16). Literature states that in response to DNA
damage a small portion of NEK1 is localised to mitochondria where it phosphorylates the MAM protein

VDAC1 to prevent apoptosis (Chen et al.,, 2009; Chen et al., 2010b). Our data shows that
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overexpression of NEK1 is diffuse throughout the cytoplasm and not localised to mitochondria with
immunofluorescence (Figure 3-5). One possible explanation is that if only a fraction of NEK1 localises
to mitochondria and the majority exists within the cytosol, we would not be able to observe a specific
mitochondrial localisation with this technique. We were unable to optimise a proximity ligation assay
to confirm interaction with mitochondrial or MAM proteins due to the cytoplasmic phenotype of
overexpressed NEK1. However, one alterative could be to use CRISPR/Cas9 genome editing to
endogenously tag NEK1. This would bypass our limitation of lack of suitable endogenous NEK1

antibodies for immunostaining and PLA.

In line with our observation that a portion of NEK1 is enriched at MAM, we observed that both
exogenous and endogenous NEK1 interacts with the mitochondrial MAM tethering protein PTPIP51
(Figure 3-11, Figure 3-12). Contrary to published data (Cirulli et al., 2015), we were unable to confirm
aninteraction between NEK1 and the PTPIP51 interacting partner VAPB (Figure 3-11). As multiple lines
of evidence show that NEK1 is involved in mitochondrial homeostasis (discussed in section 1.3.4)
(Basei et al., 2024), it is possible that NEK1 interacts at MAM by directly interacting with PTPIP51 on
the OMM. In line with this theory, we observed that NEK1 directly binds to PTPIP51 in vitro, which
may be mediated by its kinase domain (Figure 3-18, Figure 3-19). Although the kinase domain of NEK1
alone was sufficient to bind PTPIP51 in vitro, we observed increased binding between the two proteins
when the NEK1 coiled coil was present. Proteomic data suggests that the NEK1 coiled-coil domain is
its main regulatory and binding domain (Surpili et al., 2003). To confirm this, isolated NEK1 domain
fragments should be produced to determine which domain is sufficient to bind to PTPIP51. Conversely,
removal of individual domains could confirm their necessity for PTPIP51 binding. It is currently unclear
how PTPIP51 mediates its protein interactions, as conflicting data suggests a role for the coiled-coil
domain and FFAT motif (Mdrotz et al., 2022; Yeo et al., 2021), thus creating PTPIP51 domain fragments

in parallel would allow us to elucidate the protein binding mechanism.

In a similar fashion to NEK1, C21orf2 interacted with PTPIP51 when overexpressed, but not VAPB
(Figure 3-14). We observed that when C21orf2 has reduced binding to NEK1, due to disruption of its
N-terminal domain, it no longer binds to PTPIP51 (Figure 3-15). This suggests that NEK1 may be
necessary for C21orf2 to interact with the VAPB/PTPIP51 tether. Additionally, as C21orf2 does not
bind to PTPIP51 or VAPB in vitro (Figure 3-18), it is possible that NEK1 interaction with C21orf2 recruits
the protein to MAM. In literature overexpression of PTPIP51 leads to recruitment of its binding partner
VAPB to the mitochondria (De Vos et al., 2012). When expressed alone NEK1 is diffuse throughout the
cytoplasm but is recruited to C21orf2 positive tubules and puncta when co-expressed (Figure 3-13),
further confirming the strong interaction between these proteins. We did not observe this effect with

NEK1 co-expression with PTPIP51, suggesting that PTPIP51 does not recruit NEK1. One possible
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explanation for this, is that NEK1 is recruited in response to cellular stimuli, such as DNA damage as is
the case between NEK1 and VDAC1 (Chen et al., 2009). It is currently not clear whether NEK1 is
anchored to MAM by PTPIP51 once it is recruited, thus in future we could use cell fractionation with
PTPIP51 knockdown to quantify the amount of NEK1 present at MAM and if this is affected by loss of
PTPIP51.

3.5.3 Conclusion.
Together, we have identified a novel protein interaction between NEK1, C21lorf2 and the
VAPB/PTPIP51 ER-mitochondria tether, which we endeavoured to further elucidate within this study.

A summary of the key findings of this chapter are shown in Figure 3-20.
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Figure 3-20 Summary of NEK1/C21orf2 interaction with the VAPB/PTPIP51 tether.

In this chapter we observed that NEK1 interacts with the VAPB/PTPIP51 tether by directly binding to
PTPIP51 in co-immunoprecipitation and GST-pulldown assays. Whilst C21orf2 binds to PTPIP51 in co-
immunoprecipitation assays, we did not observe a direct interaction with VAPB or PTPIP51 in the GST-
pulldown. Reduced NEK1/C21orf2 interaction by disruption of the C2lorf2 N-terminus ablates
C210rf2/PTPIP51 binding, suggesting C21orf2 interacts with VAPB/PTPIP51 indirectly, through its
binding to NEK1.
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Chapter 4 NEK1 regulates the VAPB/PTPIP51 tether

4.1 Introduction

In chapter 3 we identified a novel interaction between the protein kinase NEK1, C21orf2 and the
VAPB/PTPIP51 tether. We determined that NEK1 directly binds to PTPIP51 and found a portion of
NEK1 protein enriched in mitochondrial and MAM cell fractions (Figure 3-12, Figure 3-16, Figure 3-18).
Both PTPIP51 and its tethering partner VAPB contain NEK1 consensus phosphorylation motifs (VAPB:
T143, T201 and T222, PTPIP51: T20 and T177) (Figure 4-15), so it is probable that NEK1 may regulate
their binding by phosphorylation. In response to DNA damage, it is known that a portion of NEK1 is
recruited to mitochondria to phosphorylate the MAM protein VDAC1 to prevent apoptosis (Chen et
al., 2009). Multiple lines of evidence suggest that there is signalling between the nucleus and
mitochondria in response to DNA damage, in order to promote DNA repair and determine cell fate
(Fang et al., 2016) (discussed in section 1.3.2.3). Furthermore, it has been reported that in response
to DNA damage there is increased formation of ER-mitochondria contacts, leading to increased
mitochondrial Ca?* uptake and induction of apoptosis (Zheng et al., 2018). Therefore, we hypothesised
that NEK1 may phosphorylate PTPIP51 and VAPB in order to regulate their interaction in response to
DNA damage.

Disruption of MAM is a common pathomechanism in ALS (discussed in section 1.2.4) (Lee et al., 2024).
Loss of function mutations in NEK1 are a cause of ALS, whilst missense mutations in the C21orf2 confer
susceptibility to developing the disease (Brenner et al., 2016; van Rheenen et al., 2016). Whether
disruption of MAM is a feature of NEK1 and C21orf2-related ALS has not yet been investigated. In line
with our hypothesis that NEK1 regulates VAPB/PTPIP51 tethering, we further hypothesised that loss
of NEK1 function would disrupt this ER-mitochondria tether and the processes they regulate. In this
chapter we aimed to elucidate the mechanism of NEK1-mediated regulation of VAPB/PTPIP51

tethering and determine if loss of NEK1 function would disruption of this tether.
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4.2 Loss of NEK1 or C210rf2 function disrupts VAPB/PTPIP51 tethering

Our previous data evidenced that NEK1 and C21orf2 interact with the VAPB/PTPIP51 tether, mediated
by direct binding between NEK1 and the mitochondrial protein PTPIP51 (Figure 3-12, Figure 3-14,
Figure 3-18). To determine if NEK1 and C21orf2 may regulate the VAPB/PTPIP51 interaction, we used
loss of function cell models to investigate whether functional knock out of NEK1 or C21orf2 would
disrupt VAPB/PTPIP51 tethering. NEK1 KO, C210orf2 KO or their corresponding wild type parental Hela
cell lines (PC and WT Hela respectively) were subjected to immunoprecipitation with an endogenous
VAPB antibody. The samples were immunoblotted, probing for endogenous NEK1, C21orf2, PTPIP51,
VAPB, and a-tubulin as a loading control (Figure 4-1). We observed that the NEK1 KO cells had
significantly less PTPIP51 binding to VAPB, suggesting loss of NEK1 disrupts this ER-mitochondria
tether (Figure 4-1A).

In the same fashion of loss of NEK1, we observed that there was significantly less VAPB/PTPIP51
interaction in the C21orf2 KO cells compared to WT cells (Figure 4-1D). To confirm specificity of this
effect, we endeavoured to reintroduce NEK1 or C210rf2 into their respective KO cells to determine if
we could rescue this effect. As NEK1 is a large protein, we had previously observed that expression of
NEK1 by transfection of our V5-NEK1 plasmid construct was relatively inefficient (data not shown). As
only a small portion of cells successfully express our NEK1 construct, a rescue effect may be masked
using a technique such as co-immunoprecipitation. Thus, we opted to use a proximity ligation assay
(PLA), where we could visualise NEK1 overexpression, and thus only quantify cells that had
reintroduction of the NEK1 protein. We first validated the use of endogenous VAPB and PTPIP51
antibodies for PLA using the DuoLink PLA kit (Sigma). Incubation with either only VAPB, PTPIP51 or no

antibodies results in no PLA signal being produced, confirming specificity of the technique (Figure 4-2).

To determine if loss of NEK1 leads to disrupted VAPB/PTPIP51 interaction, wild type parental cell (PC)
Hela cells were transfected with pCl-neo empty vector as a control. NEK1 KO Hela cells were
transfected with either pCl-neo empty vector or V5-NEK1 to determine if we could rescue loss of
VAPB/PTPIP51 tethering by reintroducing NEK1 protein. In line with our co-immunoprecipitation data,
we observed a significant decrease in VAPB/PTPIP51 tethering in the NEK1 KO cells compared to
control cells (Figure 4-3). Reintroduction of NEK1 protein rescued VAPB/PTPIP51 tethering back to a
similar level as wild type control cell line. This suggests the disruption of VAPB/PTPIP51 tethering is

specifically due to loss of functional NEK1 protein.
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Figure 4-1 Loss of NEK1 or C21orf2 disrupts VAPB/PTPIP51 tethering.

Wild type parental (PC) and NEK1 knock out (KO) (A) or wild type (WT) and C210orf2 KO Hela cells (B)
were lysed and endogenous VAPB was immunoprecipitated using an anti-VAPB antibody. Inputs were
probed for endogenous NEK1, C2lorf2, PTPIP51, VAPB, and a-tubulin as a loading control on
immunoblot. Immune pellets were probed for endogenous PTPIP51 and VAPB. For input 45 ug protein
was loaded. * Denotes a non-specific antibody band. Graphs represent the quantification of PTPIP51
bound to VAPB on immunoblot normalised to the level of immunoprecipitated VAPB in the respective
experiments. Bars represent mean + SEM. Data were analysed by two-tailed unpaired t-test, NEK1 KO,
N =5, C21lorf2 KO, N = 3.
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Figure 4-2 Validation of endogenous VAPB and PTPIP51 antibodies for PLA.

Wild type Hela cells were subjected to proximity ligation assay (PLA) using endogenous anti-VAPB and
anti-PTPIP51 antibodies (yellow). Samples were stained with nuclear Hoechst stain (blue). To confirm
specificity, either only the anti-VAPB or anti-PTPIP51 antibody, or neither antibody was added. Scale
bar =20 um.
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Figure 4-3 Reintroduction of NEK1 protein rescues disrupted VAPB/PTPIP51 tethering.

Wild type parental Hela cells (PC) or NEK1 knock out (KO) Hela cells were transfected with empty
vector pCl-neo (EV) or V5-NEK1. Cells were subjected to proximity ligation assay (PLA) with
endogenous anti-VAPB and anti-PTPIP51 antibodies (yellow) and co-stained with an anti-V5 antibody
(grey) and Hoechst nuclear stain (blue). The number of PLA spots per cell was quantified. Bars display
mean * SEM, points display mean per independent repeat. Data were analysed by one-way ANOVA
with Fisher’s LSD; ** P<0.01, *** P <£0.001, ns = non-significant. N = 3. n> 165 cells per sample, across
three independent repeats. Scale bar = 20 um.
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Literature suggests that the VAPB/PTPIP51 interaction may be regulated by phosphorylation (Di
Mattia et al., 2020; Stoica et al., 2016). Our previous data showed that the NEK1 kinase domain is
sufficient to bind to PTPIP51 in vitro (Figure 3-19). Considering NEK1 is a kinase known to
phosphorylate the MAM protein VDAC1 (Chen et al., 2010b), we determined to elucidate whether
NEK1 kinase activity may be responsible for regulation of VAPB/PTPIP51 tethering. To test this, we
reintroduced either WT or kinase dead K33R V5-NEK1 into NEK1 KO Hela cells by DNA transfection.
The cells were subjected to PLA with endogenous VAPB and PTPIP51 antibodies. We observed that
the kinase dead V5-NEK1 K33R was unable to rescue VAPB/PTPIP51 interaction (Figure 4-4). This

suggests that NEK1 kinase activity is essential for regulating VAPB/PTPIP51 tethering.

As loss of NEK1 leads to loss of C21orf2 protein stabilisation (Watanabe et al., 2020), our NEK1 KO
Hela cell lines also exhibit loss of C21orf2 protein. Due to this effect, we wanted to establish whether
overexpressing C21lorf2 alone was sufficient to rescue the defects with loss of NEK1. This would
confirm whether the VAPB/PTPIP51 defects observed were due to specific loss of NEK1, or due to
NEK1/C21orf2 complex deficiency. PC Hela cells were transfected with pCl-neo empty vector and
NEK1 KO Hela cells were transfected with either pCl-neo empty vector, V5-NEK1, or C21lorf2-HA.
Reintroduction of C21orf2 did not rescue this tethering defect, suggesting that NEK1 specifically is
necessary for regulation of VAPB/PTPIP51 interactions (Figure 4-5). Due to time limitations, this

experiment was only performed once, thus replication is necessary to confirm this result.

To confirm this finding, we performed PLA on C21orf2 KO cells and reintroduced either wild type HA-
tagged C21orf2 or our C21orf2-HA A2 — 15 construct which has diminished interaction with NEK1
(Figure 3-6). WT Hela cells were transfected with pCl-neo empty vector and C21orf2 KO Hela cells
were transfected with either pCl-neo empty vector, C21orf2-HA or C210orf2-HA A2 — 15 (Figure 4-6A).
In line with our co-immunoprecipitation data, we observed a significant loss of VAPB/PTPIP51
tethering in the C210rf2 KO cells compared to control cells (Figure 4-6B). Reintroduction of full length
C21orf2-HA rescued this interaction. In line with our previous experiment (Figure 4-5), reintroduction
of C21orf2 that has impaired NEK1 binding did not rescue this defect (Figure 4-6C). Together, this
suggests that C21orf2 alone is not sufficient to rescue VAPB/PTPIP51 tethering and thus the ER-
mitochondria tethering defects may be due to loss of NEK1 protein stabilisation. This further

implicates a role for NEK1 in mediation of VAPB/PTPIP51 ER-mitochondria tethering.
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Figure 4-4 NEK1 kinase activity is necessary to regulate VAPB/PTPIP51 tethering.

Wild type parental Hela cells (PC) or NEK1 knock out (KO) Hela cells were transfected with empty
vector pCl-neo (EV), V5-NEK1 or kinase dead V5-NEK1 K33R. Cells were subjected to PLA with
endogenous anti-VAPB and anti-PTPIP51 antibodies (yellow) and co-stained with an anti-V5 antibody
(grey) and Hoechst nuclear stain (blue). The number of PLA spots per cell was quantified. Bars display
mean + SEM, points display mean per independent repeat. Data were analysed by one-way ANOVA
with Fisher’s LSD; ** P < 0.01, *** P < 0.001, ns = non-significant. N = 3. n > 165 cells per sample,
across three independent repeats. Scale bar = 20 um.
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Figure 4-5 C210rf2 is unable to rescue NEK1-deficiency mediated VAPB/PTPIP51 tethering defects.

Wild type parental Hela cells (PC) or NEK1 knock out (KO) Hela cells were transfected with empty
vector pCl-neo, V5-NEK1 or C21orf2-HA. Cells were subjected to PLA with endogenous anti-VAPB and
anti-PTPIP51 antibodies (yellow) and co-stained with V5 or HA antibodies (grey) and Hoechst nuclear
stain (blue). The number of PLA spots per cell was quantified. Bars display mean + SEM, points display
mean per independent repeat. Data were analysed by one-way ANOVA with Fisher’s LSD; **** p <
0.0001, ns = non-significant. N = 1. n > 97 cells per sample from one independent repeat. Scale bar =
20 um.
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Figure 4-6 C21orf2 requires NEK1 to rescue VAPB/PTPIP51 tethering defects.

Wild type Hela cells (WT) or C210orf2 knock out (KO) Hela cells were transfected with empty vector
pCl-neo, full length C210rf2-HA or C210orf2-HA A2 — 15. Cells were subjected to PLA with endogenous
anti-VAPB and anti-PTPIP51 antibodies (yellow) and co-stained for HA (grey) and Hoechst for nuclear
stain (blue). The number of PLA dots per cell was quantified. Graphs display mean + SEM. Data were
analysed by one-way ANOVA with Fisher’s LSD; ** P < 0.01, **** P <0.0001, ns = non-significant. N =
3, n > 450 cells per sample from three independent repeats. Scale bar = 10 um.
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4.3 Loss of NEK1 or C210rf2 decreases ER-mitochondria apposition

VAPB/PTPIP51 interaction correlates with apposition between the ER and mitochondria, as loss of
either protein decreases contact between the organelles (Stoica et al., 2014). During this study we had
confirmed that NEK1 and C21orf2 deficient HeLa cells exhibit reduced VAPB/PTPIP51 tethering using
PLA (Figure 4-3, Figure 4-6) and co-immunoprecipitation assays (Figure 4-1). To confirm a direct
reduction in ER-mitochondria apposition, we utilised electron microscopy to image MAM. NEK1 and
C21orf2 KO Hela cells and their respective wild type control Hela cells were subjected to electron
microscopy (Figure 4-7, Figure 4-8). ER-mitochondria associations were quantified by determining the
proportion of mitochondrial surface closely apposed to the ER (< 30 nm). As NEK1 has been implicated
in regulation of mitochondrial homeostasis (discussed in 1.3.2.4), we also quantified mitochondrial

size by measuring the area and perimeter of each mitochondrion.

In line with loss of VAPB/PTPIP51 tethering, we observed a significant decrease in ER-mitochondria
apposition in our NEK1 KO Hela cells (Figure 4-7). The percentage of mitochondrial surface in contact
with the ER and the number of contact sites per mitochondrion was significantly reduced in NEK1-
deficient cells compared to controls (Figure 4-7B & C). Compared to control cells, NEK1 KO cells had
significantly smaller mitochondria, with reduced mitochondrion perimeter and area (Figure 4-7D & E).
This suggests that NEK1 may regulate mitochondrial homeostasis, possibly by controlling levels of

mitochondrial fission or fusion.

In line the loss of ER-mitochondria apposition found in our NEK1 KO cells, we observed loss of ER-
mitochondria apposition with loss of C210rf2 compared to control cells (Figure 4-8). The percentage
of mitochondrial surface in contact with the ER was significantly reduced in C21orf2-deficient cells
compared to controls (Figure 4-8B). However, the number of contacts per mitochondrion was not
significantly different between C21orf2 KO and WT cell lines (Figure 4-8C). We did not observe a
change in mitochondrial morphology in the C210rf2 KO cells compared to wild type cells (Figure 4-8D
& E). This suggests that only specific loss of NEK1 leads to disrupted mitochondrial morphology. This
implicates that NEK1 may have a role in mitochondrial homeostasis independent of C21orf2. Due to
time limitations, these experiments were only performed once, thus replication is necessary to

confirm this result.
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Figure 4-7 Loss of NEK1 leads to disrupted ER-mitochondria contact and mitochondrial size.

A) Electron micrographs of wild type parental cell (PC) or NEK1 knock out (KO) Hela cells, yellow
arrows indicate points of ER-mitochondria contact. Scale bar = 200 nm.

B) Quantification of the percentage of mitochondrial surfaced apposed to the ER (< 30 nm).
C) Quantification of the number of ER contacts per mitochondrion.
D) Quantification of mitochondrial perimeter.

E) Quantification of mitochondrial area. Graphs represent mean + SEM. N = 1, n (mitochondria) PC =
43, NEK1 KO = 65. Electron microscopy was performed by Dr Chris Hill (University of Sheffield).
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Figure 4-8 Loss of C210rf2 leads to disrupted ER-mitochondria contact.

A) Electron micrographs of wild type (WT) or C210orf2 knock out (KO) Hela cells, yellow arrows indicate
points of ER-mitochondria contacts. Scale bar = 200nm.

B) Quantification of the percentage of mitochondrial surfaced apposed to the ER (< 30 nm).
C) Quantification of the number of ER contacts per mitochondrion.
D) Quantification of mitochondrial area.

E) Quantification of mitochondrial perimeter. Graphs represent mean + SEM. N =1, n (mitochondria)
WT =47, C210rf2 KO = 81. Electron microscopy was performed by Dr Chris Hill (University of Sheffield).
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Previous work has shown that loss of ER-mitochondria contacts leads to increased cytoplasmic Ca*
levels due to reduced uptake into the mitochondria (De Vos et al., 2012). Our previous data confirmed
that loss of NEK1 and C21lorf2 causes reduced ER-mitochondria apposition. To confirm that this
correlated with disrupted ER-mitochondria Ca?* transfer, we decided to measure cytoplasmic Ca%
levelsin response to release from ER stores. This technique has been well established in literature as
a proxy measurement of mitochondrial Ca?* uptake (De Vos et al., 2012; Stoica et al., 2014; Stoica et
al., 2016). To stimulate release of Ca®* from the ER, the muscarinic acetylcholine receptor M3 (M3R)
agonist Oxotremorine-M (Oxo-M) was used to initiate release through the IP3R (Figure 4-9). The
cytoplasmic Ca?* levels were measured using the radiometric Ca?* indicator dye Fura-2-AM. In low
cytoplasmic Ca?* concentrations Fura-2 has an excitation maximum at 362 nm, whilst at high
conditions it has an excitation maximum at 335 nm. Simultaneous measurement at 340 nm and 380
nm is used to calculate a Fura-2 ratio (340/380) that is directly proportional to the level of cytosolic

Ca?" (Oakes et al., 1988).

To investigate Ca?* transfer defects, NEK1 and C210orf2 KO Hela cells and their corresponding wild type
cell lines were incubated with Fura-2-AM dye. Despite attempting loading at multiple concentrations,
temperatures and timescales, we experienced poor loading of Fura-2-AM dye into the Hela cells (data
not shown). Use of the surfactant polyol Pluronic F-127 (PF-127) that has previously been shown to
increase Fura-2-AM loading (Maruyama et al., 1989), caused intracellular compartmentalisation of the
dye (Takeuchi et al., 1989), which prevented measurement of cytoplasmic Ca* levels (data not

shown).

Due to time limitations, we decided to use short interfering RNA (siRNA) to knock down the expression
of NEK1 in HEK293 cells. We did not have a C21lorf2 specific siRNA to use for these experiments.
HEK293 cells were transfected with NEK1-targeting siRNA or non-targeting siRNA as a negative
control. As loss of PTPIP51 has been shown to disrupt Ca?* transfer, knock down of PTPIP51 was used
as a positive control (De Vos et al., 2012). To determine if any defect observed was due to loss of NEK1,
cells were transfected with either empty vector mCherry or mCherry-tagged NEK1. The successful
knockdown of NEK1 and PTPIP51 expression and transfection of mCherry-NEK1 was confirmed by

immunoblot, probing for endogenous NEK1, PTPIP51 and a-tubulin as a loading control (Figure 4-10A).

In response to Oxo-M stimulated release of Ca?* from ER stores, the peak cytoplasmic Ca?* levels
reached significantly higher levels in the NEK1 or PTPIP51 siRNA-treated cells compared to control
cells (Figure 4-10B & C). This indicated decreased mitochondrial uptake of Ca?*. Reintroduction of
NEK1 protein by transfection of mCherry-NEK1 rescued this effect back to the level of the non-

targeting siRNA control, confirming this effect was specifically due to loss of NEK1. Together this data
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confirms that loss of NEK1 leads to disrupted ER-mitochondria tethering and disrupted Ca?* transfer

between the organelles.

Oxotremorine-M

Figure 4-9 Summary of Oxotremorine-M stimulated Ca?* release from ER stores.

To stimulate release of Ca?* from ER stores, the muscarinic 3 receptor agonist Oxotremorine-M was
used to stimulate IP3R channels. Oxotremorine-M stimulates muscarinic G-couple protein receptors
which causes the activation of phospholipase C (PLC) enzymes to catalyse the phosphoinositide PIP;
into diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IPs). The substrate IP3 can then activate
IP3R receptors on the ER-membrane to release Ca% into the cytoplasm. This can be taken up into
mitochondria through the outer mitochondrial membrane by VDAC1 channels. PM = plasma
membrane.

153



A

siRNA: NTC PTPIP51 NEK1 NEK1

Empty vector: + + + -
mCherry-NEK1: - - - +
150
75
PTPIP51
50

B 1.25- OxoM C ns

o — SiINTC +EV
E 120 SiPTPIP51 + EV | A
3 — siNEK1 + EV | - 1 r
2 1154 SINEK1 + 0.25 | |
& mCherry-NEK1 2 0204 o,
& 1.10 S8
oo
L 58 0154
S 1.054 89
3 \ 83010
© S
€ 1.00+ Se
S 2 0.05
z
0.95 — 1 0.00- : : :
60 120 180 240 300 360 sRNA: NTC PTPIP51 NEK1 NEK1
Time (s) Empty vector:  + + + -
mChemry-NEK1: - - - +

Figure 4-10 Loss of NEK1 disrupts transfer of calcium from ER stores to mitochondria.

HEK293 cells were treated with short interfering RNA (siRNA) targeting PTPIP51, NEK1 or a non-
targeting control (NTC), and then transfected with empty vector mCherry (EV) or mCherry-tagged
NEK1.

A) Samples were immunoblotted for endogenous NEK1, PTPIP51 and a-tubulin as a loading control to
confirm successful knockdown. Per sample 45 ug protein was loaded.

B) Release of Ca?* from ER stores was induced by treatment with 200uM Oxotremorine-M (Oxo-M).
The trace shows cytoplasmic Ca?* levels measured by the ratio of Fura-2 fluorescence at 340 nm and
380 nm.

C) Quantification of the peak response to Oxo-M. Graph represents mean + SEM, points represent
mean per biological repeat. Data were analysed by one-way ANOVA with Fisher’s LSD; ns = non-
significant, ** < 0.01, *** P < 0.001, **** P < 0.0001. N = 3, n (cells) > 361 across 3 independent
repeats.
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4.4 Loss of NEK1 or C210rf2 disrupts the induction of autophagy

VAPB/PTPIP51 tethering is known to regulate autophagy, as silencing of either protein promotes
autophagic flux (Gomez-Suaga et al., 2017). Conversely, overexpression of VAPB or PTPIP51 inhibits
autophagosome formation (Gomez-Suaga et al., 2017). As we had observed that loss of NEK1 or
C210rf2 reduces VAPB/PTPIP51 tethering, we postulated that cells lacking NEK1 or C21orf2 would
exhibit increased autophagic flux. To investigate this, we monitored flux of the microtubule-associated
protein 1A/1B light chain 3 (LC3) on immunoblot. The cytosolic LC3-l is lipidated to form LC3-Il during
the formation of autophagosomes (Mizushima and Yoshimori, 2007; Tanida et al., 2008). Upon fusion
with lysosomes LC3-Il is degraded, and so the level of LC3-Il can be measured as a proxy of autophagic

flux (Klionsky et al., 2021).

To initiate autophagy cells were treated with the mTOR inhibitor Torin1, as Torinl-induced autophagy
has been shown to be affected by modulating VAPB/PTPIP51 levels (Gomez-Suaga et al., 2017). As
LC3-1l is degraded upon fusion of autophagosomes with lysosomes, we inhibited the fusion of
lysosomes with the V-ATPase inhibitor Bafilomycin A-1. NEK1 and C21orf2 KO Hela cells and their
respective control cell lines were treated with Bafilomycin A-1 and either DMSO control or Torinl. The
samples were immunoblotted and the level of lipidated LC3-II quantified. In response to induction of
autophagy with Torin1, both our control Hela cell lines elicited a response as shown by increased LC3-
Il levels (Figure 4-11). At basal levels there was no significant difference between the levels of LC3-II
in the NEK1 and C210rf2 KO cells and the control Hela cells. In response to Torinl stimualtion, both
NEK1 and C21orf2 Hela cell lines failed to induce autophagosome formation, evidenced by the lack of
augmented LC3-II levels (Figure 4-11B &D). This suggested that NEK1 and C21orf2 may be necessary
for the induction of autophagy by mediating ER-mitochondria contact sites, where autophagosome

formation occurs (Hamasaki et al., 2013).

155



A

PC NEK1 KO
Torin1: - + - + o 20- | |
BafilomycinA1: + + + + T>) )
I % 1.5
50 a-tubulin 5
37 ; 104
20 @
LC3-I t_; 0.5-
15 LC3-lI E
Z 0.0-
NEK1 KO
Torin1 - + - +
BafilomycinA1  + + + +
ns
B —
WT C21orf2 KO % %k k
Torin1: - + - + % 4- ok ns |
BafilomycinA1: + + + + : ]
75 ;. 3] ]
50 a-tubulin §
37 = 24
8
15 LC3-I = 14
LC3-II €
o
Z 0-
C21o0rf2 KO
Torin1 - + - +
BafilomycinA1  + + + +

Figure 4-11 Loss of NEK1 or C210rf2 causes loss of induction of autophagy.

Wild type parental cell (PC) and NEK1 knock out (KO) (A) or wild type (WT) and C21orf2 KO Hela cells
(B) were incubated with BafilomycinAl (100 nM, 6 h) to prevent autophagosome lysosome fusion,
with or without Torin1 (250 nM, 3 h) to initiate autophagy. Samples were immunoblotted for LC3 and
a-tubulin. The level of lipidated LC3-Il was quantified and normalised against a-tubulin and are shown
relative to the respective wild type BafAl-treated sample. Graphs represent mean + SEM. Data were
analysed by one-way ANOVA with Fisher’s LSD, N = 4, ns = non-significant, * P <0.05, ** P <0.01, ***
P <0.001.
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4.5 NEK1 kinase activity regulates VAPB/PTPIP51 tethering

4.5.1 NEK1 activation by DNA damage promotes NEK1/PTPIP51 interaction

In response to DNA damage a portion of NEK1 is recruited to mitochondria where it phosphorylates
the MAM protein VDACL to prevent apoptosis (Chen et al., 2009). As our data indicated that a portion
of NEK1 is localised to MAM and binds to PTPIP51 (3.4.1, 3.4.4), upon activation by DNA damage NEK1
may be recruited to MAM to regulate ER-mitochondria tethering. To determine if NEK1/PTPIP51
interaction is increased in response to DNA damage, HEK293 cells were co-transfected with pCl-neo
empty vector or V5-NEK1 and PTPIP51-HA. To physiologically activate the NEK1 kinase, DNA damage
in the form of DSBs was induced by the DNA topoisomerase inhibitor camptothecin (CPT) (Berniak et
al., 2013; Rodriguez-Hernandez et al., 2006). Cells were treated with 10 uM CPT or with DMSO as a
negative control for 1 h. Cells were immunoprecipitated with an anti-V5 antibody and immunoblotted,
probing for endogenous NEK1, HA, and anti-a-tubulin as a loading control (Figure 4-12A). We observed
a significant increase in the level of PTPIP51 binding to NEK1 with the induction of DNA damage,
suggesting that when activated by DNA damage, NEK1 may be recruited to MAM as part of the DDR
response (Figure 4-12B). To confirm successful induction of DNA damage, the samples were
immunoblotted for the DNA damage induction markers yH2AX pS139 and Chk1 pS345 (Figure 4-12C).
Phosphorylation of Chk1 at S345 is downstream of NEK1 in response to DNA damage induction, which

confirms specific activation of NEK1 with CPT (Chen et al., 2008).

4.5.2 NEK1 activation by DNA damage promotes VAPB/PTPIP51 tethering

As we had observed that upon activation by DNA damage NEK1 interaction with PTPIP51 was
increased, we postulated that NEK1 may regulate VAPB/PTPIP51 tethering as part of a nucleus to
mitochondria signalling pathway in the DDR (discussed in section 1.3.2.3). To investigate this, PC Hela
cells were treated with either 10 uM DMSO or CPT for 1 h and the cells subjected to PLA with
endogenous VAPB and PTPIP51 antibodies to quantify VAPB/PTPIP51 interactions (Figure 4-13A). To
determine that any effects are specifically due to activation of NEK1, we used NEK1 KO cells as a
negative control. To confirm successful induction of DNA damage, the cells were co-stained for the
DNA damage marker yH2AX pS139 (Figure 4-13B & D). As expected, activation of NEK1 by induction
of DNA damage significantly increases VAPB/PTPIP51 tethering (Figure 4-13C). Loss of NEK1 ablated
this effect, confirming that specific activation of NEK1 in response to DNA damage modulates the

tethering between VAPB and PTPIP51.
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Figure 4-12 Induction of DNA damage promotes NEK1/PTPIP51 interaction.

HEK293 cells were co-transfected with pCl-neo empty vector or V5-NEK1 and PTPIP51-HA. The cells
were incubated with 10 uM DMSO or camptothecin (CPT) for 1 h to induce DNA damage in the form
of double strand breaks. Cells were immunoprecipitated with an anti-V5 antibody to capture NEK1
and immunoblotted with anti-NEK1 and anti-HA antibodies. GAPDH was probed as a loading control,
whilst a phospho-yH2AX S139 antibody was used to confirm induction of DNA damage. Quantification
of the relative amount of PTPIP51-HA normalised to the level of immunoprecipitated V5-NEK1. Data
were analysed by two-tailed unpaired t-test, N = 5. Graph represents mean + SEM.
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Figure 4-13 NEK1 regulates VAPB/PTPIP51 tethering in response to DNA damage.

A) Wild type parental cell (PC) or NEK1 knock out (KO) Hela cells were treated with 10 pM DMSO or
camptothecin (CPT) to induce DNA damage and subjected to proximity ligation assay (PLA) using anti-
VAPB and anti-PTPIP51 antibodies (yellow) and co-stained with nuclear Hoechst stain (blue).
Quantification of the number of PLA puncta per cell. Graph represents mean + SEM, points show
average per independent repeat. Data were analysed by one-way ANOVA with Fisher’s LSD, N =3, n
(cells) > 765 across 3 independent repeats. ns = non-significant, * P <0.05, ** P <0.01. Scale bar = 20
pum.

B) To confirm successful induction of DNA damage, cells were stained for yH2AX pS139 (yellow) and
co-stained with nuclear Hoechst stain (blue). Quantification of the nuclear H2AX pS139 intensity per
cell. Graph represents mean = SEM, points show average per independent repeat. Data were analysed
by one-way ANOVA with Fisher’s LSD, N = 3, n (cells) > 835 across 3 independent repeats. ns = non-
significant, *** P <0.001, **** P <0.0001. Scale bar =20 pum.
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To determine if activation of NEK1 by DNA damage induction increases the transfer of Ca?* from ER
stores to mitochondria by increasing VAPB/PTPIP51 tetheirng, we utilised the Ca? indicator dye Fura-
2 to measure the cytosolic Ca** concentration in response to IP3R-induced Ca?* release from ER stores.
HEK293 cells were treated with DMSO or CPT and immunoblotted for the DNA damage induction
markers yH2AX pS139 and Chk1 pS345 to confirm treatment efficiency (Figure 4-14A). In response to
Oxo-M induced Ca?* release from ER stores, the cytoplasmic Ca?* levels were significantly reduced in
cells treated with camptothecin, suggesting an increased mitochondrial uptake of Ca?* (Figure 4-14C).
Together this confirms that activation of NEK1 in response to DNA damage leads to increased

VAPB/PTPIP51 tethering and subsequent increase in Ca®* transfer from the ER to mitochondria.

4.5.3 NEK1 phosphorylates VAPB in vitro

Our data so far showed that whilst loss of NEK1 disrupted VAPB/PTPIP51 binding (section 4.2),
activation of NEK1 increased this interaction (section 4.5.2). As reintroduction of wild type V5-NEK1
but not kinase dead V5-NEK1 K33R was able to rescue the loss of VAPB/PTPIP51 binding in our NEK1
KO cells (Figure 4-3), it suggested that NEK1 kinase activity was responsible for this regulation. Both
VAPB and PTPIP51 contain NEK1 consensus phosphorylation motifs (VAPB: T143, T201 and T222,
PTPIP51: T20 and T177) (Figure 4-15). To investigate whether NEK1 phosphorylates VAPB or PTPIP51,
we conducted an in vitro phosphorylation assay with the GST-tagged recombinant VAPB and PTPIP51
proteins used previously (Figure 3-15). As it has been well established that C21orf2 is a substrate of
NEK1 (Watanabe et al., 2020), we a GST-tagged C21orf2 plasmid as a positive control. Recombinant
GST-tagged cytosolic domains of PTPIP51 and VAPB and full length C210rf2 were purified from E. coli
and captured on glutathione-coated beads. The GST-proteins were incubated for 1 h at 37 °C with
active recombinant NEK1 kinase (AA 1 — 477, Abcam, ab268812), supplemented with radiolabelled
P32-ATP. The samples were run on SDS-PAGE before the gel was dried onto Whatmann paper and
exposed to a phospho-screen for imaging. The GST-C21orf2 protein was expressed at the expected
molecular weight (~55 kDa). In line with published data, we observed NEK1-phosphorylation of
C21orf2, confirming the activity of the recombinant NEK1 kinase (Figure 4-16). We observed that in
vitro NEK1 phosphorylates VAPB (Figure 4-16). Surprisingly, we did not observe NEK1 phosphorylation
of PTPIP51 in vitro (Figure 4-16).
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Figure 4-14 Induction of DNA damage promotes ER-mitochondria Ca?* transfer.

A) HEK293 cells were treated with either 10 uM DMSO or camptothecin (CPT) to induce DNA damage.
The samples were immunoblotted, probing for endogenous markers of DNA damage induction, Chk1
pS345 and yH2AX pS139. Total Chkl and yH2AX protein and GAPDH were probed for as loading
controls.

B) Release of Ca®* from ER stores was induced by treatment of cells with 200 uM Oxotremorine-M
(Oxo-M). The trace shows cytoplasmic Ca?* levels measured by the ratio of Fura-2 fluorescence at 340
nm and 380 nm.

C) Quantification of the peak response amplitude to Oxo-M. Graph represents mean + SEM, points
show average per independent repeat. Data were analysed by two-tailed unpaired t-test, N = 2, n
(cells) > 125.
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Figure 4-15 VAPB and PTPIP51 contain NEK1 consensus phosphorylation motifs.

A) Sequence logo of the NEK1 phosphorylation motif (van de Kooij et al., 2019).

B) Schematic of the VAPB protein domains and potential NEK1 phosphorylation sites. TM

Transmembrane domain.

C) Schematic of the PTPIP51 protein domains and potential NEK1 phosphorylation sites, FFAT = two

phenylalanines (FF) in an acidic tract (AT). TPR
phosphorylation sites are in bold.
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Figure 4-16 NEK1 phosphorylates VAPB in vitro.

Empty vector GST, GST-tagged recombinant cytosolic domains of PTPIP51 (AA 36-470), VAPB (AA 1-
220) and full-length GST-tagged C2lorf2 were immobilised on glutathione-coated beads and
incubated with 32P-ATP for 1 hour at 37 °C with active recombinant NEK1 kinase. Coomassie-stained
GST-tagged proteins in the pull-down samples are shown (bottom panel). 32P phosphorylated
proteins were visualized by phosphorimager (top panels). N = 3.
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To validate this phosphorylation and to determine the potential phospho-site in VAPB, we used mass
spectrometry of the GST-tagged recombinant VAPB. The in vitro phosphorylation of GST-VAPB with or
without recombinant active NEK1 was performed as in Figure 4-16. Briefly, the eluted GST-VAPB
protein was reduced, alkylated and denatured by acidification prior to trypsin digestion using S-Trap
digestion columns (Profiti) as detailed in section 2.8.1. The eluted peptides were then subjected to
liguid chromatography tandem mass spectrometry (LC-MS/MS) analysis. Peptides corresponding to
recombinant cytosolic VAPB were identified by LC-MS/MS, with 100% sequence coverage of the
cytosolic VAPB (Figure 4-17A). We identified that VAPB was phosphorylated by NEK1 on Threonine
201 in vitro (Figure 4-17B).

4.5.4 Mutation of VAPB T201 may disrupt VAPB/PTPIP51 tethering

Evidence suggests that VAPB/PTPIP51 tethering is regulated by phosphorylation, although it is not
clear if this is due to direct phosphorylation of either protein (Stoica et al., 2014; Stoica et al., 2016).
As our data shows that activation of NEK1 promotes VAPB/PTPIP51 tethering (Figure 4-13) and NEK1
phosphorylates VAPB at T201 (Figure 4-16, Figure 4-17), we wanted to determine if phosphorylation
of this phospho-site had a role in regulating VAPB/PTPIP51 interaction. To investigate this, site-
directed mutagenesis was utilised to create Myc-tagged VAPB constructs with substitution of pT201
with an alanine (A) or glutamic acid (E), to act as phospho-deficient or phospho-mimetic proteins
respectively. Prior to experimentation the mutant Myc-VAPB constructs were validated by sequencing
(Figure 4-18B). Expression of proteins of the correct molecular weight was confirmed by
immunoblotting HEK293 cells transfected with pCl-neo empty vector, Myc-VAPB, Myc-VAPB T201A or
Myc-VAPB T201E, probing for Myc tag, endogenous PTPIP51 and a-tubulin as a loading control (Figure
4-18C).
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Figure 4-17 NEK1 phosphorylates VAPB in vitro at Threonine 201.

A) Sequence of full length human VAPB with the MS/MS sequence coverage of 90%, obtained after
trypsin digestion of GST-VAPB, shown as underlined. One in vitro NEK1 phosphorylation site was
identified (T201), highlighted in yellow. The VAPB phospho-peptide obtained by MS/MS sequencing
with corresponding mass/charge (m/z) ratio is shown below, the phosphorylated residue is
highlighted.

B) Tandem mass spectrometry spectrum of the VAPB phospho-peptide. The m/z of the ions is plotted
against intensity and the detected ions of B and y ion collisions annotated. Mass spectrometry was
performed by Dr Rachel George and Dr Mark Collins (University of Sheffield, Faculty of Science, Mass
Spectrometry Centre).
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Figure 4-18 Production and validation of phospho-deficient and phospho-mimetic Myc-VAPB T201

A) Alpha-fold modelling of the human VAPB protein (Jumper et al., 2021), the main protein domains
are colour-coded as follows: =transmembrane, green = coiled-coil, blue = major-sperm (MSP).
The potential NEK1 phosphorylation site pT201 is labelled in . Visualised with ChimeraX
(Meng et al., 2023).

B) Visualisation of the predicted local distance difference test (pLDDT) scores, as a measure of
confidence for the Alpha-fold prediction model of human VAPB. Visualised with PAE Viewer (Elfmann
and Stulke, 2023).

C) DNA sequencing of the phospho-deficient T201A and phospho-mimetic T201E Myc-VAPB plasmic
constructs.

D) HEK293 cells were transfected with pCl-neo empty vector, Myc-VAPB, Myc-VAPB T201A or Myc-
VAPB T201E and immunoblotted, probing with anti-Myc and anti-PTPIP51 antibodies, and an anti-a-
tubulin antibody as a loading control. Per sample 45 ug protein was loaded.
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To determine if phosphorylation at VAPB T201 regulates VAPB/PTPIP51 binding, HEK293 cells were
co-transfected with pCl-neo empty vector or V5-NEK1 and either wild type, T201A or T201E Myc-VAPB
(Figure 4-19A). In the absence of NEK1 overexpression there was no significant difference in binding
between PTPIP51 and the wild type, phospho-deficient and phospho-mimetic Myc-VAPB constructs
(Figure 4-19B). Upon activation of NEK1 by overexpression, we observed an increase in PTPIP51
binding to wild type Myc-VAPB, but this effect was ablated with expression of the phospho-mimetic
and phospho-deficient Myc-VAPB constructs (Figure 4-19B). Whilst it is definite that the T201A Myc-
VAPB cannot be phosphorylated, we had anticipated that mutation with glutamic acid (E) would mimic
the effect of phosphorylation due to the negatively charged amino acid. One explanation for these
results is that glutamic acid mutation does not mimic phosphorylation but also shows a phospho-
deficient phenotype, although this needs further investigation. Together, this suggests that upon
activation, such as by DNA damage, phosphorylation of VAPB T201 by NEK1 may promote
VAPB/PTPIP51 interaction.

4.5.5 Mutation of VAPB T201 may disrupt VAPB/VAPA dimerisation

The VAPB protein is known to form homodimers (VAPB/VAPB) or heterodimers with the VAP family
protein VAPA (Nishimura et al., 1999). VAPB dimerisation is suggested to be mediated by the coiled-
coiled domain, as removal of this domain leads to significantly reduced dimerisation (Kim et al.,
2010a). Considering the VAPB phospho-site T201 resides at the end of the coiled-coil domain (Figure

4-18A), we postulated that mutation of this site may disrupt dimerization.

To quantify the VAPB/VAPA dimerisation, we measured the level of binding between overexpressed
VAPB and VAPA by co-immunoprecipitation. HEK293 cells were co-transfected with either pCl-neo
empty vector, FLAG-VAPA, and wild type, T201A or T201E Myc-VAPB (Figure 4-20A). Samples were
immunoprecipitated with anti-FLAG antibody conjugated magnetic agarose beads and
immunoblotted, probing with anti-FLAG and anti-Myc antibodies, and an anti-a-tubulin antibody as a
loading control. We observed a significant decrease in binding between VAPB and VAPA with the
phospho-deficient T201A mutation in VAPB (Figure 4-20B). In line with our previous result with
PTPIP51 (Figure 4-19), we also observed reduced interaction between VAPB and Myc-VAPB T201E.
This suggests that phosphorylation of VAPB T201 regulates VAPB/VAPA dimerisation.
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Figure 4-19 Mutation of VAPB T201 ablates NEK1 regulation of VAPB/PTPIP51 tethering.

HEK293 cells were co-transfected with pCl-neo empty vector or V5-NEK1 and either wild type (WT),
phospho-deficient T201A or phospho-mimetic T201E Myc-VAPB. Samples were immunoprecipitated
with an anti-Myc antibody and immunoblotted, probing with anti-NEK1, anti-Myc and anti-PTPIP51
antibodies, and an anti-a-tubulin antibody as a loading control. For input 45 pg protein was loaded.
Graph represents quantification of the relative PTPIP51 protein levels normalised to the level of
immunoprecipitated Myc-VAPB. Bars represent mean = SEM. Data were analysed by one-way ANOVA
with Fisher’s LSD test, ns = non-significant, ** P <0.01, N = 2.
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Figure 4-20 Mutation of VAPB T201 disrupts VAPB-VAPA interaction.

HEK293 cells were co-transfected with pCl-neo empty vector or FLAG-VAPA and either wild type (WT)
Myc-VAPB, phospho-deficient Myc-VAPB T201A or phospho-mimetic Myc-VAPB T201E. Samples were
immunoprecipitated with anti-FLAG conjugated beads and immunoblotted, probing with anti-FLAG
and anti-Myc antibodies, and an anti-a-tubulin antibody as a loading control. For input 45 ug protein
was loaded. Graph presents quantification of the relative Myc-VAPB protein levels normalised to the
amount of immunoprecipitated FLAG-VAPA. Bars represent mean = SEM. Data were analysed by one-
way ANOVA with Fisher’s LSD test, ns = non-significant, * P < 0.05, N = 4 (T201A), N = 3 (T201E).
Immunoblots performed by Miss Eloise Brown.
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4.5.6 Activation of NEK1 promotes VAPB and PTPIP51 phosphorylation in Hela cells

Our experiments so far had determined that in vitro NEK1 phosphorylates VAPB at the phospho-site
pT201 (Figure 4-16), and that inhibiting phosphorylation of this phospho-site leads to disruption of
VAPB/PTPIP51 (Figure 4-19) and VAPB/VAPA interactions (Figure 4-20). To confirm NEK1
phosphorylation of VAPB at pT201 in cells, PC Hela cells were co-transfected with a pEGFPc1-VAPB
(eGFP-VAPB) (Morotz et al., 2012) and either pCl-neo empty vector or V5-NEK1, to activate NEK1 by
overexpression. NEK1 KO cells were also included to model loss of NEK1 function. VAPB was
immunoprecipitated from cells using GFP-nanobody conjugated agarose beads and trypsin digested
into peptides. The eluted peptides were desalted and then subjected to liquid chromatography

tandem mass spectrometry (LC-MS/MS) analysis.

To confirm successful co-transfection of eGFP-VAPB and V5-NEK1, we took a portion of the lysate for
mass spectrometry and subjected the samples to immunoblot, probing for GFP, endogenous NEK1
and GAPDH as a loading control (Figure 4-21). Peptides corresponding to VAPB were identified by LC-
MS/MS, with 71% sequence coverage of full-length VAPB protein (Figure 4-22A). Surprisingly, we were
unable to confirm the presence of phosphorylated VAPB T201 in cells. However, we found four sites
that were significantly phosphorylated with overexpression of NEK1 (pT150, pS158, pS160 and pS206)
(Figure 4-22B).

In addition to phosphorylation of VAPB, we observed phosphorylation of PTPIP51 at S46 upon
overexpression of NEK1 (Table 4-1). In addition to phosphorylation of PTPIP51, we observed
phosphorylation of a total of 31 proteins with activation of NEK1, including multiple known VAPB
interactors such as OSBPL3, MAP6 and COPB2 (Table 4-1). This further implicates a role for NEK1
kinase activity in the regulation of VAPB/PTPIP51 tethering, although due to time limitations this
experiment was only performed once, so further investigation and to fully understand the

mechanisms of this interaction.
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Figure 4-21 Confirmation of successful co-transfection of V5-NEK1 and eGFP-VAPB for mass
spectrometry.

NEK1 knock out (KO) or wild type parental (PC) Hela cells were co-transfected with eGFP-VAPB and
either pCl-neo empty vector or V5-NEK1. Whole cell lysate was immunoblotted, probing with anti-
NEK1 and anti-GFP antibodies, and an anti-GAPDH antibody as a loading control. For each sample 45
ug protein was loaded.
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Figure 4-22 Identification of NEK1-induced VAPB phosphorylation sites in Hela cells.

A) Sequence of full length human VAPB with the MS/MS sequence coverage of 71 %, obtained after
trypsin digestion of eGFP-VAPB, shown as underlined. Four phosphorylation sites were identified,
shown in magenta.

B) VAPB phospho-peptides obtained by MS/MS sequencing, the phosphorylated residues are
highlighted.

C) Graph showing the label free quantification (LFQ) of phosphorylated VAPB peptides, normalised to
total VAPB LFQ in NEK1 knock out (KO) cells with empty vector (EV) (grey), wild type parental (PC) cells
(green) with EV and PC cells with NEK1 overexpression (purple). Bars represent the raw value N = 1.
Mass spectrometry was performed by Dr Rachel George and Dr Mark Collins (University of Sheffield,
Faculty of Science, Mass Spectrometry Centre).
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Table 4-1 Phosphorylation sites in VAPB interactors identified with mass spectrometry.

Proteins that have been previously reported as VAPB interacting proteins are highlighted in blue.

Gene Protein Modification .Previ'o‘usly
identified?
ABCD1 ATP-binding cassette sub-family D member 1 pS686
BICD2 Protein bicaudal D homolog 2 pT408 Y
S VoItage—depen.dent P/Q-type calcium 0Y595
channel subunit alpha-1A
CCDC188 Coiled-coil domain-containing protein 188 pS324 Y
CDK11A Cyclin-dependent kinase 11A pS200
COPB2 Coatomer subunit beta pS859 Y
FCRL2 Fc receptor-like protein 2 pS426 Y
GNS N-acetylglucosamine-6-sulfatase pS395
ITIH6 Inter-alpha-trypsin inhibitor heavy chain H6 pT1166
KITLG Kit ligand pT34 or pT41
LRRC23 Leucine-rich repeat-containing protein 23 pT81
LUZP1 Leucine zipper protein 1 pS482
MAP6 Microtubule-associated protein 6 pS362 Y
MYO5C Unconventional myosin-Vc pT1646
MYO7B Unconventional myosin-VIlb pS1503
OSBPL3 Oxysterol-binding protein-related protein 3 pS265, pS303 & pS304 Y
PGM5 Phosphoglucomutase-like protein 5 pS511 Y
PLSCR3 Phospholipid scramblase 3 pT226
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Gene

Protein

Modification

Previously

identified?
PTPIP51 Regulator of microtubule dynamics protein 3 pS46 Y
RASL12 Ras-like protein family member 12 pT80
RINL Ras and Rab interactor-like protein pY278
SELENOK Selenoprotein K pS5 Y
SHTN1 Shootin-1 pS512 Y
. pT1053, pT1055 or
SYNE2 Nesprin-2
pT1056

TIPARP Protein mono-ADP-ribosyltransferase pS55 Y

Transient receptor potential cation channel
TRPM2 . pS188

subfamily M member 2
TTN Titin pS21341
UQCR11 Cytochrome b-c1 complex subunit 10 pY10
USH1G pre-mRNA splicing regulator USH1G pS278

Zinc finger FYVE domain-containing protein
ZFYVE26 pS293

26
ZNF578 Zinc finger protein 578 pS357
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4.6 Discussion

4.6.1 Loss of NEK1 or C21orf2 disrupts VAPB/PTPIP51 tethering.

It is well established that regulation of the interaction between mitochondrial PTPIP51 and its MAM
tethering partner VAPB is essential for multiple cell functions such as autophagy, Ca** homeostasis
and lipid metabolism (De Vos et al., 2012; Gomez-Suaga et al., 2017; Yeo et al., 2021). However, how
VAPB/PTPIP51 tethering is regulated is not yet clear. In this chapter we show that loss of functional
NEK1 protein reduced VAPB/PTPIP51 tethering (Figure 4-1), whilst activation of the NEK1 kinase by
DNA damage promotes VAPB/PTPIP51 tethering (Figure 4-14), possibly due to phosphorylation of
VAPB (Figure 4-19). Furthermore, we determine that activation of NEK1 by DNA damage induction
promotes NEK1/PTPIP51 interaction (Figure 4-12), suggesting that NEK1 may be recruited to MAM to
regulate VAPB/PTPIP51 tethering as a response to DNA damage (Figure 4-23).

In chapter 3 we reported that NEK1 and the NEK1-interacting protein C21lorf2 can bind to the
VAPB/PTPIP51 tether, via direct binding between NEK1 and PTPIP51. In line with this, we observed
that disruption of VAPB/PTPIP51 tethering due to NEK1-deficiency can be rescued by reintroduction
of NEK1, but not by overexpression of C21lorf2 (Figure 4-3, Figure 4-5). This suggests that whilst
C2lorf2isin close association with NEK1, with supposedly all C21orf2 protein binding to NEK1 protein
(Gregorcykz et al. 2023), that NEK1 may act independently to regulate VAPB/PTPIP51 tethering.
Indeed, loss of C21orf2 also leads to decreased VAPB/PTPIP51 binding which can be rescued by
overexpression of wild type C21orf2 protein. However, if C21orf2 is unable to bind to NEK1 this rescue
is ablated, suggesting NEK1 is the key protein for regulation of tethering (Figure 4-6). A potential
explanation as to why we observe disrupted tethering in C21orf2 KO cells, is due to loss of NEK1
protein stabilisation (Watanabe et al., 2020). To further elucidate this mechanism, NEK1 should be
reintroduced into C21orf2 KO cells. Additionally, Gregorcykz and colleagues (2023) found that
mutation of NEK1 at D1277 prevents C21orf2 binding, which could be used as a control to confirm

that NEK1 acts independent of C21orf2.

Using electron microscopy, we observed loss of mitochondrial apposition with loss of NEK1 or C210rf2
in Hela cells. One difference noted between loss of NEK1 and C21orf2 was that loss of NEK1 leads to
a significant decrease in mitochondrial size, but loss of C210orf2 does not (Figure 4-7, Figure 4-8). It was
reported that cells from Kat2) NEK1-deficient mice exhibit abnormal fragmentation of mitochondria
(Wang et al. 2021). This suggests that NEK1 but not C21orf2 may be involved in regulation of
mitochondrial morphology. Considering we observe MAM defects in C21orf2 KO cells, it is unlikely

that the mitochondrial fragmentation observed in NEK1 KO cells is the cause of MAM dysfunction.
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In addition to loss of physical tethering between the ER and mitochondria, we report that loss of NEK1
leads to disrupted Ca?* transfer between the organelles (Figure 4-10) and disrupted induction of
autophagy (Figure 4-11). To measure Ca* transfer from the ER to mitochondria we utilised the
cytoplasmic indicator dye Fura-2-AM. Whilst this technique allows reliable measurement of
cytoplasmic Ca®* that is not sensitive to differencing in dye loading, it does not measure the
mitochondrial uptake. Thus, to further confirm that there is reduced uptake of Ca?* from
mitochondria, due to loss of MAM, rather than reduced release of ER, we should utilise a specific
marker for mitochondrial Ca%*. One possible method would be to use the Ca?* sensitive fluorescent
reporter Rhod-2. This has been used previously to measure changes in mitochondrial Ca?* uptake in
response to modulation of MAM (De Vos et al., 2012; Stoica et al., 2014, Stoica et al., 2016). Although,
as Rhod-2 is not a ratiometric indicator, it is sensitive to differences in loading into cells and has
previously been reported to alter mitochondrial dynamics (Fonteriz et al., 2010). An alternative to
Rhod-2 could be to use genetically encoded Ca?* indicators (GECI) that can specially target the ER and
mitochondria (Suzuki et al., 2014). This would allow for simultaneous quantification of Ca?* release
from the ER and uptake into the mitochondria. In our experiments we observed that knockdown of
NEK1 caused a greater augmentation of Oxo-M induced cytoplasmic Ca?* levels than with knockdown
of PTPIP51 (Figure 4-10). As NEK1 phosphorylation closes the VDAC1 channel (Chen et al., 2008), it is
unlikely that this effect is due to inhibition of VDAC1. However, to confirm that the effect of NEK1
depletion on Ca?" transfer is independent of VDAC1, we could deplete cells of NEK1 and PTPIP51. As
PTPIP51 depletion would disrupt MAM, we would expect therefore that loss of NEK1 should have no

further effect.

We observed that physiological activation of NEK1 by induction of DNA damage promotes
VAPB/PTPIP51 tethering (Figure 4-13), which correlates with increased Ca?* transfer between the ER
and mitochondria (Figure 4-14). It is well established transfer of Ca?* between the ER and mitochondria
is a mediator of cell death, as excessive uptake of Ca?* by mitochondria promotes apoptosis (Pinton et
al., 2008). Thus, it would have been interesting to test this with a functional study such as measuring
apoptosis using well established lactate dehydrogenase (LDH) or cytochrome c release assays that are

commercially available (Kari et al., 2022).

Investigation with GST-pull down and mass spectrometry analysis confirmed the in vitro
phosphorylation of VAPB by NEK1 kinase at pT201 (Figure 4-17). Phospho-mimetic or phospho-
deficient mutation of this site ablates the ability of NEK1 to promote VAPB/PTPIP51 interaction when
activated by overexpression (Figure 4-19). This phosphorylation site is positioned within the
uncharacterised intrinsically disordered region of VAPB, which in VAPA has been shown to be essential

for versatile tethering at membrane contact sites (Subra et al., 2023). One possible theory for these
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results is that in response to activation such as by DNA damage, NEK1 is recruited to MAM where it
phosphorylates VAPB to increase VAPB/PTPIP51 tethering, Ca?* transfer and apoptosis. Whilst we
would expect to see the phospho-mimicking VAPB pT201E construct to behave like the WT protein
with activation of NEK1, it is possible the as glutamic acid is less negatively charged than
phosphorylated threonine, it is not properly mimicking the effect. To validate this phosphorylation
site, the production of a phospho-site specific antibody would be beneficial, as probing for pT201 in

WT and NEK1 KO cells would determine if NEK1 phosphorylates this site.

In Hela cells we were unable to validate the pT201 VAPB phosphorylation site, however due to time
limitations this experiment was only repeated once, so there is a chance it was just not picked up in
this repeat (Figure 4-22). One possible explanation for the NEK1-mediated phosphorylation of pT201
in vitro but not in cells, may be that due to removal of the VAPB transmembrane domain, there could
be a confirmational change in the structure of the VAPB protein, leading to the exposure of
phosphorylation sites that are inaccessible in full length VAPB. Trypsination in Hela cells resulted in a
lower VAPB sequence coverage than in vitro (71% vs 100%) and the pT201 site was only present on
the end of peptides, so it is possible that digestion with another enzyme such as Asp-N Endopeptidase

may produce peptides where phosphorylated pT201 is detectable (Gasteiger et al., 2005).

Together, the data in this chapter suggest that in response to DNA damage, activated NEK1 is recruited
to MAM where it binds to PTPIP51 and leads to downstream phosphorylation of VAPB and PTPIP51 to
regulate VAPB/PTPIP51 tethering and Ca* transfer between the ER and mitochondria. Excessive NEK1
activation or prolonged exposure to DNA damage may in turn may lead to mitochondrial Ca®* overload
and initiation of apoptosis. Further experimentation should focus on elucidating the functional effects
of NEK1 regulation of VAPB-PTPIP51 tethering, such as measuring apoptosis or DNA damage repair.
Furthermore, it would be interesting to determine whether C210rf2 is involved in, or necessary for

this response.
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Figure 4-23 Summary of NEK1 regulation of VAPB/PTPIP51 tethering.

In response to activation of NEK1 by DNA damage, we observe increased VAPB/PTPIP51 tethering and
Ca®" transfer between the ER and mitochondria. Upon activation, NEK1 leads to downstream
phosphorylation of VAPB, which may be necessary for regulating its interaction with PTPIP51. Loss of
NEK1 or C210rf2 reduces VAPB/PTPIP51 tethering, ER-mitochondria apposition, Ca?* transfer between
the organelles and induction of autophagy.
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Chapter 5 Characterisation of the VAPB/PTPIP51 tether

5.1 Introduction

Multiple labs have evidenced the interaction between VAPB and PTPIP51 following their discovery in
2012 however, it remains unclear how binding between the two proteins is mediated (Cabukusta et
al., 2020; De Vos et al., 2012). In addition to VAPB, proteomic and co-immunoprecipitation data
suggest that PTPIP51 binds to VAPA, although this interaction has not been well characterised
(Cabukusta et al., 2020). VAPB and VAPA both contain major sperm protein (MSP) domains, which are
suggested to bind to proteins containing an FFAT (two phenylalanines [FF] in an acidic tract) motif,
which has a consensus sequence of E;F,F3D1AsXsE7, (Kaiser et al., 2005; Loewen et al., 2003). Binding
between MSP domains and FFAT motif peptides has been extensively studied (Di Mattia et al., 2020;
Di Mattia et al., 2018; Kaiser et al., 2005; Loewen et al., 2003). When in complex, the aromatic ring of
the phenylalanine in position four and the side chain of the alanine in position 5 of the FFAT motif bind
to a hydrophobic pocket at the surface of the MSP domain (Di Mattia et al., 2020; Kaiser et al., 2005).
This hydrophobic pocket is formed by aliphatic portions of side chains of key residues within the
domain, which are K87/F88/M89 in VAPB and K94/F95/M96 in VAPA (Cabukusta et al., 2020; Di Mattia
et al., 2020). Indeed, mutation of these key binding residues reduces interaction between VAPB and

FFAT-containing proteins (Cabukusta et al., 2020; Kors et al., 2022a).

PTPIP51 contains two FFAT-like motifs, one conventional FFAT-like motif (16sTFTDAES:72) and one
phospho-FFAT motif (157VYFTASS163) (Di Mattia et al., 2020; Neefjes and Cabukusta, 2021) (Figure 5-1).
Accordingly, multiple lines of evidence suggest that VAPB/PTPIP51 tethering is mediated by binding
between the VAPB MSP domain and the PTPIP51 phospho-FFAT motif (Di Mattia et al., 2018; Yeo et
al., 2021). Phosphorylation of the threonine in position four of the PTPIP51 phospho-FFAT motif has
been suggested to act as a switch mechanism that regulates binding to the MSP domain of VAPB (Di
Mattia et al., 2020). Phospho-deficient mutation of the position four serine in the STARD3 phospho-
FFAT prevents binding to VAPB, however this has not yet been proven for PTPIP51 (Di Mattia et al.,
2020). A recent study suggests that phosphorylation of the acidic tract flanking the FFAT motif is
necessary to promote binding to the MSP domain (Kors et al., 2022a). This is suggested to be due to
the addition of negatively charged phosphate groups which bind to the basic electropositive surface
of the MSP domain. Indeed, the PTPIP51 phospho-FFAT motif is preceded by a series of serine and
threonine residues which may be phosphorylated (S149, S151, T152, S154) (Figure 5-1). Whether

phosphorylation of these residues is necessary for binding is not yet understood.
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Research so far has focussed on binding between VAPA/VAPB and the PTPIP51 phospho-FFAT.
However, in silico modelling suggests that the phenylalanine and alanine in position two and five of
the FFAT-like motif (166 TFTDAES17,) can bind to the hydrophobic pocket of the MSP domains of VAPA
and VAPB which is discussed in more detail in section 5.2.2. Interestingly, we have also identified a
third potential FFAT-like motif within PTPIP51 (176YTTA179), as AlphaFold3 in silico modelling suggests
that this motif can bind to the MSP domain of VAPA and VAPB in the same fashion as previously

identified PTPIP51 FFAT motifs (discussed in more detail in section 5.2.3).

Evidence for binding between PTPIP51 and the VAPA or VAPB has only been shown using short
peptides spanning the FFAT motif (Di Mattia et al., 2020; Yeo et al., 2021). Thus, we decided to test
whether disruption of key residues within the identified PTPIP51 FFAT-motifs would disrupt binding
to VAPA and VAPB in cells using co-immunoprecipitation. Within this chapter we aimed to elucidate
the binding mechanism between VAPA/VAPB and PTPIP51 and determine if phosphorylation regulates

this interaction.

Coiled-coil Tetratricopeptide
domain repeat (TPR)
NH, l HHH |.COOH
T T T 470

SDSTGSSSVYFTASSGATFTDAESEGG N

| I NN 7| \ 7/ NN 1
149/151/152/154 158/159/160 167/168/169/170
Acidic tract phospho-FFAT FFAT-like motif

motif

Figure 5-1 Summary of PTPIP51 mutations investigated within this study.

Schematic diagram of the PTPIP51 protein structure, with the protein motifs investigated in this study
annotated. The acidic tract (green) of the phospho-FFAT motif (pink), the conventional FFAT-like motif
(blue) and a new FFAT-like motif (orange) are labelled. Specific residues that were mutated to test
their effect on binding to VAPA and VAPB are labelled and bolded.
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5.2 In silico modelling of PTPIP51 binding to VAPA/VAPB using AlphaFold3

To first investigate the binding between VAPA/VAPB and PTPIP51, we used AlphaFold3 (Abramson et
al., 2024) to model the interaction between the MSP domain of VAPA and VAPB with peptides
spanning the three identified PTPIP51 FFAT-like motifs. AlphaFold3 has recently been utilised to model
protein-protein interactions and determine whether point mutations may change these protein-
complexes (Wee and Wei, 2024). As this literature states that AlphaFold3 is limited in its capacity to
accurately predict the interaction of small peptides, we ensured to scrutinise and report all confidence

test scores for these models.

5.2.1 Modelling binding of the PTPIP51 phospho-FFAT motif with MSP domains

As literature suggests that the PTPIP51 phospho-FFAT motif (157VYFTASS163) mediates binding to VAPB,
we first modelled binding of this motif to the VAPB MSP domain (Figure 5-2A). Indeed, in silico
modelling of the interaction between the VAPB MSP domain and a peptide of the PTPIP51 phospho-
FFAT aligns with the proposal that the aromatic ring of the tyrosine and alanine in position two and
five bind to the hydrophobic pocket of the MSP domain (Figure 5-2A). The modelling prediction by
AlphaFold3 shows a very high degree of confidence in the accuracy of the local structure of the MSP
domain and very high degree of confidence of the phospho-FFAT motif within the PTPIP51 peptide
(Figure 5-2B) using the predicted local distance difference test (pLDDT). This suggests the predicted
model of both structures accurately represents an experimental structure (Magana and Kovalevskiy,
2024). Additionally, the prediction presents low predicted aligned error (PAE) scores for the MSP
domain and the key FFAT-like motif residues (Figure 5-2C), suggesting the model has confidently
predicted the relative positioning of resides within the structures. Finally, the predicted template
modelling (pTM) and interface predicted template modelling (ipTM) scores were both above 0.8 (0.87
and 0.81 respectively, Table 5-1), further suggesting a high accuracy model (Abramson et al., 2024).
Together this suggests that AlphaFold3 confidently predicts the binding of the PTPIP51 phospho-FFAT
to the VAPB MSP domain.

In contrast, in silico modelling suggested that mutation of the phospho-FFAT by substitution with non-
aromatic alanine residues (Y158A/F159A/T160A) would prevent binding to the MSP domain
hydrophobic pocket (Figure 5-2D). Additionally, mutation of the phospho-FFAT spanning peptide
reduced the confidence in the peptide structure (Figure 5-2E), increased the PAE score for the peptide
(Figure 5-2F) and reduced both the pTM and ipTM scores (0.8 and 0.41 respectively, Table 5-1). This
suggests low confidence in the predicted model of the peptide spanning the mutant phospho-FFAT
motif interacting with the VAPB MSP domain. Together these predictions suggest that the phospho-
FFAT may bind the VAPB MSP domain, and that mutation of key residues in the motif may preclude
binding to VAPB.
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VAPB MSP domain + PTPIP51 pFFAT peptide ‘SDSTGSSSVYFTASSGAT’
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Figure 5-2 AlphaFold3 modelling of the PTPIP51 phospho-FFAT binding to the VAPB MSP domain.

A & D) AlphaFold3 modelling prediction of the interaction between the VAPB major sperm protein
(MSP) domain (blue) and a PTPIP51 peptide spanning the phospho-FFAT motif (yellow) (A). Mutation
of the Y158A/F159A/T160A residues in the PTPIP51 peptide is predicted to disrupt binding to the MSP
domain (D). Key resides of the phospho-FFAT motif are highlighted in green and labelled. The key
binding ‘KFM’ residues in the MSP domain are highlighted in dark blue.

B & E) predicted local distance difference test (pLDDT) scores of local confidences of the respective
models. The wild type PTPIP51 peptide shows a high degree of local confidence (B), whilst mutation
of the PTPIP51 peptide reduces local confidence of this model (E).

C & F) Predicted aligned error (PAE) scores of the respective models. Positioning between the key
FFAT residues within the wild type PTPIP51 peptide and the MSP domain have low expected error (C),
whilst mutation of the PTPIP51 peptide increases this error and reduces confidence of the model (F).
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We next determined to investigate whether the PTPIP51 phospho-FFAT motif may mediate binding to
VAPA. In line with the prediction for VAPB, in silico modelling of the interaction between the VAPA
MSP domain and a peptide of the PTPIP51 phospho-FFAT showed that the tyrosine and alanine in
position two and five bind to the hydrophobic pocket of the MSP domain (Figure 5-3A). The prediction
showed a high degree of confidence in the accuracy of the local structure of the MSP domain and the
phospho-FFAT motif within the PTPIP51 peptide (Figure 5-3B), albeit with lower confidence than
predicted for VAPB. In line with this, the PAE scores for the MSP domain and the key FFAT-like motif
residues were low (Figure 5-3C), the pTM and ipTM scores were 0.84 and 0.63 respectively (Table 5-1),
further suggesting a moderately accurate prediction. Together this suggests that AlphaFold3
confidently predicts the binding of the PTPIP51 phospho-FFAT to the VAPA MSP domain, although
with less confidence than for the binding between PTPIP51 and VAPB.

In agreement with the prediction of VAPB/PTPIP51 binding, in silico modelling suggested that
mutation of the phospho-FFAT by substitution with non-aromatic alanine residues
(Y158A/F159A/T160A) precludes binding to the MSP domain hydrophobic pocket (Figure 5-3D). This
prediction showed reduced confidence in the PTPIP51 peptide structure (Figure 5-3E), increased the
PAE score for the peptide (Figure 5-3F) and reduced both the pTM and ipTM scores (0.77 and 0.41
respectively, Table 5-1). Together these predictions suggest that the PTPIP51 phospho-FFAT motif may
be necessary for binding to the VAPB and VAPA MSP domains, and that mutation of key residues

within the motif may disrupt binding.
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VAPA MSP domain + PTPIP51 pFFAT peptide ‘SDSTGSSSVYFTASSGAT’
C Scored residue / atom

Aligned residue / atom

18/OT18

VAPA MSP domain  pFFAT

F Scored residue / atom

i_
Aligned residue / atom

118/0
18

]
118/0418

pFFAT
AAAA

[l Very high (pLDDT > 90)
Confident (90 > pLDDT > 70) m
Low (70 > pLDDT > 50) 0 10 20 30
I Very low (pLDDT < 50) Expected position error (Angstréms)

VAPA MSP domain

Figure 5-3 AlphaFold3 modelling of the PTPIP51 phospho-FFAT binding to the VAPA MSP domain.

A & D) AlphaFold3 modelling prediction of the interaction between the VAPA major sperm protein
(MSP) MSP domain (blue) and a PTPIP51 peptide spanning the phospho-FFAT motif (yellow) (A).
Mutation of the Y158A/F159A/T160A residues in the PTPIP51 peptide is predicted to disrupt binding
to the MSP domain (D). Key resides of the phospho-FFAT motif are highlighted in green and labelled.
The key binding ‘KFM’ residues in the MSP domain are highlighted in dark blue.

B & E) predicted local distance difference test (pLDDT) scores of local confidences of the respective
models. The wild type PTPIP51 peptide shows a high degree of local confidence (B), whilst mutation
of the PTPIP51 peptide reduces local confidence of this model (E).

C & F) Predicted aligned error (PAE) scores of the respective models. Positioning between the key
FFAT residues within the wild type PTPIP51 peptide and the MSP domain have low expected error (C),
whilst mutation of the PTPIP51 peptide increases this error and reduces confidence of the model (F).
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5.2.2 Modelling binding of the PTPIP51 FFAT-like motif with MSP domains

As literature shows that PTPIP51 contains a second FFAT-like motif (16sTFTDAES;:72), we next
determined to investigate binding between this motif and the VAPA/VAPB MSP domains (Di Mattia et
al., 2020; Neefjes and Cabukusta, 2021). In silico modelling of the interaction between the VAPB and
VAPA MSP domains and a peptide spanning the PTPIP51 FFAT-like motif suggested that the
phenylalanine and alanine in position two and five bind to the hydrophobic pocket of the MSP domains
(Figure 5-4A, Figure 5-5A). Analysis of the pLDDT scores showed a very high degree of confidence in
the accuracy of the local structure of the MSP domains and the peptide spanning the FFAT-like motif
for both predictions (Figure 5-4B, Figure 5-5B). Additionally, the prediction scored low PAE values for
both MSP domains and the key FFAT-like motif residues within the peptide (Figure 5-4C, Figure 5-5C).
The pTM and ipTM scores for both predictions were both above 0.8 (VAPB: pTM 0.91 and ipTM 0.85,
VAPA: pTM 0.89 and ipTM 0.82, Table 5-1). Together this suggests high accuracy prediction of the
binding of the PTPIP51 FFAT-like motif to the MSP domains, although with a higher confidence for the
binding of the PTPIP51 peptide to the VAPB MSP domain.

In line with our prediction of the phospho-FFAT motif, in silico modelling suggests that mutation of
the FFAT-like motif by substitution of the key phenylalanine residue with a non-aromatic alanine and
substitution of the alanine with an acidic aspartic acid (F167A/A170D) would prevent binding to the
MSP domains hydrophobic pocket (Figure 5-4D, Figure 5-5D). Mutation of the peptide spanning the
FFAT-like motif reduced the confidence in the peptide structure (Figure 5-4E, Figure 5-5E), increased
the PAE score for the peptide (Figure 5-4F, Figure 5-5F) and reduced both the pTM and ipTM scores
(VAPB: pTM 0.87 and ipTM 0.57, VAPA: pTM 0.81 and ipTM 0.42, Table 5-1). This suggests low
confidence in the prediction of the peptide spanning the mutant FFAT-like motif interacting with the
VAPB and VAPA MSP domains. Together these predictions suggest that the FFAT-like motif may bind
the VAPB and VAPA MSP domains, and that mutation of key residues in the motif may disrupt this

binding.
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VAPB MSP domain + PTPIP51 FFAT peptide ‘SSGATFTDAESEGG’
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Figure 5-4 AlphaFold3 modelling of the PTPIP51 FFAT-like motif binding to the VAPB MSP domain.

A & D) AlphaFold3 modelling prediction of the interaction between the VAPB major sperm protein
(MSP) MSP domain (blue) and a PTPIP51 peptide spanning the FFAT-like motif (yellow) (A). Mutation
of the F167A/A170D residues in the PTPIP51 peptide is predicted to disrupt binding to the MSP domain
(D). Key resides of the FFAT-like motif are highlighted in green and labelled. The key binding ‘KFM’
residues in the MSP domain are highlighted in dark blue.

B & E) predicted local distance difference test (pLDDT) scores of local confidences of the respective
models. The wild type PTPIP51 peptide shows a high degree of local confidence (B), whilst mutation
of the PTPIP51 peptide reduces local confidence of this model (E).

C & F) Predicted aligned error (PAE) scores of the respective models. Positioning between the key
FFAT residues within the wild type PTPIP51 peptide and the MSP domain have low expected error (C),
whilst mutation of the PTPIP51 peptide increases this error and reduces confidence of the model (F).
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VAPA MSP domain + PTPIP51 FFAT peptide ‘SSGATFTDAESEGG’
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Figure 5-5 AlphaFold3 modelling of the PTPIP51 FFAT-like motif binding to the VAPA MSP domain.

A & D) AlphaFold3 modelling prediction of the interaction between the VAPA major sperm protein
(MSP) MSP domain (blue) and a PTPIP51 peptide spanning the FFAT-like motif (yellow) (A). Mutation
of the F167A/A170D residues in the PTPIP51 peptide is predicted to change binding to the MSP
domain (D). Key resides of the FFAT-like motif are highlighted in green and labelled. The key binding
‘KFM’ residues in the MSP domain are highlighted in dark blue.

B & E) predicted local distance difference test (pLDDT) scores of local confidences of the respective
models. The wild type PTPIP51 peptide shows a high degree of local confidence (B), whilst mutation
of the PTPIP51 peptide reduces local confidence of this model (E).

C & F) Predicted aligned error (PAE) scores of the respective models. Positioning between the key
FFAT residues within the wild type PTPIP51 peptide and the MSP domain have low expected error (C),
whilst mutation of the PTPIP51 peptide increases this error and reduces confidence of the model (F).
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5.2.3 Modelling binding of the PTPIP51 FFAT-like motif Y176 with MSP domains

During our investigation of the PTPIP51 phospho-FFAT and FFAT-like motifs, we identified a potential
new FFAT-like motif within the protein (176YTTA179). Indeed, in silico modelling predicts that a peptide
spanning this motif can bind to the MSP domain of VAPA and VAPB in the same fashion as previously
identified PTPIP51 FFAT-like motifs (Figure 5-6A, Figure 5-7A). Analysis of the pLDDT scores showed a
very high degree of confidence in the accuracy of the local structure of both VAPA and VAPB MSP
domains (Figure 5-6B, Figure 5-7B). Key FFAT-like motif resides within the peptide were scored a very
high degree of confidence, although the structure of resides surrounding the motif were not
confidently predicted. In line with our previous predicted models, both the MSP domains and key
FFAT-like motif residues within the peptide scored low PAE values (Figure 5-6C, Figure 5-7C). The pTM
and ipTM scores for both predictions were lower for the predictions of the phospho-FFAT and FFAT-
like motif (VAPB: pTM 0.81 and ipTM 0.74, VAPA: pTM 0.81 and ipTM 0.74, Table 5-1), possibly due to
the low confidence in structure of the PTPIP51 peptide. These models suggest a moderately accurate
prediction of the binding of the PTPIP51 Y176 FFAT-like motif to the MSP domains, although with a

lower confidence compared to the previously identified phospho-FFAT and FFAT-like motifs.

Additionally, in silico modelling suggests that mutation of this FFAT-like motif by substitution of the
key tyrosine residue with a non-aromatic alanine (Y176A) would change binding to the MSP domains
hydrophobic pocket (Figure 5-6D, Figure 5-7D). Mutation of the peptide spanning the FFAT-like motif
significantly reduced the confidence in the peptide structure (Figure 5-6E, Figure 5-7E), increased the
PAE score for the peptide (Figure 5-6F, Figure 5-7F) and reduced both the pTM and ipTM scores (VAPB:
pTM 0.78 and ipTM 0.32, VAPA: pTM 0.74 and ipTM 0.32, Table 5-1). Together, this suggests low
confidence in the prediction of the peptide spanning the mutant FFAT-like Y176 motif interacting with
the VAPB and VAPA MSP domains. This suggests that the FFAT-like Y176 motif may interact with the
VAPB and VAPA MSP domains, and that mutation of key residues in the motif may prevent this

interaction.
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Figure 5-6 AlphaFold3 modelling of PTPIP51 Y176 binding to the VAPB MSP domains.

A & D) AlphaFold3 modelling prediction of the interaction between the VAPB major sperm protein
(MSP) MSP domain (blue) and a PTPIP51 peptide spanning tyrosine 176 (yellow) (A). Mutation of the
Y176A residue in the PTPIP51 peptide is predicted to disrupt binding to the MSP domain (D). The
resides of a new potential FFAT-like motif are highlighted in green and labelled. The key binding ‘KFM’
residues in the MSP domain are highlighted in dark blue.

B & E) predicted local distance difference test (pLDDT) scores of local confidences of the respective
models. The wild type PTPIP51 peptide shows a high degree of local confidence (B), whilst mutation
of the PTPIP51 peptide reduces local confidence of this model (E).

C & F) Predicted aligned error (PAE) scores of the respective models. Positioning between the key
FFAT residues within the wild type PTPIP51 peptide and the MSP domain have low expected error (C),
whilst mutation of the PTPIP51 peptide increases this error and reduces confidence of the model (F).
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VAPA MSP domain + PTPIP51 FFAT peptide ‘ESEGGYTTANAESDNERDSD’

Scored residue / atom

Aligned residue / atom

L
0 118/0T20
VAPA MSP domain ~ FFAT

VAPA MSP domain + PTPIP51 FFAT peptide ‘ESEGGATTANAESDNERDSD’

Scored residue / atom

Aligned residue / atom

VAPAMSP domain  FFAT
Y176A

[l Very high (pLDDT > 90)
Confident (90 > pLDDT > 70) m
0

Low (70 > pLDDT > 50) 10 20 30
[0 Very low (pLDDT < 50) Expected position error (Angstréms)

Figure 5-7 AlphaFold3 modelling of PTPIP51 Y176 binding to the VAPA MSP domains.

A & D) AlphaFold3 modelling prediction of the interaction between the VAPA major sperm protein
(MSP) MSP domain (blue) and a PTPIP51 peptide spanning tyrosine 176 (yellow) (A). Mutation of the
Y176A residue in the PTPIP51 peptide is predicted to disrupt binding to the MSP domain (D). The
resides of a new potential FFAT-like motif are highlighted in green and labelled. The key binding ‘KFM’
residues in the MSP domain are highlighted in dark blue.

B & E) predicted local distance difference test (pLDDT) scores of local confidences of the respective
models. The wild type PTPIP51 peptide shows a high degree of local confidence (B), whilst mutation
of the PTPIP51 peptide reduces local confidence of this model (E).

C & F) Predicted aligned error (PAE) scores of the respective models. Positioning between the key
FFAT residues within the wild type PTPIP51 peptide and the MSP domain have low expected error (C),
whilst mutation of the PTPIP51 peptide increases this error and reduces confidence of the model (F).

190



5.3 Modelling PTPIP51 binding to VAPA/VAPB using co-immunoprecipitation

Previous research has confirmed that peptides spanning the PTPIP51 FFAT motifs bind to VAPA and
VAPB (Di Mattia et al., 2020; Yeo et al., 2021). Thus, to confirm in cells that the FFAT motifs are
necessary for binding to VAPA/VAPB, we utilised site-directed mutagenesis to disrupt key residues
within the three identified FFAT-like motifs of a HA-tagged PTPIP51 protein construct. To disrupt the
binding of aromatic amino acids in the FFAT motif, tyrosine or phenylalanine residues were substituted
for alanine which lack a phenyl group. Conversely, to disrupt binding of an alanine, the residue was
substituted for a phenylalanine for addition of an aromatic ring, or with a negatively charged aspartic

acid.

To determine the effect of potential phospho-sites, threonine, serine, or tyrosine residues were
substituted with an alanine which cannot be phosphorylated. Substitution of phospho-sites with a
negatively charged aspartic or glutamic acid was used to mimic phosphorylation. These mutant
PTPIP51-HA protein constructs were expressed in HEK293 cells and co-immunoprecipitated to capture
PTPIP51. The immunoprecipitated were immunoblotted for HA, VAPA and VAPB, to quantify whether

PTPIP51 interactions were disrupted upon mutation.

5.4 The PTPIP51 phospho-FFAT motif does not regulate binding to VAPA/VAPB

A recent study suggests that phosphorylation of the acidic tract flanking the FFAT motif is necessary
to apply negative charge prior to binding to the basic electropositive surface of the MSP domain
(Kors et al., 2022a). The PTPIP51 phospho-FFAT motif is preceded by a series of serine and threonine
residues which may be phosphorylated (5149, S151, T152, S154). To determine the contribution of
phosphorylation the acidic tract on binding to VAPB, phospho-deficient alanine substitutions were
inserted at possible phospho-sites within the acidic tract (5149, S151, T152, S154). HEK293 cells were
transfected with empty vector pCl-neo, wild type or acidic tract mutant PTPIP51-HA
(S149A/S151A/T152A/5154). PTPIP51-HA was immunoprecipitated with an anti-HA antibody and the
immune pellet was probed for endogenous VAPB (Figure 5-8). Wild type PTPIP51 efficiently co-
immunoprecipitated endogenous VAPB. Phospho-deficient mutation of the potential acidic tract
phosphorylation sites did not preclude binding of VAPB to PTPIP51 (Figure 5-8). This suggests that
phosphorylation of the PTPIP51 acidic tract flanking the phospho-FFAT is not necessary for binding
to VAPB.

Phosphorylation of the serine in position four of the STARD3 phospho-FFAT has been shown to be
necessary for binding to VAPB (Di Mattia et al., 2020). It is suggested that the threonine in position
four of the PTPIP51 phospho-FFAT may need to be phosphorylated to bind, however this has not

been proven on protein level (Di Mattia et al., 2020). In silico modelling predicts that disruption of

the Y158/F159/T170 residues will prevent binding to the MSP domain (Figure 5-2, Figure 5-3). To
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test the contribution of the phospho-FFAT motif to VAPA/VAPB binding, site-directed mutagenesis
was used to key residues within the PTPIP51 phospho-FFAT motif (Y158 and F159) by substitution
with an alanine that lacks an aromatic ring. To determine if phosphorylation of T160 may contribute

to binding of PTPIP51 to VAPA/VAPA, a phospho-deficient substitution with an alanine was inserted.

HEK293 cells were transfected with empty vector pCl-neo, wild type, phospho-FFAT mutant PTPIP51-
HA Y158A/F159A/T160A or acidic tract mutant PTPIP51-HA (S149A/S151A/T152A/S154). PTPIP51-HA
was immunoprecipitated with an anti-HA antibody and the immune pellet was probed for
endogenous VAPB and VAPA (Figure 5-9). Wild type PTPIP51 efficiently co-immunoprecipitated
endogenous VAPB and VAPA. Mutation of neither the acidic tract nor the phospho-FFAT precluded
binding of PTPIP51 to VAPA or VAPB. Together this shows that the PTPIP51 phospho-FFAT is not
needed for binding. During our investigation of this, Mdrotz and colleagues showed that deletion of
this motif in PTPIP51 did not affect binding to VAPB, further confirming these results (Mdrotz et al.,
2022).
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Figure 5-8 Phosphorylation of the PTPIP51 phospho-FFAT motif acidic tract is not necessary for VAPB
binding.

HEK293 cells were transfected with empty vector pCl-neo, wild type (WT) PTPIP51-HA or phospho-
deficient acidic tract PTPIP51-HA constructs (S149A/S151A/T152A/S154A). Cells were
immunoprecipitated with an anti-HA antibody and immunoblotted, probing for HA, endogenous VAPB
and a-tubulin antibody as a loading control. Graph shows the quantification of the level of
endogenous VAPB normalised to the level of immunoprecipitated PTPIP51-HA. Bars represents mean
+ SEM. Data were analysed by one-way ANOVA with Fisher’s LSD, ns = non-significant, N = 3. For input
45 pg protein was loaded. Immunoblot performed by Miss Eloise Brown.
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Figure 5-9 Disruption of the PTPIP51 phospho-FFAT motif does not disrupt binding to VAPA/VAPB.

A) HEK293 cells were transfected with empty vector pCl-neo, wild type (WT) PTPIP51-HA, phospho-
FFAT mutant PTPIP51-HA Y158A/F159A/T160A, or phospho-deficient acidic tract mutant PTPIP51-HA
S149A/S151/T152/S154A. Cells were immunoprecipitated with an anti-HA antibody and
immunoblotted, probing for HA, endogenous VAPA, VAPB and a-tubulin antibody as a loading control.

B & C) Graphs show the quantification of the level of VAPB (B) or VAPA (C) normalised to the level of
immunoprecipitated PTPIP51-HA. Bars represent mean + SEM. Data were analysed by one-way
ANOVA with Fisher’s LSD, ns = non-significant, N = 2. For input 45 ug protein was loaded. Immunoblot
performed by Miss Eloise Brown.
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5.5 The PTPIP51 conventional FFAT-like motif does not regulate binding to VAPB/VAPA.
Whilst PTPIP51 contains two FFAT motifs, it is not well established whether the conventional FFAT-
like motif (16s TFTDAES172) may be involved in binding to VAPB or VAPA. Whilst literature has implicated
the phospho-FFAT motif as the probable binding domain, our data shows this motif is not necessary
for binding to VAPA or VAPB (section 5.4). In silico modelling using Alpha-fold suggests that the
conventional FFAT-like motif can bind to the VAPA and VAPB MSP domains by binding to the
hydrophobic pocket (Figure 5-4A, Figure 5-5A). In a similar fashion to the predicted modelling of the
phospho-FFAT motif, the aromatic group of the phenylalanine 167 and the alanine 170 are predicted
to bind to the key ‘KFM’ residues with the VAPA and VAPB MSP domains. Mutation of the F167 and
A170 residues within this motif is predicted to disrupt binding to this MSP region (Figure 5-4D, Figure
5-5D). Following a similar approach to our investigation of the phospho-FFAT, we mutated these four
key residues (F167/T168/D169/A170) within the motif (Figure 5-1). HEK293 cells were transfected
with empty vector pCl-neo or wild type, F167A/A170D or F167A/T168A/D169A/A170D PTPIP51-HA
Y158A/F159A/T160A. The samples were immunoprecipitated with an anti-HA antibody to capture
PTPIP51 and immunoblotted for PTPIP51-HA, endogenous VAPA, VAPB and a-tubulin as a loading
control (Figure 5-10). We observed that neither mutation of the FFAT-like motif residues disrupted
the binding between PTPIP51 and VAPA or VAPB. This suggests that the PTPIP51 conventional FFAT-
like motif is not necessary for binding to VAPA or VAPB (Figure 5-10).
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Figure 5-10 The PTPIP51 FFAT-like motif does not mediate binding to VAPA or VAPB.

A) HEK293 cells were transfected with empty vector pCl-neo, wild type (WT) PTPIP51-HA, PTPIP51-HA
F167A/A170D or F167A/T168A/D167A/A170D. Cells were immunoprecipitated with an anti-HA
antibody and immunoblotted, probing for HA, endogenous VAPA, VAPB and a-tubulin antibody as a
loading control.

B & C) Graphs show the quantification of the level of VAPB (B) or VAPA (C) normalised to the level of
immunoprecipitated PTPIP51-HA. Bars represent mean * SEM. Data were analysed by one-way
ANOVA with Fisher’s LSD, ns = non-significant, N = 3. For input 45 ug protein was loaded. Immunoblot
performed by Miss Eloise Brown.
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5.6 The PTPIP51 tyrosine 176 is not necessary for binding to VAPB or VAPA.

In silico modelling indicated that a motif spanning PTPIP51 Y176 could act as a 3™ FFAT-like motif
(Figure 5-1, Figure 5-6 & Figure 5-7). The phosphorylation status of this phospho-site by has previously
been shown to regulate binding of PTPIP51 with RAF proto-oncogene serine/threonine-protein kinase
1 (Rafl), via binding to 14-3-3 (Brobeil et al., 2011; Brobeil et al., 2012). This site is suggested to be
phosphorylated by the kinase Src family kinases Lyn and c-Src and dephosphorylated by protein
tyrosine phosphatase 1B (PTP1B) (Brobeil et al., 2011). To determine if phosphorylation of Y176 may
also regulate binding to VAPA and VAPB, we used site directed mutagenesis to create phospho-
deficient (alanine or phenylalanine) and phospho-mimetic (glutamic acid) mutants. In addition to
Y176, modelling suggests that A179 may also be involved in binding to the MSP hydrophobic pocket,

thus substation with a phenylalanine was used to disrupt binding of this residue.

HEK293 cells were transfected with empty vector pCl-neo or wild type or the panel of phospho-mutant
PTPIP51-HA constructs. The samples were immunoprecipitated with an anti-HA antibody to capture
PTPIP51 and immunoblotted for PTPIP51-HA, endogenous VAPA, VAPB and a-tubulin as a loading
control (Figure 5-11). Phospho-deficient or phospho-mimetic mutation of PTPIP51 Y176 did not
change binding to VAPB or VAPA. We observed that mutation of both Y176 and A179 did not disrupt
the interaction between PTPIP51 with VAPA and VAPB. Together, this suggests that the PTPIP51
tyrosine 176 is not necessary for binding to VAPA or VAPB (Figure 5-11). However, due to time
limitations this experiment was only repeat once, thus further experimental repeats are necessary to

confirm this result.
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Figure 5-11 PTPIP51 tyrosine 176 is not necessary for binding to VAPA and VAPB.

A) HEK293 cells were transfected with empty vector pCl-neo, wild type (WT) PTPIP51-HA or PTPIP51-
HA Y176 mutants (Y176A, Y176F, Y176E or Y176A/A179F). Cells were immunoprecipitated with an
anti-HA antibody and immunoblotted, probing for HA, endogenous VAPA, VAPB and a-tubulin
antibody as a loading control.

B & C) Graphs show the quantification of the level of VAPB (B) or VAPA (C) normalised to the level of
immunoprecipitated PTPIP51-HA. N = 1. For input 45 ug protein was loaded. Immunoblot performed
by Miss Eloise Brown.
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5.7 Disruption of the MSP domain disrupts VAPB and VAPA binding to PTPIP51

Contrary to published data, within this study we found that disruption of PTPIP51 FFAT-like motifs
does not change binding to VAPB or VAPA. Additionally, the phosphorylation site Y176 which is known
to regulate PTPIP51 binding to Rafl is not necessary for its interaction with VAPB or VAPA. One
possibility for these results is that binding of PTPIP51 to VAP proteins is not mediated by their MSP
domain. Data suggests that the MSP domain binds to FFAT motifs via a key hydrophobic pocket (Di
Mattia et al., 2020). Mutation of key residues within this groove have been shown to disrupt
interaction of VAPA and VAPB with PTPIP51 (Cabukusta et al., 2020). Thus, suggesting the MSP domain

is necessary for interaction with PTPIP51.

To confirm this finding, we obtained DNA plasmid constructs of FLAG-VAPA and Myc-VAPB that had
been mutated to disrupt the key MSP ‘KFM’ binding motif, K94D/M96D and K87D/M89D respectively
(Figure 5-12) (Cabukusta et al., 2020). HEK293 cells were transfected with empty vector pCl-neo, wild
type FLAG-VAPA or Myc-VAPB, or their respective MSP mutant constructs. For immunoprecipitation
of Myc-VAPB cells were immunoprecipitated with an anti-Myc antibody. Immunoprecipitation of
FLAG-VAPA was completed using anti-FLAG antibody conjugated magnetic beads. The samples were
immunoblotted for endogenous PTPIP51 and either Myc or FLAG (Figure 5-13, Figure 5-14). In line
with published data, we observed that mutation of key residues within VAPA (Figure 5-14) and VAPB
(Figure 5-13) depleted their interaction with PTPIP51. This confirms that the MSP domain is necessary
for both VAPA and VAPB to bind to PTPIP51.
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Figure 5-12 Summary of VAPB and VAPB MSP mutations investigated within this study.

Schematic diagram of the VAPB and VAPA protein structures. The key residues within the major sperm
domain (MSP) of either protein that were mutated to determine their role in binding to PTPIP51 are
highlighted in pink and labelled.
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Figure 5-13 Mutation of key MSP domain residues disrupts VAPB binding to PTPIP51.

HEK293 cells were transfected with empty vector pCl-neo, wild type (WT) Myc-VAPB or major sperm
protein (MSP) domain mutant Myc-VAPB K87D/M89D. Cells were immunoprecipitated with an anti-
Myc antibody and immunoblotted, probing for Myc and endogenous PTPIP51. Graph shows the
qguantification of the level of PTPIP51 normalised to the level of immunoprecipitated Myc-VAPB. Bars
represent mean + SEM. Data were analysed by one-way ANOVA with Fisher’s LSD, N = 2. For input 45
ug protein was loaded. Immunoblot performed by Miss Eloise Brown.
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Figure 5-14 Mutation of key MSP domain residues disrupts VAPA binding to PTPIP51.

HEK293 cells were transfected with empty vector pCl-neo, wild type (WT) FLAG-VAPA or major sperm
protein (MSP) domain mutant FLAG-VAPA K94D/M96D. Cells were immunoprecipitated with anti-
FLAG conjugated beads and immunoblotted, probing for FLAG and endogenous PTPIP51. Graph shows
the quantification of the level of PTPIP51 normalised to the level of immunoprecipitated FLAG-VAPA.
Bars represent mean + SEM. Data were analysed by one-way ANOVA with Fisher’s LSD, N = 2. For input
45 pg protein was loaded. Immunoblot performed by Miss Eloise Brown.
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5.8 Discussion

Multiple lines of evidence suggested that VAPB and VAPA interact with PTPIP51 by binding to an FFAT-
like motif within PTPIP51 (Di Mattia et al., 2020; Yeo et al., 2021). PTPIP51 has been shown to contain
two FFAT-like motifs, one conventional motif (16sTFTDAES:72) and one phospho-FFAT motif
(157VYFTASS163). It has not previously been established which of these FFAT motifs mediate binding to
VAPA and VAPB. Studies previously suggested that the PTPIP51 FFAT-like motifs bind to the MSP
domain of VAPA and VAPB (Di Mattia et al., 2020; Kaiser et al., 2005; Murphy and Levine, 2016). In
these studies, they reported this interaction between the VAPB and VAPA MSP domains with peptides
spanning the FFAT motif. However, whether disruption of these FFAT-like motifs in full length PTPIP51

protein prevents binding to VAPB or VAPA was not established.

In this chapter we show that the PTPIP51 FFAT-like motifs are not necessary for binding to VAPA and
VAPB (sections 5.4 and 5.5). To investigate this, we used co-immunoprecipitation assays with
overexpression of HA-tagged PTPIP51 with mutation of key residues within the motifs. Co-
immunoprecipitation requires cell lysis, resulting in extraction of the proteins that are situated within
membranes. This limits the technique, as we are unable to measure the level of protein-protein
interactions within the context of the organelles that they localise, such as MAM. To overcome this
limitation, we could utilise a technique such as proximity ligation assay, that allows quantification of

protein interactions without disrupting cell morphology (Tubbs and Rieusset, 2016).

Studies investigating the interaction between VAPA and VAPB with FFAT motif containing proteins
showed that phosphorylation of the phospho-FFAT may act as a switch to regulate binding (Di Mattia
et al., 2020; Kors et al., 2022a; Kors et al., 2022b). Our data shows that mutating the possible
regulatory phospho-site within the PTPIP51 phospho-FFAT did not disrupt binding with VAPA or VAPB
(Figure 5-8, Figure 5-9). In addition to this, whilst in silico modelling suggested the tyrosine 176 may
mediate binding to the MSP domain (Figure 5-6, Figure 5-7), phospho-deficient mutation of this site
had no effect (Figure 5-11). One possible explanation for this result is that phosphorylation of multiple
phospho-sites within binding domains of PTPIP51 are necessary for its interaction with VAPA and
VAPB. To determine this, we could test the endogenous binding between PTPIP51, VAPA and VAPB
using co-immunoprecipitation, with the addition of phosphatase treatment. As the phosphatase
PTP1B dephosphorylates PTPIP51 to regulate binding to Rafl, this could be used as a positive control
(Brobeil et al., 2011).

Within this study we only investigated the potential impact of disrupting individual FFAT-like motifs in
PTPIP51. One possible mechanism for the interaction of PTPIP51 with VAPA or VAPB may involve the

propensity of both identified FFAT-like motifs to bind. In line with our data, a recent study found that
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removal of the phospho-FFAT motif does not disrupt binding to VAPB (Mérotz et al., 2022). However,
this study did not remove the second FFAT-like motif (166 TFTDAES172). To confirm this theory, PTPIP51
binding to VAPA and VAPB could be tested with simultaneous mutation of both FFAT-like motifs.
Another possible way to test the binding between VAPA, VAPB and PTPIP51 would be to investigate
RMDN2. RMDN2 is a protein homologous to PTPIP51, although its protein function is not well
characterised. Compared to PTPIP51, RMDN2 does not contain FFAT motifs, but there is conservation
of amino acids spanning the tyrosine 176 in PTPIP51 (Figure 5-15A). In silico modelling suggests this
conserved motif may bind to the VAPB MSP domain (Figure 5-15B). Analysis of the pLDDT scores of
this predicted showed a very high degree of confidence in the accuracy of the local structure of the
VAPB MSP domain and of key FFAT-like motif resides within the peptide (Figure 5-15C). In line with
our previous predicted models, both the MSP domain and key FFAT-like motif residues within the
RMDN2 peptide scored low PAE values (Figure 5-15D). The pTM and ipTM scores for the prediction
were both above 0.8 (0.84 and 0.80 respectively, Table 5-1), suggesting a robust prediction of binding
between the RMDN2 peptide and VAPB MSP domain. Indeed, proteomic studies suggest that VAPB
binds to RMDN2 (Huttlin et al., 2021; Huttlin et al., 2017). Thus, investigating whether VAPB and
RMDN2 bind in cells could confirm that VAPB is able to bind to PTPIP51 independent of any previously
identified FFAT motifs.

Lastly, our finding confirms that mutation of key residues with the VAPB and VAPA MSP domains
prevents binding to PTPIP51 (Figure 5-13, Figure 5-14). Considering we found no evidence of binding
defects with disruption of PTPIP51 FFAT motifs, it is currently unclear whether MSP domains solely
mediate binding to FFAT motifs as literature states (Kaiser et al., 2005; Kim et al., 2010a). A recent
study found that removal of the PTPIP51 coiled-coil domain abolishes its interaction with VAPB
(Mérotz et al., 2022). Thus, one possible binding mechanism may be mediated by interaction between
the PTPIP51 coiled-coil and the VAPB or VAPA MSP domain. However, in silico modelling does not
predict binding between this coiled-coil domain and the VAPB MSP domain (Figure 5-16A & D). Indeed,
AlphaFold3 prediction of the interaction between the VAPB MSP domain and a monomeric (Figure
5-16B) or dimeric (Figure 5-16E) form of the PTPIP51 coiled-coil domain showed a medium-to-low
degree of confidence in the accuracy of the local structure with the pLDDT. Additionally, both
predictions scored high PAE values (Figure 5-16C & F), and the pTM and ipTM scores for the prediction
were both below 0.8 (Monomer: pTM 0.71, ipTM 0.20, Dimer: pTM 0.61, ipTM 0.20, Table 5-1).
Together this suggests a low confidence prediction of binding between the PTPIP51 coiled-coil domain

peptide and VAPB MSP domain.
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To investigate this further, a protein fragment of the PTPIP51 coiled-coil domain should be produced.
Co-immunoprecipitation of this protein fragment with VAPB or VAPA would determine if it is sufficient
for interaction. Thus, further investigation is needed to elucidate the binding mechanism between

PTPIP51, VAPA and VAPB.

A Phospho-FFAT FFAT  Y176/A179
PTPIP51 150 STGSSSVYFTASSGATFTDAESEGGY TTAN 180
RMDN2 143 SEEAESEIQSSATSNSSEEAESEGGYITAN 156

VAPB MSP domain + RMDN2 peptide ‘EEAESEGGYITANTDTEEQSFPV’

D Scored residue / atom

Aligned residue / atom

VAPB MSP domain RMDN2

[ —

[l Very high (pLDDT > 90)
Confident (90 > pLDDT > 70)

Low (70 > pLDDT > 50) 0 19 _ 20 30
Very low (pLDDT < 50) Expected position error (Angstréms)

Figure 5-15 RMDN2 contains a conserved tyrosine residue that may regulate VAPB binding.

A) Partial sequence alignment between the PTPIP51 and RMDN2 proteins. Conserved residues are
highlighted in green. RMDN2 does not contain a phospho-FFAT motif (pink) or FFAT motif (blue) but
has conservation of an FFAT-like sequence Y152/A155 similar to PTPIP51 Y176/A179 ( ).

B) AlphaFold3 modelling prediction of the interaction between the VAPB major sperm protein (MSP)
MSP domain (blue) and a RMDN2 peptide spanning the Y152/A155 residues (yellow). The resides of
this new potential FFAT-like motif are highlighted in green and labelled. The key binding ‘KFM’
residues in the MSP domain are highlighted in dark blue.

C) predicted local distance difference test (pLDDT) scores of local confidences the predicted model.

D) Predicted aligned error (PAE) score of the model. Positioning between the key FFAT-like motif
residues within the PTPIP51 peptide and the MSP domain have low expected error.
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Figure 5-16 AlphaFold3 modelling does not predict PTPIP51 coiled coil binding to the VAPB MSP
domain.

A & D) AlphaFold3 modelling predictions of the interaction between the VAPB major sperm protein
(MSP) MSP domain (blue) and a monomeric (A) or dimeric (D) peptide of the PTPIP51 coiled-coil
domain (yellow). The key binding ‘KFM’ residues in the MSP domain are highlighted in dark blue.

B & E) predicted local distance difference test (pLDDT) scores of local confidences for the respective
predicted models. The structure of the VAPB MSP domain is confidently predicted in both models,
although the PTPIP51 coiled-coil domain is less confidently predicted in both monomeric (B) and
dimeric form (E).

C & F) Predicted aligned error (PAE) scores of the predicted models. The relative positioning of the
VAPB MSP domain in respect to the PTPIP51 coiled-coil domain has a high expected position error in
both monomeric (C) and dimeric form (F).
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Table 5-1 Confidence values for predictions of protein interactions with AlphaFold3.

Figure Model ipTM pTM

Figure 5-2 VAPB MSP domain & peptide spanning PTPIP51 phospho-FFAT 0.81 0.87
motif ‘SDSTGSSSVYFTASSGAT’
VAPB MSP domain & peptide spanning mutant PTPIP51 0.41 0.80
phospho-FFAT motif ‘SDSTGSSSVAAAASSGAT’

Figure 5-3 VAPA MSP domain & peptide spanning PTPIP51 phospho-FFAT 0.68 0.83
motif ‘SDSTGSSSVYFTASSGAT’
VAPA MSP domain & peptide spanning mutant PTPIP51 0.41 0.77
phospho-FFAT motif ‘SDSTGSSSVAAAASSGAT’

Figure 5-4 VAPB MSP domain & peptide spanning PTPIP51 FFAT-like motif 0.85 0.91
‘SSGATFTDAESEGG’
VAPB MSP domain & peptide spanning mutant PTPIP51 FFAT- 0.57 0.87
like motif ‘'SSGATATDDESEGG’

Figure 5-5 VAPA MSP domain & peptide spanning PTPIP51 FFAT-like motif 0.82 0.89
‘SSGATFTDAESEGG’
VAPA MSP domain & peptide spanning mutant PTPIP51 FFAT- 0.42 0.81
like motif ‘SSGATATDDESEGG’

Figure 5-6 VAPB MSP domain & peptide spanning PTPIP51 FFAT-like Y176 0.74 0.81
motif ‘ESEGGYTTANAESDNERDSD’
VAPB MSP domain & peptide spanning mutant PTPIP51 FFAT- 0.32 0.78
like Y176A motif ‘ESEGGATTANAESDNERDSD’

Figure 5-7 VAPA MSP domain & peptide spanning PTPIP51 FFAT-like Y176 0.74 0.81
motif ‘ESEGGYTTANAESDNERDSD’
VAPA MSP domain & peptide spanning mutant PTPIP51 FFAT- 0.32 0.74
like Y176A motif ‘ESEGGATTANAESDNERDSD’

Figure 5-15 VAPB MSP domain & peptide spanning the RMDN2 conserved 0.80 0.84
tyrosine residue ‘EEAESEGGYITANTDTEEQSFPV’

Figure 5-16 VAPB MSP domain & monomeric peptide spanning the PTPIP51 0.20 0.71
coiled-coil domain
VAPB MSP domain & dimeric peptide spanning the PTPIP51 0.20 0.61

coiled-coil domain
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Chapter 6 Discussion

6.1 NEK1 may regulate nucleus to mitochondria signalling in the DDR

6.1.1 DNA damage repair

In response to genotoxic stress, a tightly regulated series of cell signalling pathways known as the DDR
are triggered to promote DNA damage repair and cell survival (Giglia-Mari et al., 2011). Upon
activation by DNA damage, proteins localised in the nucleus such as PARP1 and SIRT1 consume NAD+
in order to promote DNA repair (Figure 1-11) (Cerutti et al., 2014; Murata et al., 2019). PARP1
condenses at sites of DNA breaks to mediate synapsis of broken DNA ends during DNA repair (Chappidi
et al., 2024). Whilst SIRT1 promotes the recruitment of DNA repair proteins such as Ku70 to the site
of damage (Jeong et al., 2007). In addition to NAD+, key DNA repair proteins such the DDR initiator
protein ATM require ATP to initiate DNA repair (Kozlov et al., 2003). The mitochondrial process
OXPHOS synthesises ATP, and produces NAD+ as a byproduct of the electron transport chain due to
oxidation of NADH by complex | (Chance and Williams, 1956). The electron transport chain also
generates ROS as a byproduct of redox reactions by complexes | and Il (Chance and Williams, 1956).
Excessive levels of ROS can promote DNA damage (Mazat et al., 2020). However, ROS can also
promote DNA damage repair by activating ATM autophosphorylation and downstream stimulation of
cell cycle arrest kinase Chkl (Meng et al., 2018; Xie et al., 2021). As consumption by DDR proteins
depletes cell levels of ATP and NAD+, this stimulates OXPHOS to meet cellular demands and promote
DDR signalling. Thus, communication between the nucleus and mitochondria is necessary for this

positive feedback cycle, to ensure sufficient NAD+ and ATP is available during the DDR process.

Influx of Ca%* into the mitochondria promotes the synthesis of NAD+ and ATP by OXPHOS, as Ca*
stimulates dehydrogenase enzymes with the TCA cycle to catalyse NADH and FADH,, which are
required for the electron transport chain (Figure 6-1) (Denton, 2009; Denton et al., 1972). Indeed,
transfer of Ca?* between the ER and mitochondria is a key regulator of cell fate determination in
response to cell stress, as prolonged mitochondrial Ca?* influx promotes cell death (Shoshan-Barmatz
et al., 2010; Sukumaran et al., 2021). ER to mitochondria transfer of Ca?* is mediated by the IP3R-
Grp75-VDAC1 protein complex (Atakpa-Adaji and Ivanova, 2023). It is well established that
VAPB/PTPIP51 tethering mediates this Ca?* transfer by promoting ER-mitochondria apposition and
IP3R-VDAC1 association (Figure 6-1) (De Vos et al., 2012; Gomez-Suaga et al., 2017). In response to
DNA damage a portion of NEK1 is recruited to mitochondria where it prevents apoptosis by
phosphorylating VDAC1 (Chen et al., 2009; Chen et al., 2010b). Our data suggests that upon activation
of NEK1 by DNA damage, it may also be recruited to MAM where VDACLI localises to maintain Ca?*
homeostasis (Figure 3-16) (Ahumada-Castro et al., 2021). Thus, one possible function of NEK1 at these

contact sites may be to promote cell survival in response to DNA damage by regulation of
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VAPB/PTPIP51 tethering and Ca?* transfer. In agreement with this theory, we report that activation of
NEK1 by camptothecin-induced DNA damage promotes NEK1 interaction with PTPIP51 and increases
tethering between VAPB and PTPIP51 (Figure 4-12, Figure 4-13). This correlates with a decrease in the
cytoplasmic Ca?* levels upon IP3R-stimulated release from ER stores, which suggests an increase in
mitochondrial Ca?* uptake (Figure 4-14). Cells lacking NEK1 do not enhance VAPB/PTPIP51 tethering
in response to DNA damage (Figure 4-13). Therefore, loss of NEK1-mediated regulation of
VAPB/PTPIP51 tethering and Ca?* transfer could prevent Ca®* stimulated ATP and NAD+ production
through the TCA cycle and OXPHOS. Insufficient production of ATP and NAD+ would prevent activation
of DNA repair proteins such as PARP1 and ATM, leading to inefficient DNA repair and prolonged
genotoxic damage. Thus, NEK1 may act as a key mediator of signalling between the nucleus and MAM

in the DDR process.

It is well established that NEK1 and C21orf2 form a functional protein complex, and that C21orf2 is
essential for efficient DNA damage repair (Fang et al., 2015; Gregorczyk et al., 2023; Watanabe et al.,
2020; Zelina et al., 2024). Whilst literature has focussed on the mechanisms of NEK1 regulation of DNA
damage repair, one possible role for C21orf2 in this pathway is to inhibit the degradation of NEK1
protein. Indeed, it has been reported that NEK1-mediated phosphorylation stabilises C210orf2 protein
levels by inhibiting its interaction with the S phase kinase associated protein 1 (SKP1)—Cullin 1 (CUL1)-
F box only protein 3 (SCF) complex, which in turn stabilises the NEK1 protein (Watanabe et al., 2020).
Multiple lines of evidence show that loss or mutation of C210orf2 lead to reduced levels of NEK1 protein
in Hela, HEK293 and iPSC-derived motor neurons (Fang et al., 2015; Watanabe et al., 2020; Zelina et
al., 2024), which coincides with a reduced NEK1 protein level in our C21orf2 knock out Hela cells
(Figure 3-1). Thus, C210orf2 may be necessary to stabilise NEK1 protein levels in order to facilitate the

DDR (Figure 6-1).

In line with this mechanism, our data indicate that when exogenously expressed C21orf2 also interacts
with the VAPB/PTPIP51 tether, via an indirect interaction with PTPIP51 (Figure 3-14, Figure 3-18).
Furthermore, we observed that when C21orf2 has reduced binding to NEK1, due to disruption of its
N-terminal domain, it no longer binds to PTPIP51 (Figure 3-15), suggesting that NEK1 is necessary for
C21orf2 to interact with the VAPB/PTPIP51 tether. Whilst our data show that in physiological
conditions endogenous C21lorf2 is not present at MAM (Figure 3-16), it is suggested that in cells
C21orf2 protein only exists when in complex with NEK1, but not vice versa, which would explain the
C21orf2-independent roles of NEK1 such as mitosis regulation (Gregorczyk et al., 2023). Finally,
C21orf2 was unable to correct VAPB/PTPIP51 tethering defects in cells lacking NEK1, confirming that
NEK1 but not C21orf2 is necessary for regulation of this ER-mitochondria tether (Figure 4-5).

Therefore, C21orf2 may be involved in the stabilisation of a population of NEK1 protein which is
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recruited to MAM in response to DNA damage, however more research is necessary to confirm this

theory.

6.1.2 Apoptosis

Activation of NEK1 kinase activity promotes phosphorylation of VAPB at multiple sites (Figure 4-22).
In both our in vitro pulldown and in cell mass spectrometry experiments, we observed clustering of
phosphorylated sites within the VAPB intrinsically disordered regions of VAPB (Figure 6-2). Recent
evidence suggests that these disordered regions may act as flexible linkers that mediate protein
interactions (Subra et al., 2023). Truncation of the VAPA linker regions promotes localisation of VAPA
to MAM and formation of tethers at these sites (Subra et al., 2023). Whilst this has not been tested
for VAPB, one possible explanation for phosphorylation of VAPB linker regions upon NEK1 activation

may be to promote VAPB localisation and tethering to PTPIP51 at MAM.

Mass spectrometry of exogenously expressed VAPB revealed four phosphorylation sites (T150, S158,
S$160 and S206) with activation of NEK1 (Figure 4-22). The VAPB phosphorylation sites $158 and S160
have previously been identified in proteomic studies investigating DNA-damage induced
phosphorylation (Beli et al., 2012; Bennetzen et al.,, 2010; Boeing et al., 2016). Specifically,
phosphorylation of S158 and S160 was found to be increased with induction of DNA damage by
etoposide and irritating radiation (Beli et al., 2012). The site S158 is predicted to be phosphorylated
by the receptor-interacting serine/threonine-protein kinase 3 (RIPK3) (PhosphoSitePlus, Hornbeck et
al., 2015). RIPK3 forms a functional complex with the RIPK1, which it phosphorylates to regulate cell
death by necroptosis and apoptosis (Ashida et al., 2020; Cho et al., 2009; He et al., 2009). NEK1 has
been shown to indirectly inhibit activation of RIPK1-mediated apoptosis (Amin et al., 2018; Wang et

al., 2021a), suggesting NEK1 may act upstream of VAPB in order to mediate apoptosis (Figure 6-3).
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Figure 6-1 NEK1/C210rf2 regulation of VAPB/PTPIP51 tethering in response to DNA damage.

1) NEK1-mediated phosphorylation of C2lorf2 stabilises protein levels by preventing C21lorf2
interaction and ubiquitination by E3 ubiquitin ligases, which in turn stabilises the NEK1 protein.

2) In response to DNA damage, a portion of activated NEK1 interacts with PTPIP51 and promotes
VAPB/PTPIP51 tethering.

3) This promotes IP3R/VDAC1 mediated transfer of Ca** from the ER to mitochondria.

4) Mitochondrial Ca2+ promotes the production of NADH and FADH2 by stimulating the
dehydrogenases isocitrate dehydrogenase (IDH) and oxoglutarate dehydrogenase complex (ODGC) in
the tricarboxylic acid (TCA) cycle.

5) NADH and FADH2 are utilised in the electron transport chain to produce ATP. This produces NAD+
and ROS as byproducts of redox reactions.

6) NAD+ can stimulate PARP1 and SIRT to promote DNA damage repair. ATP promotes DNA repair
proteins such as ATM. ROS stimulates DNA repair proteins, but at excess levels can promote DNA
damage.
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The T160 phospho-site is suggested to be phosphorylated by the DNA-dependent protein kinase (DNA-
PK) catalytic subunit (PRKDC), which acts as a sensor for DNA damage (Abe et al., 2008). In response
to DSBs, DNA-PK is recruited to the site of damage by the Ku70/Ku80 heterodimer (Spagnolo et al.,
2006). NEK1 is known to bind to Ku80, although it is not established whether NEK1 may phosphorylate
Ku80 to regulate its function (Patil et al., 2013). Upon activation of NEK1, we observed the presence
of PRKDC peptides within our in cell VAPB mass spectrometry experiment, further implicating that
DNA-PK may phosphorylate VAPB downstream of NEK1 activity (Figure 6-3). In response to prolonged
DNA damage, excess levels of activated DNA-PK lead to activation of apoptosis (Hudson et al., 2005).
Together this suggests that NEK1 may lead to downstream phosphorylation of VAPB by DNA-PK to

regulate apoptosis in response to DNA damage (Abe et al., 2008).
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Figure 6-2 NEK1-induced VAPB phosphorylated sites cluster in disordered linker regions.

A) AlphaFold3 modelling prediction of the human VAPB protein, the main protein domains are colour-
coded as follows: = transmembrane, green = coiled-coil, dark blue = major sperm protein
(MSP). The potential NEK1 phosphorylation site pT201 identified in vitro, is labelled in magenta. The
VAPB phosphorylation sites identified with activation of NEK1 in cells are labelled in cyan.

B) predicted local distance difference test (pLDDT) scores of local confidences for the predicted model.

C) Predicted aligned error (PAE) scores of the predicted model.
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Figure 6-3 NEK1-induced phosphorylation of VAPB may regulate apoptosis.

1) In response to DNA damage NEK1 inhibits the activation of RIPK1 in order to prevent apoptosis.
RIPK1 associates with RIPK3 in order to initiate RIPK1-dependent apoptosis. RIPK3 is predicted to
phosphorylate VAPB at T158, although this needs further investigation.

2) In response to DNA damage activated DNA-PK recruits Ku70/Ku80 to promote DNA repair. NEK1
binds to Ku80, although the function of this interaction is unclear. We observed that DNA-PK binds to
VAPB, and possibly phosphorylates VAPB at T160. Excess activation of DNA-PK leads to induction of
apoptosis, possibly through excessive mitochondrial Ca** uptake.
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In addition to phosphorylation of VAPB, we observed that activation of NEK1 by overexpression
enhances the phosphorylation of PTPIP51 at S46 (Error! Reference source not found.). The PTPIP51
S46 phospho-site lies within a 14-3-3 binding domain (Yu et al., 2008). Phosphorylation of this site
negatively correlates with the level of apoptosis, as apoptotic cells exhibit reduced phosphorylation
at PTPIP51 S46 (Brobeil et al., 2012). This suggests that phosphorylation of PTPIP51 S46 may inhibit
induction of apoptosis. It is not yet clear which kinase phosphorylates this site, although considering
we do not observe phosphorylation of PTPIP51 by NEK1 in vitro (Figure 4-16), it is unlikely to be a
direct NEK1 phosphorylation site. PhosphoSitePlus predicts this to be a large tumour suppressor
kinase 2 (LATS2) phosphorylation site (Hornbeck et al., 2015). LATS2 is well established as a negative
regulator of Yes-associated protein 1 (YAP1), promoting YAP1/14-3-3 interaction and degradation
(Figure 6-4) (Hao et al., 2008; Zhao et al., 2010). Regulation of YAP1 is mediated upstream by RASSF1
activation of STK3 and STK4 which phosphorylate LATS2 to promote YAP1 degradation (Guo et al.,
2011; Karchugina et al., 2021). Disinhibition of YAP1 causes its nuclear translocation and transcription
of both anti- and pro-apoptotic proteins, which is known at the Hippo pathway (Zhang et al., 2018a).
In response to DNA damage, LATS2 has been shown to prevent YAP1-mediated induction of apoptosis
(Reuven et al., 2013). Additionally, Chkl phosphorylation of LATS2 at its kinase domain promotes
LATS2 kinase activity to inhibit apoptosis by inhibition of CDK and phosphorylation of 14-3-3 (Okada
et al., 2011; Suzuki et al., 2013a). Considering NEK is known to phosphorylate Chk1 during the DDR to
promote DNA repair, one possible mechanism is through a NEK1 > Chk1 > LATS2 > PTPIP51 signalling
cascade to inhibit apoptosis in response to DNA damage. Furthermore, NEK1 is known to directly
phosphorylates YAP1 in order to stabilise the protein and promote cell survival by inhibiting apoptosis
(Khalil and De Benedetti, 2022; Khalil et al., 2020). This suggests that NEK1 may regulate YAP1 both
directly and upstream, to promote cell survival upon genotoxic stress. Proteomic data suggests that
VAPA and VAPB interact with STK3 and STK4 (Hauri et al., 2013; Huttlin et al., 2021). In our study we
observed VAPB interaction with multiple proteins in this pathway including RASSF1, STK3 and STK4. In
drosophila the STK3/3 orthologue Hpo and the VAPA/VAPA orthologue Vap33 were shown to interact
in order to activate the YAP signalling pathway (Portela et al., 2024). Thus VAPA, VAPB and PTPIP51
may be involved in this signalling cascade, which is regulated in part by NEK1. How NEK1 may act in
this signalling cascade to regulate VAPB/PTPIP51 tethering is not yet clear, but regulation of apoptosis

appears to be a possible function of this pathway.
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Figure 6-4 NEK1-induced phosphorylation of PTPIP51 may regulate apoptosis.

1) Phosphorylation of PTPIP51 S46 is upregulated with activation of NEK1. This site regulates binding
to 14-3-3 as inhibits induction of apoptosis.

2) Phosphorylation of PTPIP51 S46 is predicted to be phosphorylated by LATS2. LATS2 is regulated
upstream by RASSF1 and STK3/4 which are suggested to bind to VAPB.

3) LATS2 inhibits YAP2 mediated apoptosis by promoting YAP1/14-3-3 binding and degradation (green
arrows).

4) In response to DNA damage the TLK1 > NEK1 > ATR > Chk1 pathway is activated to promote cell
cycle arrest and DNA repair. NEK1 inhibits YAP1 by phosphorylation to stabilise the protein and inhibit

apoptosis (pink arrows). Chk1 can phosphorylate LATS2 to promote its kinase activity.
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In line with the theory that NEK1-induced phosphorylation of VAPB may promote apoptosis, MAM
regulation of Ca?* homeostasis had been linked to control of apoptosis (Bahar et al., 2016). Elevated
mitochondria Ca?, such as by prolonged influx through VDAC1 can promote mitochondrial
depolarisation and opening of the mitochondrial permeability transition pore (mPTP) (Baumgartner
et al., 2009). Sustained opening of the mPTP leads to mitochondrial swelling and rupture, causing
release of cytochrome cinto the cytosol which promotes initiation of apoptosis (Bernardi et al., 2023).
In agreement with this, prolonged phosphorylation of VDAC1 by NEK1 leads to cell death (Chen et al.,
2009), suggesting NEK1 may have dual functions at MAM in the DDR. Upon activation by mild or
transient genotoxic stress NEK1 may promote VAPB/PTPIP51 tethering to increase ER-mitochondria
Ca?* and DNA damage repair (section 1.3.2.4). However, upon excessive DNA damage NEK1 may
promote apoptosis by indirect phosphorylation of VAPB and VDAC1-mediated opening of the mPTP.
Due to time limitations, we were unable to investigate whether phosphorylation of the identified
VAPB and PTPIP51 phospho-sites upregulated by NEK1 may regulate VAPB/PTPIP51 interaction.
Therefore, further investigation into these phospho-sites may elucidate the mechanism of NEK1

regulation of MAM in response to DNA damage.

6.1.3 Cell cycle regulation

Of the four identified phosphorylation sites, T150 was found to be the most enriched phosphorylation
site with NEK1 overexpression. This phosphorylation site has been identified 20 times in high
throughput proteomic studies and has been shown to be phosphorylated in response to inhibition of
mitosis (Dulla et al., 2010; Kettenbach et al., 2011; Santamaria et al., 2011). In line with this, recent
evidence suggests that like NEK1, VAPB is involved in regulation of cell cycle progression, as knock out
of VAPB leads to cell cycle arrest and reduced proliferation in medulloblastoma cells (Faria Assoni et
al., 2023). Furthermore, VAPB has been shown to interact with the nucleoporin ELYS during anaphase
by binding to the ELYS phospho-FFAT motif in a phosphorylation dependent manner (James et al.,
2024). Together this suggests that NEK1 may act upstream of VAPB, leading to phosphorylation of
VAPB at T150 and progression of cell cycle. Thus, in line with the role of NEK1 in halting cell cycle
progression during DNA repair, DNA damage induced NEK1 recruitment to MAM may promote cell
cycle arrest via VAPB (Chen et al., 2008; Pelegrini et al., 2010). In future it would be interesting to

determine whether NEK1 may regulate VAPB/ELYS interaction by direct phosphorylation of ELYS.
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6.2 NEK1/AMPK signalling may regulate VAPB/PTPIP51 tethering

AMPK is a crucial cellular energy sensor that helps maintain energy balance and supports cell survival
(Herzig and Shaw, 2018). Multiple lines of evidence suggest that AMPK is involved in the DDR by
promoting ATP production to meet the metabolic needs of DNA repair proteins, and activating SOD
proteins to cope with oxidative stress (Figure 1-6) (Gwinn et al., 2008; Marino et al., 2021). In response
to metabolic stress, AMPK phosphorylates the NEK1-interacting kinase RIPK1 at S415 in order to
inhibit stress-induced cell death (Figure 6-5) (Zhang et al., 2023). In addition to regulation of apoptosis,
RIPK1 has been shown to bind to AMPK to inhibit the induction of autophagy by inhibition of mMTORC1
in response to energetic stress (Najafov et al., 2021). This suggests that in response to DNA damage,
AMPK may interact with RIPK1 in order to promote cell survival by limiting autophagy and apoptosis.
In line with this potential role of AMPK, the activation of NEK1 inhibits RIPK1-dependent apoptosis
(Amin et al., 2018). NEK1-deficiency in mice leads to postnatal lethality and blood brain barrier damage
(Wang et al., 2021a). This is due to disinhibition of RIPK1 and thus sensitisation to RIPK1-dependent
apoptosis. Interestingly, loss of NEK1 impairs the trafficking of glucose transporter GLUT1 to the
plasma membrane, leading to metabolic defects (Wang et al., 2021a). Considering AMPK promotes
GLUT1 expression to increase glucose uptake in response to metabolic demands (Wu et al., 2013),
AMPK/NEK1 regulation of RIPK1 may act as an axis to regulate metabolism and cell death in response

to genotoxic stress.

NEK1 is known bind to 14-3-3 (Sonntag et al., 2017). Regulation of NEK1/14-3-3 binding is dependent
on the phosphorylation of NEK1 T1052, which is a key residue within the 14-3-3 binding motif (Sonntag
et al., 2017). The NEK1 T1052 phospho-site has been reported to be phosphorylated by AMPK (Figure
6-5) (Jiang et al., 2022; Sonntag et al., 2017). AMPK-mediated phosphorylation of NEK1 T1052 has
been reported in response to DNA damage induced by IR (liang et al., 2022). This suggests that in
response to DNA damage, AMPK may phosphorylate NEK1 in order to promote binding to 14-3-3.
Currently the function of NEK1/14-3-3 binding is unclear. Studies have shown that 14-3-3 binding can
modulate protein subcellular localisation by masking nuclear localisation or export sequences (Muslin
and Xing, 2000). Our shows that NEK1 is partially localised to MAM and that NEK1/PTPIP51 interaction
is increased upon DNA damage. Thus, one possible explanation is that AMPK-phosphorylation
promotes 14-3-3 binding to NEK1 in order to promote NEK1 localisation at MAM, although further

investigation is needed to confirm this.

GSK3p is a metabolic sensor involved in protein and lipid synthesis and glucose and mitochondrial
metabolism pathways (Papadopoli et al., 2021). The interaction between VAPB and PTPIP51 has been
shown to be negatively regulated by the kinase GSK3p (Stoica et al., 2014; Stoica et al., 2016). Whilst

the mechanisms of GSK3p regulation of VAPB/PTPIP51 tethering is not yet clear, one possible pathway
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is through GSK3B/AMPK/NEK1 signalling (Figure 6-5). It is known that activated GSK3pB binds to and
phosphorylates AMPK in order to inhibit its kinase activity (Suzuki et al., 2013b). Thus, GSK3p-
mediated inhibition of AMPK may lead to reduced NEK1 recruitment to MAM, and reduced
VAPB/PTPIP51 tethering. Multiple lines of evidence suggest that GSK3B is activated in response to
genotoxic stress in order to activate DNA repair proteins such as p53-binding protein 1 (53BP1) and
prevent activation of apoptosis by p53 (Ngok-Ngam et al., 2013; Watcharasit et al., 2002; Yang et al.,
2018). In response to DNA damage induction by cisplatin, GSK3B was found in the NEK1 protein
interactome (Melo-Hanchuk et al.,, 2017). One possible mechanism of GSK3B regulation of
VAPB/PTPIP51 tethering is that under homeostatic conditions GSK3p inhibits AMPK, preventing NEK1
translocation and regulation at MAM. However, upon genotoxic stress, a portion of NEK1 binds to
GSK3B in order to disinhibit AMPK. This could promote AMPK stimulated translocation of NEK1 to
MAM to regulate VAPB/PTPIP51 binding. GSK3 has a predicted NEK1 phosphorylation site within its
disordered region at T395, although whether this is a true phosphorylation site is not yet clear.
Together this suggests, in response to DNA damage, NEK1, AMPK and GSK3B may form a signalling
complex to regulate VAPB/PTPIP51 tethering. However, the specific mechanisms underlying this

potential pathway is not yet clear.
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Figure 6-5 Potential NEK1/AMPK/GSK3p regulation of VAPB/PTPIP51 tethering.

Black arrow: In response to metabolic and genotoxic stress AMPK is activated to promote cell survival.
Blue arrows: AMPK phosphorylates RIPK1 to inhibit apoptosis. RIPK1 can bind to AMPK to inhibit
induction of autophagy by mTOR disinhibition. NEK1 can also prevent apoptosis by inhibiting
activation of RIPK1.

Orange arrows: AMPK phosphorylates NEK1 at T1052 to promote binding to 14-3-3. This interaction
may promote NEK1 recruitment to MAM.

Green arrows: GSK3p inhibits VAPB/PTPIP51 tethering. This may be due to inhibition of AMPK as
GSK3B binds to and phosphorylates AMPK to inhibit its kinase activity. NEK1 is suggested to interact
with GSK3B. One possibility is upon DNA damage NEK1 binds to and inhibits GSK3, leading to AMPK
disinhibition and promotion of NEK1 recruitment to MAM.

220



6.3 Disruption of MAM disruption in NEK1/C210rf2 related ALS

6.3.1 NEK1 and C21orf2-deficiency disrupts VAPB/PTPIP51 tethering

Disruption of ER-mitochondria contacts has been well reported in multiple models of ALS (Lee et al.,
2024). In particular, there is increasing evidence that VAPB/PTPIP51 tethering is disrupted in sporadic
(Hartopp et al., 2022), FUS (Stoica et al., 2016), TDP-43 (Stoica et al., 2014) and C9orf72-related ALS
(Gomez-Suaga et al., 2022). Loss of function mutations in NEK1 cause familial and sporadic ALS
(Brenner et al., 2016; Kenna et al., 2016). However, whether disruption of VAPB/PTPIP51 tethering is
a characteristic of NEK1-ALS has not previously been investigated. Our data shows that NEK1 LOF in
Hela cells disrupts VAPB/PTPIP51 tethering and apposition between the ER and mitochondria (Figure
4-1, Figure 4-3, Figure 4-7). In line with loss of contact between the ER and mitochondria, NEK1
deficient cells exhibit disrupted Ca?* transfer between the organelles (Figure 4-10). Dynamic changes
in Ca® signalling is critical for synaptic transmission, as pre-synaptic Ca** levels mediate
neurotransmitter release (Devine and Kittler, 2018). Whilst Ca®* alterations regulate dendritic
excitability and synaptic plasticity (Segal, 2005; Sjostrom et al., 2008). VAPB/PTPIP51 tethers have
been reported at synapses, where they regulate synaptic function and dendritic spine morphology
(Gomez-Suaga et al., 2019). Loss of synaptic function is well established to underlie motor neuron
degeneration in ALS (Bae and Kim, 2017; Herms and Dorostkar, 2016). Thus, loss of VAPB/PTPIP51
tethering may contribute to ALS due to loss of Ca?* regulation at synapses, leading to dendritic

pathology.

As previously discussed, influx of Ca%* into the mitochondria is essential for regulation of ATP (Figure
6-1) (Denton, 2009; Denton et al., 1972). Reduced ER-mitochondria Ca?* transfer and ATP production
has been well reported in multiple models including SOD1 (Lautenschlager et al., 2013; Scaricamazza
et al., 2020), TDP-43 (Stoica et al., 2014; Wang et al., 2019), FUS (Ghiasi et al., 2012; Stoica et al., 2016)
related ALS. Motor neurons have high metabolic needs due to energetically demanding processes such
as axonal transport (De Vos et al., 2008). Thus, loss of ATP production due to reduced ER-mitochondria
connection may prevent neurons from meeting cellular metabolic demands, leading to defective
mitochondria function, axonal transport, and neurodegeneration (Cozzolino et al., 2013; Millecamps
and Julien, 2013). Production of ATP is also essential for the activation of key DNA damage repair
proteins (Kozlov et al., 2003). NEK1 LOF mutations in motor neurons causes accumulation of DNA
damage, possibly due to reduced activation of ATM-mediated DNA repair (Higelin et al., 2018). Thus,
loss of NEK1-mediated VAPB/PTPIP51 tethering in response to DNA damage may prevent signalling

between the nucleus and mitochondria in the DDR (Figure 6-1).

In line with the evidence that loss of NEK1 disrupts ER-mitochondria contacts, we observed that

C21orf2 LOF in Hela cells disrupts VAPB/PTPIP51 tethering (Figure 4-1, Figure 4-6) and apposition
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between the ER and mitochondria (Figure 4-8). As previously discussed, C21orf2 is suggested to be
necessary for the stabilisation of NEK1 protein levels by preventing its degradation by the UPS
(Watanabe et al., 2020), thus loss of C21orf2 also leads to a loss of NEK1 phenotype (Figure 6-6).
Furthermore, evidence suggests that the ALS-related V58L mutation in C2lorf2 leads to
hyperphosphorylation of C21orf2 protein by NEK1. This leads to inhibition of C210rf2 association with
the E3 ubiquitin ligase SCF complex and subsequent inhibition of C21orf2 and NEK1 protein
degradation by the UPS, leading to co-aggregation of C210rf2 and NEK1 (Watanabe et al., 2020). Thus,
aggregation of C21orf2 and NEK1 proteins lead to a NEK1 loss of function phenotype, similar to that
seen in post-mortem tissue of patients with ALS-related NEK1 mutations (Rifai et al., 2024). In line
with this, a recent study found that iPSC-derived motor neurones derived from C21orf2 V58L ALS
patients show post-transcriptional downregulation of NEK1, increased apoptosis, reduced
mitochondrial activity and impaired DDR (Zelina et al., 2024). Indeed, the NEK1 loss of function
phenotype could be reverted by inhibition of the proteasome or by isogenic correction of the V58L
mutations (Zelina et al., 2024). Thus, ALS-related mutations in C21orf2 may lead to co-aggregation of

NEK1 protein, preventing NEK1 to perform its critical functions in the DDR (Figure 6-6).
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Figure 6-6 C21orf2-mediated disruption of NEK1 in ALS.

A) In physiological conditions, NEK1-mediated phosphorylation of C21orf2 prevents it’s interaction
with the F box only protein 3 (FBXO03), preventing its ubiquitination by the S phase kinase associated
protein 1 (SKP1)-Cullin 1 E3 ubiquitin ligase complex. This in turn prevents degradation of both NEK1
and C21orf2 by attenuating degradation by the proteasome.

B) Loss of C21orf2 leads to destabilisation of NEK1 protein due to disinhibition of NEK1 degradation
by the ubiquitin-proteasome system (UPS), and a NEK1 loss of function phenotype.

C) The ALS-related C21orf2 V58L mutation leads to hyperphosphorylation by NEK1, which in turn leads
to excessive inhibition of the UPS and co-aggregation of NEK1 and C21orf2 protein. This results in a
loss of function phenotype due to aggregation of NEK1 protein.
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6.3.2 NEKI mutations as a ‘second hit’ in ALS aetiology

Accumulating evidence suggests that ALS is an oligogenic disease, with multiple genetic insults
contributing to disease manifestation (lacoangeli et al., 2024). Approximately 1.8% of all cases, and 30
—50% of NEK1 mutation carriers are oligogenic (lacoangeli et al., 2024; Lattante et al., 2021; Nguyen
et al., 2018). It is well established that NEK1 LOF mutations lead to accumulation of DNA damage in
ALS patient-derived motor neurons (Higelin et al., 2018). Whilst to a lesser extent, patient derived
C90rf72 mutant motor neurons also exhibit DNA damage accumulation (Higelin et al., 2018). A recent
study showed that motor neurons carrying both toxic C9orf72 repeat expansions and a NEK1 LOF
mutation exhibit increased DNA damage levels compared to single mutant cells (Santangelo et al.,
2024). Interestingly, C9orf72 repeat expansions have been shown to inhibit VAPB/PTPIP51 tethering
in iPSC-derived cortical neurons and mutant C9orf72 transgenic mice (Gomez-Suaga et al., 2022). Toxic
C90rf72 DPRs activate GSK3B which is known to inhibit VAPB/PTPIP51 tethering and AMPK activation
(Gomez-Suaga et al., 2022). One possibility is that NEK1 and C9orf72 may contribute to ALS pathology
through GSK3B-mediated inhibition of VAPB/PTPIP51 tethering. As loss of VAPB/PTPIP51 interaction
disrupts Ca?* transfer between the ER and mitochondria, this may lead to decreased ATP production.
As ATP is necessary for DNA damage repair, this could lead to insufficient DNA damage repair, DNA

damage accumulation and neurodegeneration (Hargreaves and Crabtree, 2011).

Recent evidence shows that NEK1 expression is downregulated in the TARDBP®* transgenic mouse
model (Jiang and Ngo, 2022; White et al., 2018). In addition to downregulation, NEK was differentially
spliced in post-mortem tissue from ALS cases exhibiting TDP-43 pathology (Ziff et al., 2023).
Considering TDP-43 pathology is observed in 97% of ALS cases, this suggests decreased NEK1 function
may be a common characteristic of ALS (Mackenzie et al., 2007). Indeed, TDP-43 has been reported in
cases of ALS harbouring NEK1 LOF and missense mutations (Rifai et al., 2024). Interestingly, the
NEK1R?61 missense mutation leads to NEK1-positive cytoplasmic aggregations that co-occur in cells
with TDP-43 aggregates (Rifai et al., 2024). Overexpression of wild type or mutant TDP-43 has been
shown to inhibit VAPB/PTPIP51 tethering, possibly due to activation of GSK3B (Markovinovic et al.,
2024; Stoica et al., 2014). Defective VAPB/PTPIP51 tethering and downstream synaptic function can
be rescued by overexpression of VAPB or PTPIP51 (Markovinovic et al., 2024). As our data shows that
activation of NEK1 promotes VAPB/PTPIP51 tethering, stimulation of NEK1 may be a potential

therapeutic target in TDP-43 associated ALS.

NEK1 is known to regulate the MAM protein VDACL in order to prevent cell death in response to
genotoxic stress (Chen et al., 2009). The Ca?* transfer capacity of the IP3R-Grp75-VDAC1 channel is
tightly regulated by apposition of the ER and mitochondria, which is controlled by VAPB/PTPIP51

tethering (De Vos et al., 2012). Multiple lines of evidence suggest that VDAC1 activity is disrupted in
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SOD1-related ALS. Transgenic SOD1%%* mice exhibit increased VDAC1 expression and increased
protein oligomerisation which triggers apoptosis (Abu-Hamad et al., 2008; Pittala et al., 2020;
Shteinfer-Kuzmine et al., 2022). Wild type and mutant SOD1 has been shown to bind to VDAC1, leading
to reduced channel activity (Shteinfer-Kuzmine et al., 2022). Reduced VDAC1 activity would lead to
decreased mitochondrial uptake of Ca?*. A decrease in mitochondria Ca?* could lead to decreased ATP
production by OXPHOS, and thus inability to meet cellular energy demands which could contribute to
motor neuron disease pathology (Cardenas et al., 2010). Interestingly, wild type SOD1 protein
aggregations have been reported in cases of NEK1-related ALS, although it is not currently known if
VDACL1 is defective in these cases (Forsberg et al., 2019). Activating VDAC1 activity in SOD1%%* mice
rescues mitochondrial defects (Magri et al., 2024). Thus, investigating the NEK1/VDCA1/SOD1 axis
could highlight a new therapeutic avenue to target mitochondrial disruption downstream of ER-

mitochondrial defects in ALS.

1%~ mice (Ito et

Recent evidence suggests that the NEK1-interactor RIPK1 is also dysregulated in SOD
al., 2016; Zelic et al., 2024). In these mice RIPK1 expression is upregulated, leading to activation of
RIPK1-dependent apoptosis and axonal pathology. Additionally, RIPK1 is inhibited by the ALS-
associated protein OPTN (Ito et al., 2016). ALS-associated loss of OPTN leads to disinhibition of RIPK1
and progressive axonal degeneration (Ito et al., 2016). Whether NEK1 expression or function is

changed in these models of ALS is not yet clear, but activation of NEK1 to promote RIPK1 inhibition
may be a strategy for treatment of SOD1 and OPTN-related ALS.
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Loss of NEK1 reduces VAPB/PTPIP51 tethering and Ca?* transfer into mitochondria via IP3R/VDAC1.
This may reduce ATP production and synaptic activity, leading to neurodegeneration.

1) C9orf72 toxic DPRs, TDP-43 and FUS activate GSK3B which inhibits AMPK and VAPB/PTPIP51
tethering. Loss of NEK1 may prevent disinhibition of AMPK and thus increased inhibition of
VAPB/PTPIP51 tethering.

2) Mutant SOD1 activates RIPK1 leading to increased RIPK1-dependent apoptosis. This may promote
RIPK1/RIPK3 phosphorylation of VAPB to disrupt VAPB/PTPIP51 tethering. This may be exacerbated
by loss of NEK1-mediated RIPK1 inhibition.

3) SOD1 binds to VDAC1 to reduce the channel activity, preventing Ca%** transfer, leading to
mitochondrial dysfunction. Loss of NEK1 phosphorylation of VDAC1 may exacerbate this effect and
promote apoptosis.

4) TDP-43 downregulates NEK1 expression, thus loss of NEK1 function may be a common pathogenic
mechanism in 97% of ALS cases.
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6.4 Future directions

6.4.1 How does NEK1-mediated phosphorylation regulate VAPB/PTPIP51 tethering?

In this study we investigated the role of NEK1-mediated regulation of VAPB/PTPIP51 tethering upon
activation of NEK1 by DNA damage. We observed that upon activation by camptothecin, NEK1
interaction with the tethering protein PTPIP51 is increased. NEK1 interaction with PTPIP51 in this
response promotes tethering between PTPIP51 and VAPB. Considering NEK1 can be activated by
multiple genotoxic stressors, future experiments should confirm whether other NEK1-activating
stressors such as cisplatin, H202 or IR would elicit the same response. Currently the binding
mechanism between NEK1 and PTPIP51 is not yet established. To determine how NEK1 bind to
PTPIP51, fragments of NEK1 and PTPIP51 protein domains should be created and tested for
interactions in co-immunoprecipitation assays. To determine if NEK1 localisation at MAM is due to
interaction with PTPIP51, cell fractionation should be performed in cells lacking PTPIP51 to determine

if this disrupts NEK1 localisation to the sites.

Our data suggests that NEK1 regulates VAPB/PTPIP51 tethering by promoting phosphorylation of both
proteins. It is currently unclear how phosphorylation of the proteins affects their binding. It is
suggested that VAPB/PTPIP51 binding is mediated through the MSP and FFAT domains respectively
(Di Mattia et al., 2020; Yeo et al., 2021). Our data suggests that disruption of PTPIP51 FFAT-like motifs
does not disrupt binding to VAPB. However, disrupting the VAPB MSP domain ablates binding to
PTPIP51. To confirm which domains, interact, protein fragments of the PTPIP51 domains and FFAT
motifs should be produced and tested for interaction with VAPB on co-immunoprecipitation.
Alternatively, simultaneous disruption of the three identified FFAT-like motifs in PTPIP51 should
tested. This would determine whether VAPB/PTPIP51 binding can be mediated by more than one
FFAT-like motif, which would explain why disruption of just one motif does not affect binding. Finally,
to determine if VAPB/PTPIP51 interaction is mediated by direct phosphorylation cells should be

treated phosphatases to cause dephosphorylation of the proteins.

Mass spectrometry data suggests that NEK1 activation causes of multiple VAPB and PTPIP51
phosphorylation sites. To determine the effect of these sites on VAPB/PTPIP51 phospho-deficient and
phospho-mimicking mutation of the residues should be produced. These mutants should be tested for
co-immunoprecipitation for the other protein to determine if phosphorylation of any of the sites
directly mediates protein interactions. It is currently unclear which kinase directly phosphorylates
these sites. To elucidate this, in vitro kinase assays can be utilised to test phosphorylation of
recombinant wild type and phospho-deficient mutant proteins by predicted kinases such as GSK3p,
AMPK and DNA-PK. If we establish which kinase directly phosphorylates VAPB and PTPIP51, we can

next determine whether loss of NEK1 disrupts VAPB/PTPIP51 tethering by loss of kinase signalling. To
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do this PLA of endogenous VAPB/PTPIP51 could be done in NEK1 KO with activation of the identified
kinase. With the expectation that rescuing downstream kinase activity would restore VAPB/PTPIP51

tethering. Furthermore, this could be tested with physiological inhibition of the NEK1 kinase.

In this study we observe that loss of NEK1 leads to disruption of Ca?* between the ER and
mitochondria. Currently the effect of loss of NEK1-mediated Ca** homeostasis is not yet clear.
Considering NEK1 is known to be involved in inhibition of apoptosis (Chen et al., 2009), the level of
apoptosis and cell viability should be measured in NEK1 KO cells using established assays, such as
cytochrome c release or lactate dehydrogenase (LDH) (Crowley et al., 2016; Kumar et al., 2018). As
NEK1 is established as protein involved in the DDR, the level of DNA damage should be determined by
measurement of yH2AX foci or a comet assay (Mah et al., 2010; Olive and Banath, 2006). To determine
these effects are due to NEK1-deficiency mediated loss of VAPB/PTPIP51 tethering, synthetic ER-
mitochondria tethers should be used to reestablish if reconnecting the organelles corrects the defects

(Csordas et al., 2010).

6.4.2 How does loss of NEK1 regulation of VAPB/PTPIP51 tethering lead to ALS?

Our data suggests that loss of NEK1 leads to disrupted VAPB/PTPIP51, an effect that has been well
reported in cell models of ALS. To determine if loss of NEK1-mediated MAM disruption is a contributor
to ALS, this finding should be replicated in a more disease relevant model such as iPSC-derived motor
neurons (Higelin et al., 2018). As we have only investigated NEK1 LOF, expression of NEK1 missense
mutation carrying plasmid constructs should be expressed in NEK1 KO cells to determine if these
mutations lead to the same disruption. Additionally, the C21orf2"8 missense mutation should be

expressed in C21orf2 KO cells to determine if this mutation disrupts VAPB/PTPIP51 tethering.

In ALS synaptic impairment has been suggested to have an active role in pathogenesis due to its onset
prior to axonal degeneration (Gomez-Suaga et al., 2019). VAPB/PTPIP51 tethers have been identify at
synapses and disruption of ER-mitochondria contacts has been shown to dysregulate synaptic activity
(Gomez-Suaga et al., 2017). Thus, loss of NEK1/C21orf2 may affect synaptic function, particularly in
response to DNA damage. To assess this, synaptic function at single synapse level can be measured in
neurons with miRNA-induced NEK1/C21orf2 knockdown by FM dye and pHluorin assays (Gaffield and
Betz, 2006; Royle et al., 2008).
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6.5 Conclusions

Within this study we have identified a novel signalling complex involving NEK1, C21orf2 and the
VAPB/PTPIP51 tether that regulates ER-mitochondria interactions. We observe that NEK1 directly
binds to PTPIP51, an interaction that is promoted by DNA damage. Induction of DNA damage
promotes VAPB/PTPIP51 tethering which is NEK1-dependent, possibly by downstream
phosphorylation of the proteins. Loss of NEK1 and C21orf2, causes reduced tethering between
VAPB/PTPIP51 which correlates with loss of Ca?* homeostasis and autophagic flux. This complex may
provide a direct link between defective DNA damage repair and ER-mitochondria contacts in ALS and

suggest a new axis for therapeutic intervention of ALS.

-

DNA Damage wage Sonox Physiology Loss of NEK1/C210orf2

g

.

§ < <

o VAPB

<
/_(< ™~ Q\?‘ PTPIP5T

p C_DONEK1

7z ﬂ mm N 7 c210rf2

Figure 6-1 Conclusions of the thesis.

Within this study we have identified a novel signalling complex involving NEK1, C21orf2 and the
VAPB/PTPIP51 tether that regulates ER-mitochondria interactions. In physiological conditions NEK1
directly binds to PTPIP51, an interaction that is promoted by DNA damage. Induction of DNA damage
promotes VAPB/PTPIP51 tethering which is NEK1-dependent, possibly by downstream
phosphorylation of the proteins. Loss of NEK1 and C21lorf2, causes reduced tethering between
VAPB/PTPIP51 which correlates with loss of Ca?* homeostasis and autophagic flux. This complex may
provide a direct link between defective DNA damage repair and ER-mitochondria contacts in ALS and
suggest a new axis for therapeutic intervention of ALS.
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