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Abstract 

Abstract 

 
Autophagy is a cellular recycling mechanism that can be upregulated in cancer 

cells to provide energy and nutrient supply and promote cell survival. It has previously 

been reported that autophagy deficiency can result in tumour growth inhibition and 

enhanced sensitivity to chemotherapy suggesting that targeting autophagy is an 

attractive treatment option for cancer patients. To efficiently target autophagy as a 

treatment strategy, it is necessary to investigate the molecular autophagy pathway and 

develop novel potent inhibitors. Previous work in the lab, utilising proximity labelling 

assays and a genome-wide CRISPR-Cas9 screen have identified potential novel 

mechanisms by which autophagy can be regulated. The goals of my PhD project are 

to develop the necessary tools and characterise these new modulators in order to 

further our understanding of the regulation of autophagy in cells.   
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Lay summary 

Lay summary 

 Our cells are exposed to stress on regular basis, therefore multiple mechanisms 

tackling cellular stress have been developed. One of them is a pathway coined as 

autophagy, which involves degradation of material from within the cells by degradative 

organelles of a cell called lysosomes. The importance of autophagy is highlighted in 

neurodegenerative disorders when often autophagic activity is diminished, resulting in 

accumulation of unwanted materials in cells, toxicity and subsequent tissue 

degeneration. However, this highly conserved process is not always beneficial, cancer 

cells use autophagy to promote growth and to resist therapy. Therefore, targeting 

autophagy is an attractive treatment prospect for cancer therapy. Nevertheless 

currently used autophagy inhibitors are non-specific and toxic which raises a need for 

search of new autophagy regulators which could potentially be targeted in therapy. 
This thesis focuses on characterising a potential new autophagy regulator identified in 

a gene deletion screen. Moreover, a novel interaction of already established 

autophagy regulators will be studied. Both aspects of my thesis aim to contribute to 

the scientific research focused on understanding the molecular bases of autophagy 

regulation and multifaced roles of autophagy proteins.  
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Chapter 1. Introduction 

Chapter 1. Introduction 

1.1 Autophagy – an overview 

 
Cells employ multiple pathways to ensure optimal intracellular environment for 

maintaining cell health and function. There are two main ways cells remove unwanted 

intracellular components: the ubiquitin-proteasome system (UPS) and autophagy. 

UPS is utilised for degradation of short-lived and misfolded proteins and involves 

multiple ubiquitination steps before the cargo is proteolytically degraded in the 

proteasome (Dikic, 2017). The term autophagy was initially coined by Christian de 

Duve and it originates from Greek words auto – “self” and phagein – “to eat” and it 

refers to delivery of intracellular substrates to lysosomes for degradation (Wesselborg 

and Stork, 2015). Autophagy complements UPS’s function by degrading long-lived 

proteins, but as opposed to UPS, in autophagy the cargo is not limited to proteins and 

includes more heterogenous substrates such as lipids, nucleic acids and 

carbohydrates (Glick et al., 2010).  

There are three main types of autophagy: microautophagy, chaperone-mediated 

autophagy (CMA) and macroautophagy. The common denominator between those 

processes is the delivery of the cargo from within the cell to the lysosomes for 

degradation. Microautophagy is an invagination of lysosomes and direct engulfment 

of the cytosol (Li et al., 2012) and CMA is a direct targeting of proteins to lysosomes 

by chaperones (Cuervo and Wong, 2014). Macroautophagy describes a process of a 

de novo formed, morphologically distinct, double membrane autophagosomes, which 

enclose the cytoplasmic material. Closed autophagosomes then fuse with the 

lysosome which results in degradation of the autophagosomal inner membrane (IAM) 

together with its content by lysosomal hydrolases (Yim and Mizushima, 2020a). 

Macroautophagy is the most studied type of autophagy and the main focus of this 

thesis, therefore from now on will be referred to as autophagy. 

Due to the large size of autophagic vehicles (approximately 1 μm in diameter), in 

addition to degradation of the forementioned substrates, autophagy is also the main 

mechanism by which cells remove whole organelles or their fragments, as well as the 

membrane-less organelles formed by liquid-liquid phase separation (Glick et al., 2010; 

Wilfling et al., 2020). This specific degradation of substrates occurring in a selective 

manner is broadly called selective autophagy and the precise name is based on the 
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cargo which is being degraded, for example, the degradation of mitochondria during 

mitophagy, peroxisome during pexophagy, glycogen during glycophagy and lipids 

during lipophagy (Gubas and Dikic, 2022). Selective autophagy relies on a multitude 

of specific receptors, which tether the cargo to the autophagic machinery. Over 30 

autophagy receptors have been identified in mammalian cells thus far (Gubas and 

Dikic, 2022). Of these, p62 (also known as SQSTM1) is the first identified selective 

autophagy receptor and can recognise cellular cargo through its ubiquitin binding 

domain (UBD) and LC3-interacting region (LIR, discussed below) (Bjørkøy et al., 2005; 

Lin et al., 2013). P62 degradation is also widely used to monitor autophagic 

degradation (Yoshii and Mizushima, 2017).  

In addition to quality control function within the cell, autophagy is also used as a 

survival mechanism and it has been shown to be upregulated during periods of stress 

(Kroemer et al., 2010). During nutrient starvation cells utilise a non-selective (bulk) 

autophagy and degrade unessential cytosolic material to provide nutrients in order to 

sustain core metabolism and therefore promote cell survival and avoid cell death (Kaur 

and Debnath, 2015). Initially, it was believed that bulk autophagy is exclusively 

activated in response to starvation (Mortimore and Schworer, 1977). However, 

throughout the years researchers have discovered that autophagy is also activated in 

response to the whole array of stimuli including hypoxia, reduced growth factor 

signaling or increased calcium levels in the cytosol, to name a few (Jung et al., 2010).   

 

1.1.1  Autophagosome biogenesis 

 
Due to autophagy being a highly conserved process, the yeast strain 

Saccharomyces cerevisiae was initially used to identify key autophagy related (ATG) 

genes. After the discovery of autophagosomes in yeast cells under nutrient deprivation 

(Takeshige et al., 1992), the research group of Yoshinori Ohsumi performed a genetic 

screen in which they have identified autophagy-deficient mutants unable to survive 

nitrogen starvation (Tsukada and Ohsumi, 1993). The screen provided a great insight 

into autophagy process and Ohsumi was awarded the Nobel prize in Physiology and 

Medicine in 2016 (Levine and Klionsky, 2017). Today we have a better understanding 

of autophagy which can be broadly separated to three main stages: autophagosome 

biogenesis, autophagosome-lysosome fusion and autolysosome degradation. 
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Figure 1.1 Schematic diagram of autophagy including autophagic flux markers. 

 

Figure 1.2 Schematic diagram of autophagy including autophagic flux markers. 

 

Figure 1.3 Schematic diagram of autophagy including autophagic flux markers. 

 

Figure 1.4 Schematic diagram of autophagy including autophagic flux markers. 

Autophagosome biogenesis begins with the formation of a double membrane 

phagophore, which elongates to engulf autophagic cargo. Expansion of the 

phagophore is followed by its closure and formation of autophagosome (Glick et al., 

2010). In the following section, I will discuss molecular mechanisms governing those 

processes. 

                    

The pathway starts with the assembly of a double membrane phagophore (1. Initiation), which 

then expands (2. Elongation) and closes to form the autophagosome encapsulating the cargo 

(3. Closure). The autophagosome fuses with lysosome to form autolysosome (4. Fusion). 

Autolysosomal cargo is degraded by lysosomal enzymes (5. Degradation). The core proteins 

regulating each stage of autophagy are listed above the diagram. 

 

Upstream regulators of autophagy induction 

Initiation of autophagosome biogenesis occurs due to variety of signals 

transmitted via different signalling pathways. Amongst them, mammalian target of 

rapamycin complex 1 (mTORC1) and (AMP- activated protein kinase) AMPK are the 

two key players which regulate autophagy in response to changes in the nutrient status 

of the cell (Kim et al., 2011). 

mTORC1 consist of catalytic kinase subunit mTOR, regulatory associated 

protein of mTOR (Raptor), DEP domain containing mTOR-interacting protein 

(DEPTOR), mammalian lethal with Sec13 protein 8 (mLST8) and proline rich AKT 

substrate 40 kDa (PRAS40) (Takahara et al., 2020). mTORC1 is a negative regulator 

of autophagy and in nutrient rich conditions localises to the lysosome and 

phosphorylates multiple autophagy proteins, including Unc-51-like kinase 1 (ULK1), 

ATG13, ATG14 and WIPI2 (Dossou and Basu, 2019), thereby suppressing their 
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activities. Moreover, mTORC1 transcriptionally supresses autophagy by 

phosphorylating transcription factor EB (TFEB) (Puertollano et al., 2018). Upon 

nutrient starvation mTORC1 dissociate from lysosomes and becomes inactivated, 

these events leads to the initiation of autophagosome biogenesis (Yim and Mizushima, 

2020b). 

AMPK is a serine/threonine kinase which positively regulates autophagy. Upon 

glucose depletion AMPK senses the decrease in adenosine triphosphate (ATP) to 

adenosine diphosphate (ADP)/ adenosine monophosphate (AMP) ratio in cells (Hardie 

et al., 2012) and induces autophagy. AMPK inhibits mTORC1 indirectly by Tuberous 

Sclerosis Complex 2 (TSC2) phosphorylation and directly via Raptor phosphorylation 

(Gwinn et al., 2008; Inoki et al., 2003). Furthermore, AMPK promotes autophagosome 

biogenesis by activating ULK1 complex (Kim et al., 2011). 

 

Autophagy initiation  

The activity of upstream autophagy regulators results in ULK1 complex 

activation and recruitment to phagophore assembly site (PAS) which forms 

predominantly on ER (Yang et al., 2021). The ULK1 complex consists of ULK1/ULK2, 

ATG13, ATG101 and FAK Family interacting Protein of 200 kDa (FIP200) (Chan et 

al., 2007a; Ganley et al., 2009; Hara et al., 2008; Hosokawa et al., 2009; Yan et al., 

1998). ULK1 is activated by autophosphorylation and in turn phosphorylates ATG13, 

FIP200 and ATG101 (Bach et al., 2011; Egan et al., 2015). Although ULK1 and ULK2 

seem to be redundant during autophagy (Cheong et al., 2014), computational studies 

suggest distinct autophagic roles of ULK1 and ULK2 (Demeter et al., 2020). Deletion 

of the other complex components destabilise the ULK1 complex and results in a 

significant defect in autophagy initiation (Hara et al., 2008; Hosokawa et al., 2009; 

Mercer et al., 2009).  

ULK1 activity is also crucial for activation of another autophagy complex, the 

class III lipid kinase complex I (PI3KC3–C1). PI3KC3–C1 is composed of vacuolar 

protein sorting 15 and 34 (VPS15 and VPS34, respectively), Beclin1 and ATG14 

(Furuya et al., 2005; Itakura et al., 2008; Yan et al., 2009). The presence of ATG14 

distinguishes between PI3KC3 complex I and complex II, where it is substituted with 

UV radiation resistance associated gene protein (UVRAG) in complex II (Itakura et al., 
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2008). It is believed that ATG14 is responsible for targeting of PI3KC3–C1 to the PAS 

(Fan et al., 2011). 

ULK1 phosphorylates Beclin1 and ATG14 which results in increased VPS34 

enzymatic activity and phosphorylation of phosphatidylinositol (PI) to 

phosphatidylinositol 3-phosphate (PI3P) at the PAS (Egan et al., 2015; Russell et al., 

2013; Wold et al., 2016). This activity is crucial for the formation of ER subdomains 

known as omegasomes, due to their Ω-like shapes. The omegasome provides a 

platform for phagophore formation and growth and is characterised by PI3P 

enrichment and the presence of Zink Finger FYVE domain-containing protein 1 

(DFCP1) (Axe et al., 2008). Local accumulation of PI3P also results in the recruitment 

of the WD40 repeat domain phosphoinositide-interacting family of proteins (WIPIs). In 

mammalian cells four members of WIPI family have been identified; WIPI1, WIPI2, 

WIPI3/WDR45B and WIPI4/WDR45 (Proikas-Cezanne et al., 2015).  

 

Phagophore elongation 

WIPI2 plays a role in recruitment of the downstream ATG12-ATG5-ATG16L1 

complex to the PAS via direct interaction with ATG16L1, and specifies the localisation 

and subsequent lipidation of the ubiquitin-like family of proteins (ATG8 proteins) 

(Dooley et al., 2014; Polson et al., 2010). Interestingly, in the absence of WIPI2-

ATG16L1 binding, autophagy is diminished but not completely abolished, suggesting 

alternative ways of the complex recruitment to the phagophore (Lystad et al., 2019). 

Indeed, it has been reported that the interaction of ATG16L1 with FIP200 regulates 

the complex recruitment to the phagophore (Gammoh et al., 2013; Nishimura et al., 

2013). Moreover, ATG16L1 contains multiple lipid binding residues crucial for its 

recruitment to the PAS and subsequent ATG8 lipidation (Dudley et al., 2019; Lystad 

et al., 2019).  

ATG8 lipidation refers to the conjugation of cytosolic ATG8 to 

phosphatidylethanolamine (PE), which results in formation of membrane-bound ATG8 

(also referred to as ATG8-II or ATG8-PE) (figure 1.2) (Kabeya et al., 2004). This 

process is crucial for phagophore elongation and includes multiple steps regulated by 

ATG proteins. Firstly, the cysteine protease ATG4 cleaves ATG8 and exposes a C-

terminal glycine residue generating ATG8-I (Kabeya et al., 2000). ATG8-I is then 

activated by the E1-like enzyme ATG7. ATG7, together with ATG10 also play a role in 
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conjugation of ATG12 to ATG5 (to form ATG12-ATG5 conjugate), essential for the 

formation of ATG12-ATG5-ATG16L1 complex (Tanida et al., 2004). Conjugation of 

ATG8-I to membrane-associated PE and formation of ATG8-II requires the enzymatic 

activity of the E2-like ligase, ATG3. ATG3 recruitment to the lipidation site is regulated 

by the activity of the ATG12-ATG5-ATG16L1 complex known to harbour an E3-like 

ligase activity (Lystad et al., 2019; Sakoh-Nakatogawa et al., 2013; Tanida et al., 

2004). Once lipidated, ATG8-II can stably associate with the phagophore membranes 

where it can also recruit cargo adaptor proteins. The ATG8s in mammalian cells 

consist of two families: LC3 (LC3A, LC3B and LC3C) and GABARAP (GABARAP, 

GABARAPL1 and GABARAPL2), and LC3B is the most commonly used to monitor 

autophagic activity (Mizushima et al., 2010). Cargo receptor proteins as well as other 

autophagy regulators bind to ATG8 proteins via conserved short peptide motifs called 

LC3-interaction region (LIRs) (Wirth et al., 2019). ATG8 proteins can associate with 

both inner and outer- autophagosomal membrane (IAM and OAM, respectively), and 

during autophagosome maturation the OAM-bound ATG8s are deconjugated by ATG4 

(Maruyama and Noda, 2018).  
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Figure 1.2 Diagram of ATG8 conjugation machinery. 

 

Figure 1.5 Diagram of ATG8 conjugation machinery. 

 

Figure 1.6 Diagram of ATG8 conjugation machinery. 

 

Figure 1.7 Diagram of ATG8 conjugation machinery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                         

 

Left: assembly of ATG12-ATG5-ATG16L1 complex. ATG12 is activated by ATG7 (E1-like) 

and then together with ATG10 (E2-like) conjugate ATG12 to ATG5. ATG12-ATG5 is then 

associated with ATG16L1 to form E3-like enzyme complex. Right: pro-ATG8 protein is 

cleaved by ATG4 to form ATG8. ATG8 is activated by ATG7 (E1-like) to form ATG8-I and 

transferred to ATG3 (E2-like). ATG3 together with the ATG12-ATG5-ATG16L1 complex 

promote lipidation of ATG8 to PE which produces, membrane-bound ATG8-II. 

 

Elongation of the phagophore requires supply of lipids. ATG2 and ATG9 are 

the two ATG proteins that help supply lipids and membranes to the growing 

phagophore. The recruitment of ATG2 to PAS is crucial for phagophore elongation. In 

yeast, the interaction of Atg2 with Atg18 (a WIPI4 homologue) is essential for its 

recruitment to the phagophore (Suzuki et al., 2007). However, in mammalian cells the 

interaction of ATG2 with WIPI4 is dispensable for the recruitment of ATG2 to the 

phagophore (Rieter et al., 2013; Tang et al., 2019). This discrepancy between yeast 

and mammalian cells can be explained by a low homology between their respective 

Atg2 and ATG2 proteins. Indeed, the expression of human ATG2 in Atg2-deficient 

yeast strain does not rescue the autophagy knockout phenotype (Romanyuk et al., 

2011). Mammalian ATG2 can localise to lipid droplets and autophagic membranes and 

was reported to possess membrane tethering and lipid transfer abilities (Maeda et al., 



 

23 

 

Chapter 1. Introduction 

2019; Valverde et al., 2019; Zheng et al., 2017). Deletion of the N-terminus region of 

ATG2 results in autophagy inhibition (Tamura et al., 2017). This observation further 

confirms the role of ATG2 in supplying lipids to the phagophore, as this N-terminal 

region exhibits high homology with VPS13, which is a lipid transporter protein (Osawa 

and Noda, 2019; Valverde et al., 2019). Moreover, studies showed ATG2 regulates 

retrograde transport of ATG9a protein from the phagophore (Tang et al., 2019) and 

that the two proteins form a heteromeric complex essential for autophagosome 

formation (van Vliet et al., 2022). Upon autophagy induction, ATG9a shuttles between 

multiple cell compartments and the phagophore (Orsi et al., 2012). ATG9a is the only 

transmembrane ATG protein identified thus far and it has been reported to promote 

phagophore elongation by transiently interacting with the phagophore membrane (Orsi 

et al., 2012). It was initially believed that ATG9a contributes to the elongation of the 

phagophore by supplying the donor membrane fragments (Orsi et al., 2012). However, 

recent studies suggest that ATG9a could also play a role in the equilibration of lipids 

on the phagophore due to its lipid scramblase activity (Maeda et al., 2020). A model 

of ATG9a assisting in equilibration of lipids delivered by ATG2 to the phagophore 

membrane has been proposed (van Vliet et al., 2022) further highlighting the role of 

the two proteins in phagophore elongation. 

 

Phagophore closure 

To completely encapsulate the cytosolic cargo and form an autophagosome, 

phagophore closure must occur. This process is regulated by multiple proteins 

including endosomal sorting complex required for transport (ESCRT) complexes and 

ATG proteins (Jiang et al., 2021). 

The ESCRT machinery is required for multiple membrane remodeling events in 

cells, including phagophore closure. ESCRT proteins can be classified into ESCRT-I, 

ESCRT-II and ESCRT-III complexes and are recruited to the closure site in a 

successive manner (Jiang et al., 2021). ESCRT-III polymerises to form membrane-

binding spirals and together with the AAA-ATPase VPS4a drive membrane remodeling 

(Adell et al., 2014; Chiaruttini et al., 2015). VPS4a also facilitates the disassembly and 

recycling of ESCRT-III. (Diaz et al., 2015). Of note, both ESCRT-III and VPS4a localise 

to the nascent autophagosome transiently and detach within 1-2 minutes (Zhen et al., 

2020). Depletion of the ESCRT-I component VPS37A leads to accumulation of 
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unclosed autophagosomes (Takahashi et al., 2019). Similar phenotypes are observed 

in cells deficient of ESCRT-III subunits CHMP2A or CHMP4B (Takahashi et al., 2018a; 

Zhen et al., 2020). Further confirming the role of ESCRT proteins in the closure events, 

studies using dominant negative mutant of VPS4a (VPS4aE228Q) demonstrated 

impairment of phagophore closure and subsequent autophagy inhibition (Takahashi 

et al., 2018a). 

The involvement of ATG proteins in phagophore closure is represented by 

numerous studies. Depletion of either ATG3 or ATG5 results in the accumulation of 

unclosed autophagosomes (Kishi-Itakura et al., 2014; Tsuboyama et al., 2016). 

Simultaneous knockdown of both ATG2a and ATG2b (the two redundant homologues 

of Atg2 in mammalian cells) leads to autophagy block and the accumulation of 

phagophores (Velikkakath et al., 2012). The interaction of ATG2a with ATG8 has been 

shown to be essential for autophagosome closure and expression of a LIR mutant of 

ATG2a resulted in the accumulation of open autophagosomes (Bozic et al., 2020). 

Moreover, inhibition of GABARAP activity by the expression of dominant negative 

mutant of ATG4a (ATG4aC77A) increased the number of open autophagic membranes 

(Weidberg et al., 2010). As ATG2 is also involved in phagophore elongation, it remains 

unclear whether the closure defects seen in ATG2 depleted cells are due to the 

expansion defects or due to an independent role of ATG2 in closure events. 

 

1.1.2  Autophagosome-lysosome fusion 

 
Following the sealing of phagophore and autophagosome formation, 

autophagosomes fuse with either endosomes to form transient amphisomes, and then 

lysosomes, or directly fuse with lysosomes (Parzych and Klionsky, 2014). Here, I will 

discuss molecular mechanisms governing autophagosome-lysosome fusion resulting 

in autolysosome formation.  

Autophagosome-lysosome fusion is regulated by a series of factors. In brief, 

the small GTPase Ras-related protein (RAB7) controls autophagosome-lysosome 

membrane tethering. RAB7 recruits the homotypic fusion and protein sorting (HOPS) 

complex, which mediates membrane tethering and assembly of soluble NSF 

attachment protein receptors (SNARE) complexes that drive the fusion event (Itakura 

et al., 2012). Additional factors have also been associated with fusion and include 
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lipids, ATG8 proteins and other tethers and adaptors, such as EPG-5, ATG14L1, 

TECPR1 and PLEKHM1 (Lőrincz and Juhász, 2020). 

RAB7 localises to late endosomes, lysosomes and late autophagic structures 

(Guerra and Bucci, 2016; Gutierrez et al., 2004; Jäger et al., 2004), and is required for 

the fusion between autophagosomes and lysosomes. RAB7 binds two subunits of the 

HOPS complex, VPS39, and VPS41 and this RAB7-HOPS interaction is key for 

membrane tethering (Lürick et al., 2017). Moreover, RAB7 effector protein Ectopic P-

granules 5 autophagy tethering factor (EPG5) determines fusion specificity of 

autophagosomes with lysosomes (Wang et al., 2016). Inhibition of RAB7 recruitment 

to autophagosomes results in autophagy inhibition (Ganley et al., 2011). Conversely, 

expression of RAB7 restores cadmium-induced block of autophagosome-lysosome 

fusion (Wang et al., 2021b). Interestingly, RAB7 seems to be dispensable for 

autolysosome formation in nutrient rich conditions (Kuchitsu et al., 2018) suggesting 

additional factors regulating this process. 

The main function of the HOPS complex is to facilitate the fusion of vesicles by 

membrane tethering (Spang, 2016). The molecular mechanisms governing HOPS 

complex recruitment to the fusion site remain largely unknown. The HOPS complex 

consist of 6 subunits: VPS11, VPS16, VPS18, VPS33A, VPS39 and VPS41. Multiple 

interactions between the complex subunits and other fusion regulators have been 

identified. In addition to VPS39/VPS41-RAB7 binding, VPS16 interaction with the 

PI3KC3-C2 component UVRAG stimulates autophagosome-lysosome fusion (Liang 

et al., 2008). Moreover, RAB7 effector protein Pleckstrin homology domain containing 

protein family member 1 (PLEKHM1) was identified as a regulator of HOPS complex 

recruitment and binds both HOPS complex and OAM-bound LC3 through an LIR motif 

(McEwan et al., 2015). All of the HOPS complex subunits can bind Syntaxin17 

(STX17), a key SNARE protein present on autophagosomes (Jiang et al., 2014). 

Structurally, SNARE proteins can be separated into two main groups depending 

on whether glutamine (Q-SNAREs) or arginine (R-SNAREs) are present in the central 

hydrophilic layer. The Q-SNAREs can be furthered classified into Q-a, Q-b, and Q-c 

SNAREs (Han et al., 2017). During autophagosome-lysosome fusion, the presence 

Q-SNAREs and R-SNAREs in the contact sites between the two vesicles results in the 

formation a trans-SNARE complex (Yoon and Munson, 2018). This complex is able to 

fuse the two membranes, ergo two vesicles, which results in the transient localisation 
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of all of the SNARE components on one, now fused membrane. (Han et al., 2017). In 

mammalian cells, two SNARE complexes responsible for autophagosome-lysosome 

fusion have been identified: STX17-SNAP29-VAMP8/VAMP7 and YKT6-SNAP29-

VAMP7 (Itakura et al., 2012; Matsui et al., 2018).  

To facilitate autophagosome-lysosome fusion, STX17 (Qa-SNARE) associates 

with the OAM via its transmembrane glycine-zipper motif (Itakura et al., 2012). The 

vesicle-associated membrane protein 7 or 8 (VAMP7 and VAMP8, respectively) are 

R-SNAREs located on the lysosomal membrane. STX17-VAMP7/8 together with Qbc-

SNARE synaptosome associated protein 29 (SNAP29) form the trans-SNARE and 

mediate fusion between the two OAM and the lysosomal membrane. SNAP29 activity 

is regulated in a nutrient-dependent manner by O-linked β-N-acetylglucosamine (O-

GlcNAc) transferase (OGT), which prevents spontaneous or ectopic formation of the 

SNARE complex (Guo et al., 2014). 

It was initially believed that STX17 is recruited exclusively to closed 

autophagosomes, however multiple studies demonstrated that unclosed autophagic 

structures can also recruit STX17 and fuse with lysosome, however the fusion rate 

and autolysosome degradation are heavily impaired the absence of STX17 (Takahashi 

et al., 2018b; Tsuboyama et al., 2016). Interestingly, autophagosome-lysosome fusion 

is only completely blocked upon STX17 and Synaptobrevin homologue YKT6 

precursor (YKT6) co-inhibition in cells and these proteins facilitate fusion via 

alternative complexes (Matsui et al., 2018).  

 

1.1.3  IAM degradation 

 
Following autophagosome-lysosome fusion and autolysosome formation, 

autolysosomal content is digested by lysosomal hydrolases, including proteases and 

lipases, discussed in chapter 1.2 (Trivedi et al., 2020). This final degradation step is 

essential for the completion of autophagy and is referred to as autophagic flux (Ueno 

and Komatsu, 2020). Autolysosomal content degradation results in the release of 

catabolites to be reused by cells. Lysosomal enzymes selectively degrade the IAM 

without disrupting the OAM (Yim and Mizushima, 2020b). IAM disintegration is crucial 

to expose the autophagosomal lumen and subsequent digestion of the 

autophagosomal cargo, whereas OAM protection results in the containment of 
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hydrolases within autolysosomal structures. Immunofluorescence analyses of 

autolysosomes revealed a formation of a transient acidified ring between the IAM and 

OAM, suggesting the separation of the two membranes (Tsuboyama et al., 2016). The 

initial ability of the inner membrane to resist degradation, delays IAM collapse and 

influx of lysosomal enzymes into the autophagosomal lumen, however, the 

comprehensive mechanisms of this transient resistance and subsequent collapse of 

IAM are yet to be determined. IAM degradation triggers STX17 release from 

autolysosomes and monitoring STX17 dissociation with autolysosomes provides a 

useful tool to study IAM degradation (Tsuboyama et al., 2016). 

Mechanisms and regulatory network of IAM dynamics and autolysosomal 

degradation are poorly understood. The specific enzymes responsible for IAM 

degradation in mammalian cells have not been discovered. In yeast, integral vacuolar 

membrane protein Atg15/Cvt17 has been identified as an essential phospholipase 

required for the degradation of lipid vesicles (Maeda et al., 2015; Teter et al., 2001) 

and the disintegration of autophagic bodies within the yeast vacuole (Epple et al., 

2001). This suggests that an enzymatic phospholipase activity could play a part in IAM 

degradation in mammalian cells.  

Inhibition of autophagosome closure in cells depleted of ESCRT-III component 

CHMP2A results in the fusion of open autophagosomes with lysosomes and 

misdistribution of the glycosylated lysosomal membrane protein (LAMP1) on the IAM 

(Takahashi et al., 2018a). This atypical LAMP1 localisation disrupts IAM disintegration 

and delays the degradation of autophagosomal cargo, potentially due to LAMP1 

protecting IAM from lysosomal hydrolases (Takahashi et al., 2018a). Once the content 

of autolysosome is degraded, autolysosome undergo autophagic lysosome 

reformation (ALR) and replenish the lysosome pool within the cell (Yim and 

Mizushima, 2020a). 

 

1.1.4  Autophagy in development 

 
Several studies have shown the importance of autophagy from embryo 

development to healthy aging and autophagy dysregulation has been connected to a 

number of diseases (Shintani and Klionsky, 2004). The significance of autophagy in 

development is represented by studies investigating the effects of autophagy inhibition 
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in animal models (Mizushima and Levine, 2010). Whole body knockout of Beclin1 in 

mice results in embryonic lethality (Yue et al., 2003), similar phenotype is also 

observed in homozygous, gene-trapped allele mutant of Ambra1 (Maria Fimia et al., 

2007) and FIP200-null mice (Gan et al., 2006). Neonatal lethality is observed in mice 

lacking other autophagy regulators such at Atg5 (Kuma et al., 2004); Atg7 (Komatsu 

et al., 2005); Atg3 (Sou et al., 2008); Atg9 (Saitoh et al., 2009); or ULK1/2 (Cheong et 

al., 2014). Whereas GABARAP or LC3B knockout mice do not exhibit a lethal 

phenotype (Cann et al., 2008; O’Sullivan et al., 2005). Interestingly, targeted 

reconstitution of autophagy in neurons of Atg5-null mice evaded the neonatal lethality 

and allowed mice to survive beyond the weaning age (Yoshii et al., 2016). This study 

showed a crucial role of autophagy in the brain and suggested that the neonatal 

lethality in autophagy deficient mice does not occur only due to nutrient insufficiency 

and role of autophagy in the development is more complex. 

The differences between the knockout phenotypes of different autophagy 

machinery components in the forementioned studies could be explained in two ways. 

Firstly, deletion of certain proteins does not completely abolish autophagy and the 

residual autophagic activity could be sufficient to evade the more severe phenotypes. 

Secondly, it is possible that the phenotypes seen in these studies are a combination 

of autophagy inhibition as well as disruption of other, autophagy-independent 

processes those proteins participate in, such as the role of ATG9a in innate immune 

responses (Saitoh et al., 2009), or the role of FIP200 in apoptosis (Chen et al., 2016). 

 

1.1.5  Autophagy in aging and Alzheimer’s disease  

 
Gradual decline in cell function and increased vulnerability to death are 

characteristic of aging. Stress response pathways limit tissue damage and promote 

organismal longevity (López-Otín et al., 2013). One of the main stress response 

pathways involved in healthy aging is autophagy, due to its role in the removal of 

potentially cytotoxic material. The decline in autophagic activity is correlated with aging  

(Aman et al., 2021) and expression of core autophagy regulators ATG5, ATG7 and 

BECN1 in human brain decreases with age (Lipinski et al., 2010). It was also reported 

that the activity of the negative autophagy regulator mTOR is elevated in the brain 

tissue of aged mice (Ott et al., 2016) and muscle-tissue specific deletion of Atg7 in 
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mice results in the decreased lifespan (Carnio et al., 2014). Conversely, upregulation 

of autophagy has been linked to extended lifespan and improved healthspan. Mice on 

calorie-restricted diet exhibit an increase in mean and maximum survival times when 

compared to the control group (Weindruch and Walford, 1982). Similarly, enhancing 

autophagy by overexpression of Atg5 or by suppressing interaction between Beclin1 

with its negative regulator Bcl-2, extend the lifespan in mice (Fernández et al., 2018; 

Pyo et al., 2013). Furthermore, similar phenotype has been observed in mice treated 

with the autophagy inducer and mTOR inhibitor, rapamycin (Harrison et al., 2009). 

Altogether, these observations suggest that autophagy is a key regulator of aging. 

Defective autophagy results in cellular dysfunction and/or cell death, which 

contribute to pathological aging and neurodegenerative disorders. Most studied 

neurodegenerative diseases associated with impaired autophagy include Alzheimer’s 

disease, Parkinson’s disease, Huntington’s disease and amyotrophic lateral sclerosis 

(ALS) (Aman et al., 2021).  

Alzheimer’s disease (AD) is the most common cause of dementia and is 

characterised by accumulation of intracellular neurofibrillary tangles containing 

hyperphosphorylated tau protein and the deposition of extracellular β-amyloid (Aβ) 

plaques, pathological features that result in neuronal cell death and cognitive decline 

(Knopman et al., 2021). Accumulation of autophagic structures within dystrophic axons 

and dendrites is one of the hallmarks of AD (Nixon and Yang, 2011) and levels of 

Beclin1 in brains of AD patients are decreased (Pickford et al., 2008). Hyperactivation 

of autophagy caused by expression of gain-of-function mutant of Beclin1 reduces Aβ 

accumulation and delays cognitive decline in mice models (Rocchi et al., 2017). 

Moreover, mitophagy is reduced in the hippocampus of AD patients by 30 to 50 

percent compared to healthy individuals and mitophagy induction reverses cognitive 

deficits in C. elegans AD model (Fang et al., 2019). In addition to disrupted autophagy, 

lysosomal overburden and dysfunction are major contributors to the AD phenotype 

(Nixon and Yang, 2011). The role of lysosomes in AD is discussed in chapter 1.2.5. 
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1.1.6  Autophagy in cancer  

 
A role of autophagy in cancer is undisputable, however, whether autophagy is 

beneficial or detrimental in context of cancer depends on multiple factors, the main 

being tumour stage. At the early initiation stage, autophagy protects cells from early 

stages of malignant transformation by preventing the accumulation of cytotoxic 

material and genetic defects (Galluzzi et al., 2015). In accordance with this, Beclin1 

heterozygote mutant mice exhibit a high incidence of spontaneous tumours (Yue et 

al., 2003) and monoallelic deficiency in Beclin1 occurs in 75% of ovarian, 50% of 

breast and 40% of prostate cancers (Cao and Klionsky, 2007). Conversely, one of the 

observations in the calorie-restricted diet studies in mice was an inhibition of 

spontaneous lymphoma occurrence (Weindruch and Walford, 1982) suggesting 

tumour suppressing qualities of autophagy in the initiation of malignancy. Interestingly, 

in developed tumours, autophagy supports cell growth. Cancer cells are exposed to 

an increased cellular stress due to high proliferation rates and metabolic demand, as 

well as a poor vascularisation and reduced oxygen supply (Degenhardt et al., 2006). 

Cancer cells can depend on autophagy to survive and enhance growth in hostile 

conditions (Galluzzi et al., 2015) . Additionally, autophagy plays a role in treatment 

resistance and autophagy inhibition sensitises cancer to therapeutic agents. This 

tumour promoting qualities of autophagy in cancer progression makes autophagy 

inhibition an attractive target for cancer therapy (Kondo et al., 2005).  
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Figure 1.3 Effects of autophagy dysregulation on organismal health. 

 

Figure 1.8 Effects of autophagy dysregulation on organismal health. 

 

Figure 1.9 Effects of autophagy dysregulation on organismal health. 

 

Figure 1.10 Effects of autophagy dysregulation on organismal 
health. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consequences of dysregulated autophagy (middle circle) are shown in surrounding smaller 

circles. 

 

1.2 Lysosomes – an overview 
 

Lysosomes are a relatively small, membrane-limited organelles of 

approximately 0.3 µm in diameter (Bandyopadhyay et al., 2014). Although modest in 

size, their activity is crucial to ensure cell health and function. Lysosomes were 

discovered by Christian de Duve’s research group in a series of biochemical 

experiments, where fractions of cells derived from liver rat tissue were shown to be 

enriched in hydrolytic enzymes. Enzymatic activity of these fractions was also 

increased upon treatments causing membrane disruption, which suggested the 

presence of a membrane-bound organelles containing the enzymes (de Duve et al., 

1955). Dense, single-membrane organelles with enzymatic activity were subsequently 

shown by electron microscopy imaging (Novikoff et al., 1956; Sabatini and Adesnik, 

2013). This discovery provided a tremendous insight into cell biology, and lysosome 

and peroxisome discovery by de Duve granted him a Nobel Prize in Physiology or 

Medicine in 1974 (Sabatini and Adesnik, 2013).  

Although originally regarded solely as an endpoint of autophagy, multiple 
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studies demonstrated a role of lysosomes in different stages of autophagy. Nutrient 

sensing qualities of lysosomes regulate autophagy induction by releasing of mTORC1 

from the lysosomal membrane (Sancak et al., 2010). Moreover, release of lysosomal 

calcium to the cytosol induce autophagy by stimulating the nuclear translocation of 

TFEB and recruiting of PI3P-binding proteins to PAS (Medina et al., 2015; Scotto 

Rosato et al., 2019). Fusion of autophagosomes with late endosomes or lysosomes is 

influenced by lysosomal membrane proteins (LMPs) (Huynh et al., 2007; Sarkar et al., 

2013), further underscoring the importance of lysosomes in autophagy. In addition to 

autophagy regulation, lysosomes regulate multiple processes such as metabolic 

adaptation, cell signalling and secretion (Trivedi et al., 2020). Here, I will discuss 

lysosomal proteins and the mechanisms governing lysosomal enzymes delivery and 

function, as well as lysosome related diseases. 

 

1.2.1  V-ATPase proton pump  
 

Lysosomal lumen contains a multitude of degradative enzymes making 

lysosomes the main cellular compartment responsible for the digestion of extra- and 

intra-cellular material (figure 1.3) (Piao and Amaravadi, 2016). This activity of 

lysosomes explains their name which is a combination of the Greek words Lysis 

(meaning loosen/destroy/dissolve) and Soma (meaning body) and can be translated 

into lytic body (Piao and Amaravadi, 2016). The key characteristic of lysosomes is 

their low pH (between 4.5 and 5.0) which distinguishes lysosomes from other 

endocytic vesicles (Li et al., 2019). This acidic pH is crucial for the optimal activity of 

lysosomal enzymes. Lysosomes located at the cell periphery are relatively less acidic 

and the pH of the lysosomal lumen decreases when they migrate towards the 

perinuclear region, which could be one of the ways cells control lysosomal activity 

(Johnson et al., 2016). This retrograde movement of the lysosomes also facilitates 

efficient autophagic flux and was observed upon nutrient depletion (Korolchuk et al., 

2011). The pH-dependent activity of lysosomal hydrolases could also be a protective 

mechanism against uncontrolled degradation of cellular content upon lysosomal 

damage and enzyme leakage to the cytosol (Wang et al., 2018).  

Lysosomes maintain acidic pH by the activity of a multi-subunit vacuolar-type 

ATPase (V-ATPase) proton pump. V-ATPases are ATP-dependent proton pumps 
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operating by a rotary motion driven, unidirectional translocation of protons across 

membranes (Imamura et al., 2003; Ohkuma and Poole, 1978). In mammalian cells, V-

ATPase complex subunits can be divided into two domains: V0 comprised of eight 

subunits (a1, c, c″, d1, e1, f, ATP6AP1 and ATP6AP2) and V1 comprised of eight 

subunits (A, B2, C1, D, E1, F, G1 and H) (Wang et al., 2020). The V0 domain is 

responsible for the transport of protons from the cytosol into the lysosomal lumen, 

whereas V1 domain hydrolyses ATP to provide energy required for the rotation of the 

complex. The proton pump activity of the complex is negatively regulated by the 

separation of the V1 domain from the membrane-embedded V0 domain (Oot et al., 

2017). Interestingly, recent studies showed that mTOR regulates V-ATPase complex 

assembly and when active, blocks the recruitment of V1 domain to the lysosomal 

membrane (Ratto et al., 2022). 

During autophagy, lysosomal activity is crucial for IAM degradation and 

subsequent digestion of autophagosome cargo. The V-ATPase pump inhibitor 

Bafilomycin A1 (Baf A1) binds to the proteolipid ring of the V0 domain of the complex 

inhibiting proton translocation (Bowman and Bowman, 2002). Baf A1 treatment leads 

to an increase in the lysosomal pH and disruption of lysosomal degradative activities, 

which was shown to cause the accumulation of lysosomal cargo (Yoshimori et al., 

1991). In some cases, Baf A1 treatment can also lead to a disruption of 

autophagosome-lysosome fusion however, this phenotype is not a result of Baf A1-

induced alkylation of lysosomes (Mauvezin et al., 2015). Due to the inhibition of 

autophagic cargo degradation and ATG8-II accumulation in Baf A1 treated cells, this 

inhibitor is widely used as a control to measure autophagic activity in cells (Yoshii and 

Mizushima, 2017). 

 

1.2.2 Lysosomal membrane proteins  
 

In addition to the V-ATPase complex, lysosomal membrane contains over 700 

LMPs (figure 1.3) (Rudnik and Damme, 2021). Although the functions of many of these 

proteins are not clearly understood, multiple disorders are connected to LMP 

dysfunction (table 1.1), highlighting the role of lysosomal membrane integrity in cell 

homeostasis (Platt et al., 2018). 
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Disease name 
Accumulated 

substrate 
Affected lysosomal 

protein 
Reference 

Gaucher disease 
(types I, II, III) 

Glucosylceramide Glucosylceramidase 
(Brady et al., 

1965) 

Fabry disease Globotriasylceramide α-Galactosidase 
(Sweeey and 

Klionsky, 1963) 

Pompe disease Glycogen Acid maltase 
(Hers et al., 

1963) 

Niemann-Pick 
(type A, B) 

Sphingomyelin Acid sphingomyelinase 
(Brady et al., 

1966) 

Niemann-Pick 
(type C) 

Cholesterol, 
glycosphingolipids 

NPC1, NPC2 (Crocker, 1961) 

Farber disease Ceramide Acid ceramidase 
(Ehlert et al., 

2007) 

Wolman disease Cholesterol esters Lysosomal acid lipase 
(Maehira et al., 

1984) 

Danon disease Glycogen LAMP2 
(Danon et al., 

1981) 

Tay-Sachs disease 
GM2, ganglioside, 

glycolipids 
β-Hexosaminidase A 

(Mahuran, 
1999) 

Juvenile Batten 
disease 

Ceroid lipofuscin Cathepsin D, CLN3 
(Koike et al., 

2000) 
 

Table 1.1 A list of selected Lysosomal storage disorders (LSDs).  

Affected enzymes and substrates accumulating in the lysosomes are shown in the selected 

LDSs. The disease relevance of selected LDSs will be discusses in later chapters. 

 

Lysosomes have a low pH and reducing conditions. They also contain a high 

concentration of degradative enzymes which could potentially digest the lysosomal 

membrane. To protect lysosomes, the luminal side of the lysosomal membrane 

contains many glycosylated proteins forming a ‘glycocalyx’-like surface coat (Rudnik 

and Damme, 2021). The most abundant and highly glycosylated LMPs are the 

lysosomal associated membrane proteins (LAMPs). LAMP1 and LAMP2 account for 

50% of all LMPs and are widely used to identify lysosomes (Cook et al., 2004; 
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Eskelinen, 2006). These transmembrane proteins contain heavily N-glycosylated 

luminal part and short cytosolic C-terminal tail and display 37% sequence identity 

(Tanaka et al., 2000). Depletion of LAMP1 leads to increased expression of LAMP2 

suggesting a potential overlap in protein function (Andrejewski et al., 1999). LAMP1 

and LAMP2 double knockout mice are embryonically lethal (Eskelinen et al., 2004). 

However, it was reported that LAMP1 knockout mice exhibit milder phenotypes than 

LAMP2 deletion, which suggests that although some functions of LAMP1 and LAMP2 

overlap, they also play independent roles in cells (Andrejewski et al., 1999).  For an 

example, LAMP2a but not LAMP1, is required for CMA (Kaushik et al., 2006). 

Additionally loss-of-function mutations of LAMP2, but not LAMP1, are associated with 

the glycogen storage disorder, Danon disease (table 1.1) (Yang et al., 2010). LAMPs 

also have glycocalyx-independent functions such as lysosomal cholesterol export (Li 

and Pfeffer, 2016). They also control lysosomal movement from the cell periphery 

through dynein-mediated transport along microtubules (Huynh et al., 2007). 

Altogether, these published findings highlight the crucial roles of LAMPs in proper 

lysosomal function.  

Ion channels regulate ionic gradient by transporting cations across the 

lysosomal membrane in a uni- or bi-directional manner. Ion channels can be grouped 

into chloride channels, potassium channels and non selective cation channels (Trivedi 

et al., 2020). Non-selective cation channels include Transient Receptor Potential 

Cation Channel 1 (TRPML1), two-pore channels (TPCs) and P2X4 channel, where 

TRMPL1 being the most studied lysosomal cation channel. TRMPL1 is permeable to 

Ca2+, Na+, K+, Zn2+ and Fe2+ (Staudt et al., 2016) and has been shown to regulate 

lysosomal size and exocytosis by lysosomal Ca2+ release (Cao et al., 2017; Samie et 

al., 2013). TRMPL1 also regulates retrograde migration of lysosomes (Li et al., 2016). 

Moreover, TRMPL1-mediated Ca2+ release from the lysosomes activates calcinurin 

and inhibits autophagy (Medina et al., 2015). Loss-of-function mutations of TRPML1 

cause type IV mucolipidosis (table 1.1) (Sun et al., 2000). Moreover, TRMPL1 

depletion leads to the accumulation of Zn2+ and Fe2+, confirming the role of TRMPL1 

in release of heavy metals from lysosomes (Dong et al., 2008).  

Although several lysosomal exporters have been identified, proteins governing 

efflux of lysosomal macromolecules to cytoplasm are poorly characterised. A small 

number of amino acid exporters have been identified thus far. These include, 



 

36 

 

Chapter 1. Introduction 

Cystinosin for cysteine export, PQLC2 for arginine and lysine export, and SLC38A9 

and SLC36A1 responsible for export of multiple amino acids, such as glutamine, 

arginine, histidine and lysine (Wang et al., 2021a; Xu and Ren, 2015). Amino acid 

release from the lysosome post autolysosome degradation is a crucial step for 

maintaining their intracellular levels and regulating autophagic activity (Dossou and 

Basu, 2019). Only two lipid exporters have been identified. Niemann-Pick disease, 

type C1 (NPC1), together with NPC2, release cholesterol from the lysosomes (Infante 

et al., 2008). Blocking NPC1-mediated cholesterol release was shown to inhibit 

amphisome formation (Sarkar et al., 2013). Moreover, NPC1 dysfunction leads to 

Niemann-Pick (type C) disorder (table 1.1).  

 

1.2.3 Cathepsin proteases 
 

Cathepsins are the most abundant proteases in the lysosomal lumen. 

According to their catalytic activity, cathepsins are classified into three groups: serine 

proteases (cathepsins A and G), aspartic acid proteases (cathepsin D and E) and 

cysteine proteases (cathepsins B, C, F, H, K, L, O, S, V, X, and W). The main role of 

cathepsins in lysosomes is the digestion of proteins delivered to the lysosomal lumen. 

Moreover, cathepsins activate multiple lysosomal proteins ensuring their optimal 

function. (Yadati et al., 2020). Although cathepsin activity is highest in acidic pH, 

several cathepsins are also active in alkaline conditions (Yadati et al., 2020). 

Cathepsins are synthesised as inactive pre-pro-enzymes, which limits uncontrolled 

protease activity within cells. Pre-pro-enzyme is cleaved to the pro-form in the ER 

lumen and once delivered to acidic environment, the pro-enzyme is cleaved again to 

become fully active (Turk et al., 2012). Some cathepsins can undergo auto-activation, 

where the same class of cathepsin cleaves the inactive pro-version of the enzyme, but 

this activation sometimes requires the activity of other cathepsin groups (Laurent-

Matha et al., 2006; Pungercar et al., 2009). Some lysosomal hydrolases, such as 

lipases or nucleases do not harbour any proteolytic activity and rely on cathepsins for 

their cleavage and maturation (Gonzalez et al., 2018a). The wide range of proteolytic 

activity in a spectrum of pH highlights not only cathepsins versatility but also the 

importance lysosomal membrane integrity to contain the proteolytic activity. Indeed, 

leakage of Cathepsin D from lysosomes to the cytoplasm triggers cell death (Di et al., 

2021). Moreover, cathepsin dysfunction has been associated with multiple disorders 
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(table 1.1). 

 

1.2.4 Lysosomal lipases 
 

Lipases are also found within lysosomes and are responsible for the digestion 

of a range of lipid substrates to maintain cell metabolism and signalling. 

Lysosomal/vacuolar lipase involved in autophagy has been characterised in yeast. 

Atg15/Cvt17 was shown to have a phospholipase activity crucial for the degradation 

of IAM within the vacuole (the yeast degradative compartment equivalent to 

mammalian lysosomes) (Teter et al., 2001). Moreover, Atg15 is required for the 

degradation of lipid droplets targeted to the vacuole via microautophagy (van Zutphen 

et al., 2014). Other vacuolar lipases are yet to be discovered in yeast. In mammalian 

cells, lysosomal acid lipase (LIPA) is the most studied lysosomal hydrolase due to its 

association with Wolman disease. In addition to LIPA, multiple phospholipases have 

been identified thus far, including phospholipase D3 (PLD3). In this section, I will focus 

on discussing LIPA and PLD3 because of their significance in disease and a potential 

role in autophagy. These two enzymes are also relevant to my PhD project. 

LIPA is responsible for the digestion of cholesteryl esters and triglycerides to 

free cholesterol and fatty acids, respectively (Li and Zhang, 2019). To be activated, 

LIPA requires to undergo proteolytic processing. Purification of human LIPA showed 

two variants of the proteins of 56 kDa and 41 kDa corresponding to pro-enzyme and 

mature enzyme, respectively (Ameis et al., 1994). Although the enzymatic activity of 

LIPA has been reported, the catalytic site remains unknown. LIPA is the only identified 

lysosomal enzyme responsible for cholesteryl ester digestion and it plays a crucial role 

in lipid metabolism by removing excess of cholesterol from cells (Li and Zhang, 2019). 

LIPA activity indirectly regulates autophagy as abnormal accumulation of cholesterol 

in lysosomes leads to the inhibition of fusion events between autophagosomes and 

late endosomes (Sarkar et al., 2013). Moreover, expression of this enzyme is induced 

upon nutrient starvation, presumably to facilitate lipid droplet degradation via lipophagy 

(Lettieri Barbato et al., 2013). Additionally, LIPA is upregulated during macrophage 

differentiation in order to accommodate augmented lysosomal degradation activities 

within macrophages (Ries et al., 1998). Low activity of LIPA has been observed in 

non-alcoholic fatty liver disease (Gomaraschi et al., 2019) and complete loss of 
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function leads to Wolman disease, a lysosomal storage disorder which results in 

premature death due to malnutrition and liver failure (table 1.1) (Li and Zhang, 2019). 

PLD3 is a member or phospholipase D (PLD) protein family (Selvy et al., 2011). 

PLD enzymes digest phosphatidylcholine to phosphatidic acid and choline and their 

activity is necessary for membrane dynamics (Brown et al., 2017). This subset of 

enzymes share a conserved HxKxxxxD (HKD) motif responsible for catalytic activity. 

PLD3 was identified as a member of the PLD family based on the presence of two 

HKD motifs located within the middle and the C-terminal end of the protein (Pedersen 

et al., 1998). The C-terminal HKD domain within PLD3 contains an glutamate residue 

instead of an aspartate, although the significant of this substitution is unclear 

(Pedersen et al., 1998). PLD3 has been also attributed an exonuclease activity, which 

was shown to regulate endosomal nucleic acid sensing (Gavin et al., 2018). 

Confirming the phospholipase activity of PLD3 has been challenging due to the lack 

of accurate tools to measure lysosomal phospholipase activity in cell culture and due 

to low expression levels of PLD3 in most cell types. Expression of PLD3 is however 

greater in neuronal cells (Pedersen et al., 1998). Although reports on the 

phospholipase activity of PLD3 had been conflicting, several recent studies confirmed 

this activity in neuroblastoma cell line (Gonzalez et al., 2018b; Nackenoff et al., 2021; 

Nibbeling et al., 2017). Initially, PLD3 was thought to be an ER protein and sorting 

defects in PLD3 mutants result in accumulation of the protein on the ER and inhibition 

of the nuclease function (Gonzalez et al., 2018b). However, endogenous PLD3 in 

human neurons was shown to colocalise with LAMP1 and cathepsins B and D 

(Nackenoff et al., 2021). Moreover, inhibition of PLD3 trafficking or processing leads 

to changes in lysosomal morphology (Gonzalez et al., 2018a). 
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The lysosomal lumen contains multiple groups of hydrolases including proteases, nucleases, 

sulfatases, lipases and glycosidases. Lysosomal membrane contains LMPs, V-ATPase proton 

pumps and selective and non-selective ion channels. 

 

1.2.5 Lysosomal enzymes trafficking 
 

The degradative function of lysosomes depends on efficient trafficking and 

activation of lysosomal enzymes (figure 1.4). Lysosomal hydrolase precursors are 

synthesised in the ER and targeted to the Golgi apparatus. While passing through the 

trans-Golgi network (TGN), the N-linked oligosaccharidic chains of the enzymes are 

tagged with a mannose 6-phosphate (Man-6-P) residues (Brown et al., 1986). This 

residue is then recognised by two type transmembrane receptors: the cation-

dependent (CD) and the cation-independent (CI) Man-6-P receptors (MPRs) (Dahms 

et al., 1987; Hoflack and Kornfeld, 1985). Binding of the receptors to the tagged 

hydrolases is crucial for the export from TGN. MPRs contain cytosolic YXXF and 

[D/E]XXXL[L/I] signals recognised by adaptor protein complexes (APs) (Höning et al., 

1997). This recognition of tyrosine- and dileucine-based motifs of MPR-bound 

enzymes by APs results in their packaging into clathrin-coated vesicles (CCVs) which 

are then transported from TGN. CCVs can be targeted into late endosomes directly or 

via early endosomes (Staudt et al., 2016). Moreover, CI-MPR can mediate transport 

Figure 1.4 Proteins regulating lysosomal homeostasis. 
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of hydrolases from the plasma membrane, which plays a role in lysosomal delivery of 

secreted hydrolases (Jadot et al., 1992). The acidic lumen of endocytic compartments 

facilitates the uncoupling of MPRs from their cargos, which allows enzyme migration 

towards lysosomes (Olson et al., 2008). Once uncoupled, the receptors are recycled 

back to TGN in a manner regulated by the retromer complex. The retromer complex 

consists of sorting nexins 1 and 2 (SNX1 and SNX2, respectively), VPS35, VPS29 

and VPS26 (Haft et al., 1998, 2000) and is stabilised by RAB7 (Rojas et al., 2008). 

Disruptions in either retromer assembly or function lead to insufficient lysosomal 

enzyme delivery and accumulation of undigested cargo within the lysosomal lumen 

(Rojas et al., 2008). Interestingly, ATG9 also plays a role in MPRs trafficking and 

ATG9-depleted cells show disruption in the trafficking and maturation of several 

cathepsins (Jia et al., 2017). Mutations in enzymes involved in Man-6-P synthesis 

have been also associated with the missorting of lysosomal enzymes and 

mucolipidosis type II and III (table 1.1) (Tiede et al., 2005; Velho et al., 2019), In 

addition to the canonical MPR-dependent trafficking of lysosomal enzymes, alternative 

pathways also exist. This was initially observed when CI- and CD-knockout where 

mice exhibited cell-type specific, residual delivery of lysosomal enzymes (Qian et al., 

2008). Since this discovery, multiple additional receptors and delivery pathways have 

been reported (Staudt et al., 2016).  
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The pathway begins with delivery of enzymes from the ER to the Golgi apparatus. Enzymes 

are then tagged with Man-6-P, which is recognised by either CD-MPR and CI-MPR. MPR-

bound hydrolases are delivered to late endosomes directly or via early endosomes and 

released from the receptors to allow their maturation. Receptors are then recycled and 

transported back to the Golgi apparatus or plasma membrane. 

 

PLD3 lysosomal delivery 

PLD3 is a transmembrane protein which potentially contributes to its MPR-

independent lysosomal delivery pathway (figure 1.5) (Gonzalez et al., 2018a). PLD3 

is glycosylated in the Golgi apparatus. Disruption of PLD3 glycosylation results in its 

abnormal cellular localisation and the accumulation of enlarged lysosomes (Demirev 

et al., 2019). Inactive full length PLD3 was detected in early endosomes suggesting 

its potential trafficking via early endosomes (Gonzalez et al., 2018a). Subsequently, 

PLD3 is delivered to multivesicular bodies (MVBs) and sorted into intraluminal vesicles 

(ILV) within MVBs. The delivery from early endosomes to MVBs is dependent on the 

presence of PI3P on endosomal membranes and is disrupted when the activity of 

PI3KC3 complex is inhibited (Gonzalez et al., 2018a). PLD3 was shown to be 

ubiquitinated at the N-terminus and is recognised by the ESCRT complex, which leads 

to sorting of the enzyme into ILVs. ESCRT complexes and VPS4a activity are crucial 

for proper packaging of PLD3 into ILVs and overexpression of a dominant negative 

Figure 1.5 Schematic diagram of canonical trafficking of lysosomal hydrolases. 
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mutant of VPS4a disrupts proper processing of PLD3 (Gonzalez et al., 2018a). Once 

PLD3 is exposed to the acidic lumen in late endosomal compartments, it is then 

proteolytically cleaved by cysteine proteases resulting in the separation of the N-

terminal transmembrane domain from the remainder of the proteins containing the 

HKD domains. The stable luminal enzyme is then delivered to the lysosomal lumen, 

whereas the N-terminal fragment is degraded by cathepsins B and L (Gonzalez et al., 

2018a). Disruption is PLD3 processing is associated with AD (Demirev et al., 2019) 

and will be discussed in the chapter 1.2.5. 

 

 

 

 

 

 

 

 

 

 

 

 

The pathway begins with the delivery of enzymes from the ER to the Golgi apparatus where 

PLD3 is glycosylated. PLD3 is then delivered to MVBs via early endosomes and sorted into 

ILVs. Upon ILV degradation, the full length protein is cleaved and the N-terminal is degraded. 

The remaining luminal fragment (harbouring the catalytic HKD domains) is then delivered to 

lysosomes. 

 

1.2.6 Lysosomal storage disorders 
 

Mutations in proteins associated with lysosomes can lead to a gradual build-up 

of substrates within the lysosomal lumen (Platt et al., 2018). This abnormal substrate 

accumulation within lysosomes can cause cellular damage, which with time leads to 

cell death and subsequent tissue degeneration. A broad term for diseases caused by 

such lysosomal metabolism dysfunction is lysosomal storage disease (LSD) (Parenti 

et al., 2021). Liver is one organ that is susceptible to lysosomal dysfunction. For an 

Figure 1.6 Schematic diagram of PLD3 trafficking to lysosomes. 
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example, low levels of glucocerebrosidase enzyme is associated with Gaucher 

disease type I (table 1.1) (Platt et al., 2018). This tissue specific degeneration can 

affect organismal health and in many cases lead to premature death (Parenti et al., 

2021). Although 70 LSDs have been reported thus far (Platt et al., 2018), most of them 

lack an effective treatment. In cases of diseases caused by defective lysosomal 

hydrolases, enzyme replacement therapy could potentially rescue the disease 

phenotype. However, enzyme replacement therapy has only been approved for a 

fraction of LSDs (Ohashi, 2012). LSDs are characterised by lysosomal proteins with 

reduced or completely abrogated function and the accumulated substrates. Selected 

LSDs are described in table 1.1. 

 

1.2.7 Lysosomal dysfunction and neurodegeneration 
 

In addition to a plethora of LSDs, dysfunctional lysosomes have been 

associated with multiple diseases such as cancer, autoimmune disorders and 

neurodegenerative diseases (Cao et al., 2021). Multiple studies have shown 

connections between impaired lysosomal function and AD. Loss of lysosomal acidity 

associated with aging is considered a catalyst of AD (Nixon, 2020). In patients with 

Down Syndrome (DS) who are prevalent to developing AD, oxidative damage of V0 

domain of lysosomal V-ATPase proton pump was observed prior to AD 

neuropathology development (Di Domenico et al., 2013). Moreover, pathogenic 

processing of amyloid precursor protein (APP) (figure 1.7) can disrupt lysosomal 

acidification by inhibition of V-ATPase proton pump assembly in DS patients (Im et al., 

2022). Mouse models of AD confirm this phenotype and show decline in lysosome 

acidification of neurons prior Aβ plaques deposition (Lee et al., 2022). In addition to 

acidification defects, mutations in retromer complex also have been associated with 

AD. Hippocampal dysfunction and Aβ accumulation was observed in VPS26 knockout 

mice or VPS35 neuronal-selective knockout mice, recapitulating features of AD 

(Muhammad et al., 2008; Qureshi et al., 2022). AD has also been associated with 

defects of the lysosomal hydrolase PLD3. Patients bearing mutant of PLD3 (PLD3VM) 

are more likely to suffer from late-onset AD (Cruchaga et al., 2014). Expression 

PLD3VM leads to enlarged lysosomes and Aβ accumulation in flies (Demirev et al., 

2019). Interestingly, this mutation is located close to the HKD motif, suggesting that 

phospholipase activity of PLD3 might be disrupted. Alternatively, the phenotype seen 



 

44 

 

Chapter 1. Introduction 

in PLD3VM could also be a result of improper processing and trafficking of PLD3 

(Cruchaga et al., 2014; Demirev et al., 2019). Depletion of PLD3 leads to increased 

amyloidogenic processing of APP and elevated extracellular Aβ levels (Cruchaga et 

al., 2014; Mukadam et al., 2018). Moreover, mRNA levels of PLD3 are reduced in the 

brains of AD patients (Satoh et al., 2014). Interestingly, PLD3 can also accumulate on 

extracellular Aβ plaques in AD brains suggesting potential defects in its trafficking 

(Satoh et al., 2014). As opposed to neuroprotective role of PLD3 in brain, increased 

cathepsin D activity is correlated with AD (Schwagerl et al., 1995). Studies have shown 

that cathepsin D activity leads to the formation of hyperphosphorylated tau fragments 

observed in AD (Bi et al., 2000). However, this increased activity of cathepsin D in AD 

could also be a compensatory mechanism to degrade substrates accumulating in 

neurons (Perez et al., 2015) and therefore requires to be further investigated. 

Altogether, these studies show a crucial role of lysosomes in AD development and 

progression.           

The transmembrane protein APP can be processed in nonamyloidogenic and amyloidogenic 

pathways. In the nonamyloidogenic pathway, APP is cleaved to form a soluble APP fragment 

α (sAPP-α). The APP C-terminal fragment is then cleaved to release the APP intracellular 

domain (AICD) and P3 fragment. In the amyloidogenic pathway, cleavage of APP to produce 

the soluble APP fragment β (sAPP-β) which is then produce pathogenic Aβ and AICD. 

 

 

 

 

Figure 1.7 A diagram depicting APP processing pathway. 
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1.3 RNAseK – an overview 

 
RNase kappa (RNAseK) is a small protein consisting of two transmembrane 

domains with the N- and C-termini of the protein predicted to face the cytoplasm (figure 

1.8) (Perreira et al., 2015). The protein was in initially described as an 

endoribonuclease with an ability to hydrolyse ApU, ApG and UpU bonds in vitro 

(Economopoulou et al., 2007; Kiritsi et al., 2012). This enzymatic activity of RNAseK 

has not been further validated in cells as structural data suggest that it involves 

residues embedded within the transmembrane region (figure 1.8) (Kiritsi et al., 2012). 

Recent studies indicate that RNAseK is a mammalian homologue of the S. cerevisiae 

rotary subunit f in the V-ATPase proton pump (Vma7) (Abbas et al., 2020). RNAseK 

and Vma7 display 32% sequence identity and 52% sequence similarity. Structural 

analyses of mammalian brain V-ATPase revealed RNAseK positioning in the f subunit 

of the pump V₀ region (Abbas et al., 2020). 

RNAseK has been identified as a crucial factor for viral entry via endocytosis 

(Carro and Cherry, 2020; Hackett et al., 2015; Perreira et al., 2015). Depletion of 

RNAseK does not disrupt binding of viruses to the cell surface receptors but abrogates 

their internalisation via clathrin-mediated endocytosis (CME) and non-CME (Perreira 

et al., 2015). Lymphocyte antigen 6 locus E (LY6E) mediates uptake of multiple 

flaviviruses via CME (Hackett and Cherry, 2018). Depletion of RNAseK abrogates 

LY6E tabularisation inhibiting the virus internalisation (Hackett and Cherry, 2018). 

Although initially reported as an essential factor for CME, subsequent analyses have 

shown that RNAseK is dispensable for the uptake of transferrin and dextran by CME 

and micropinocytosis, respectively (Hackett et al., 2015; Perreira et al., 2015). 

Interestingly, coupling of transferrin to beads 40 nm in diameter disrupted its uptake in 

RNAseK depleted cells (Hackett and Cherry, 2018). On the other hand, RNAseK was 

not required for the uptake of transferrin coupled to 20 nm beads suggesting that its 

role in the endocytic uptake depends on the size of the cargo (Hackett and Cherry, 

2018). In addition to its role in virus uptake, RNAseK was shown to be a positive 

regulator of type I interferon secretion and apoptosis (Sun et al., 2021). Moreover, 

increased RNAseK expression has been observed in certain cancers. Upregulation of 

RNAseK positively correlated with the differentiation of osteoclast precursors and 

enhanced breast cancer to bone metastasis (Yue et al., 2022). Similarly, upregulation 
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of RNAseK was observed in glioblastoma multiforme (GBM) tumour tissues and 

correlated with resistance to temozolomide, the most commonly used 

chemotherapeutic drug in GBM treatment (Hsu et al., 2021). Although progress has 

been made in determining the function of RNAseK in cell homeostasis, its detailed role 

and regulatory network remain unclear. In addition, despite the involvement of 

RNAseK in endocytosis, its involvement in autophagy has not been previously studied. 

 

 

 

 

 

 

 

 

 

 

 

          

Left: transmembrane regions and membrane adjacent fragments of RNAseK protein. 

Cysteine 6 and cysteine 69 required for the putative RNAse activity in vitro are highlighted in 

orange. Right: Composite cryo-EM model (right) of brain V-ATPase in rotational state. 

RNAseK (subunit f) is represented in red in the lower part of the complex. Image taken from 

Abbas et al., 2020. 

 

1.4 Conjugation of ATG8s to Single Membranes 

 

ATG8 lipidation was initially only associated with the biogenesis of a double-

membraned autophagosomes (described in previous chapters). However, numerous 

studies have shown that ATG8 lipidation can also occur on single membranes. This 

non-canonical form of autophagy was recently coined as Conjugation of ATG8s to 

Single Membranes (CASM) (Durgan et al., 2021). CASM plays role in immunity, 

cancer and neurodegeneration (Durgan and Florey, 2023). CASM processes include: 

LC3-associated phagocytosis (LAP) (Sanjuan et al., 2007); LAP-like processes 

Figure 1.8 Schematic diagram of RNAseK. 

 

Figure 1.11 Schematic diagram of RNAseK. 

 

Figure 1.12 Schematic diagram of RNAseK. 

 

Figure 1.13 Schematic diagram of RNAseK.8 
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(Florey et al., 2011a; Jacquin et al., 2017); LC3-associated endocytosis (LANDO) 

(Heckmann et al., 2019); and LC3-dependent extracellular vesicle loading and 

secretion (LDELS) (Leidal et al., 2020). Interestingly, ATG8 can be conjugated to both 

PE and phosphatidylserine (PS) during CASM, whereas in autophagy its conjugation 

is exclusively to PE (Durgan et al., 2021). Therefore, ATG8-PS conjugate is a potential 

“molecular signature” for CASM (Durgan and Florey, 2023).  

Although autophagy and CASM share multiple regulators, the required molecular 

machinery varies (Table 1.2). This could be because autophagy requires the de novo 

formation of phagophores, whereas CASM relies on pre-formed membranes where 

for lipidation to take place. The difference in the molecular machinery required for 

CASM or autophagy can be utilised to distinguish the induction of either pathway 

during ATG8 lipidation. For instance, the ULK complex (including ULK1/2, ATG13, and 

FIP200) and ATG14L1 are dispensable for CASM (Florey et al., 2011b; Martinez et 

al., 2015). On the other hand, the lipidation machinery (including ATG3, ATG7, ATG5, 

ATG12 and ATG16L1) is crucial for both autophagy and CASM (Florey et al., 2011b; 

Martinez et al., 2015). Interestingly, despite the requirement of ATG16L1 for both 

CASM and autophagy, the C-terminal WD40 domains of ATG16L1 are essential for 

CASM but not autophagy (Fletcher et al., 2018). Mutating key residues within the 

WD40 domains or deleting the entire WD40 domains of ATG16L1 allow the study of 

CASM without disrupting autophagy (Fletcher et al., 2018; Rai et al., 2019).  

Ionophores and lysosomotropic drugs such as monensin and chloroquine (CQ), 

respectively, can induce LAP-like CASM processes (Jacquin et al., 2017). These 

agents change the endosomal ion balance and raise the pH. On the contrary, Baf A1 

treatment, which also raises endosomal pH, inhibits CASM (Florey et al., 2015; 

Jacquin et al., 2017). These observations suggested that CASM inhibition by Baf A1 

is independent of the changes in pH and V-ATPase proton pumping function. Indeed, 

recent studies showed that the association between V0 and V1 domain of V-ATPase 

complex, rather than acidification status, is required for CASM activation (Hooper et 

al., 2022). The assembled V-ATPase complex binds to WD40 domain of ATG16L1 

which specifies the lipidation site on the single membrane compartments (Hooper et 

al., 2022). Although multiple factors regulating CASM have been discovered, the full 

regulatory network is yet to be characterised. 
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The ✔ symbol means that the complex/protein/protein fragment is needed for the process, 

whereas X indicate dispensable factors.   

 

1.5 Investigating mechanisms of autophagy regulation 
 

Since the initial discovery of the core ATG proteins, a plethora of regulators has 

been identified (Glick et al., 2010). Nevertheless, not all mechanisms governing 

efficient autophagic flux are known. This includes recruitment and release of ATG 

proteins to and from autophagic membranes or proteins involved in different stages of 

autophagy such IAM degradation. Due to autophagy being a complex and dynamic 

process comprising of multiple finely orchestrated steps, it is challenging to define all 

of the proteins directly or indirectly involved in the pathway. The role of autophagy in 

maintaining cell health and its dysregulation in disease underscores the importance of 

understanding its regulatory network in order to identify ways to therapeutically 

modulate it (Shintani and Klionsky, 2004). Furthermore, FDA approved drugs used to 

regulate autophagy (for an example those used in cancer treatment) are unspecific 

and toxic (Mohsen et al., 2022). This suggests the need to identify new autophagy 

regulators in order to find more specific targets to modulate autophagy during therapy. 

In the next chapters, I will discuss two screens I have performed prior to the start of 

my PhD that were used as bases of my PhD thesis. These screens, genome-wide 

knockout screen and proximity labelling approach, were aimed to give an insight into 

the autophagy regulatory network.  

 

 

Protein/complex Autophagy CASM Reference 

ULK1 complex ✔ X (Florey et al., 2011a) 

Rubicon X ✔ (Martinez et al., 2015) 

WIPI2 ✔ X (Martinez et al., 2015) 

ATG7, ATG3, ATG5-ATG12 ✔ ✔ (Martinez et al., 2015) 

 ATG9 ✔ X (Kageyama et al., 2011) 

ATG16L1 WD40 domain X ✔ (Fletcher et al., 2018) 

Table 1.2 Comparison of autophagy proteins needed for autophagy and CASM. 
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Assays to monitor autophagy  

A number of methods have been developed to monitor autophagic flux in a cell 

population that can be used to test the modulation of autophagy by genetic or 

pharmacological approaches (Yoshii and Mizushima, 2017). Here, I will discuss 

selected assays based on the dynamics of the ATG8 protein, LC3B, during autophagy. 

As previously mentioned LC3-I is conjugated to PE during autophagy to form LC3-II 

(Kabeya, 2000). This conjugation results in a faster migration of LC3-II, compared to 

unconjugated LC3-I, on a SDS-PAGE gel (Yoshii and Mizushima, 2017). The induction 

of an autophagic flux results in LC3 lipidation and degradation by lysosomal 

hydrolases (Runwal et al., 2019). Accumulation of LC3-I or LC3-II under conditions 

that stimulate autophagy (e.g. amino acid starvation) would suggest a block in 

autophagy either prior to or post LC3 lipidation, respectively. For instance, the build-

up of LC3-I is observed in cells treated with VPS34 inhibitors and LC3-II accumulation 

is observed during Baf A1 treatment (Fedele and Proud, 2020; Ronan et al., 2014). 

These phenotypes can also be replicated upon genetic depletion of essential 

autophagy proteins (such as ATG7 and ATG2). Degradation of autophagy cargo 

receptors (such as p62) can also be used to monitor autophagy (Yoshii and 

Mizushima, 2017). Both LC3B and p62 are commonly used autophagy markers and 

can be investigated by western blotting (to assess levels and migration), fluorescent 

microscopy (to assess their subcellular localisation), and FACS analyses (to quantify 

their levels) (Ueno and Komatsu, 2020).  

Targeting of fluorescent reporters to the lysosome for degradation is useful to 

measure autophagy in cells. LC3 N-terminally tagged with Green Fluorescent Protein 

(GFP) only, or together with Red Fluorescent Protein (RFP), is targeted to lysosomes 

for degradation when autophagy is induced. Upon delivery to lysosomes and IAM 

degradation, exposure to the acidic environment of lysosomes leads to quenching of 

the GFP signal, whereas RFP signal remains intact (Liang and Corn, 2022). These 

qualities of fluorescent reporters allow to monitor autophagic flux by measuring the 

intensity of green and red fluorescence whereby if autophagy is inhibited cells retain 

the GFP and RFP signals and if autophagy is induced then only the GFP signal is lost 

(Liang and Corn, 2022). Similarly, using autophagic cargo receptors tagged with 

fluorescent proteins led to the identification of multiple regulators of selective 

autophagy (Kanfer et al., 2021; Liang et al., 2020; Ohnstad et al., 2020).  
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Multiple additional assays to investigate different stages of autophagy exist, 

such as phosphorylation events of known regulators or autophagic cargo degradation 

to test selective autophagy (Alsaadi et al., 2019). Methods used in this thesis will be 

described in later chapters. 

 

1.5.1 Genome-wide CRISPR-Cas9 screen 

 
Fluorescently tagged autophagy reporters are commonly used to identify new 

regulators of autophagy in high-throughput genome-wide screens, including RNA 

interference (RNAi)-mediated gene silencing- and gene editing-based assays (Chan 

et al., 2007b; Hale et al., 2016; Orvedahl et al., 2011). However, the major 

disadvantage of RNAi-based screens is the incomplete knockdown of protein 

expression, rather than a complete abolishment, which could result in residual activity 

of the targeted proteins and lack of apparent effects on autophagy (Bethani et al., 

2009). This impediment can be overcome by using a Clustered regularly interspaced 

short palindromic repeats-Cas9 (CRISPR-Cas9) tools. CRISPR-Cas9 was originally 

discovered in bacteria, where it is an immune response mechanism against viral 

infection (Deltcheva et al., 2011). This system is based on Cas9 endonuclease which 

can cleave target DNA at a specific site (Deltcheva et al., 2011; Jinek et al., 2012) 

although additional Cas9-related endonucleases have also been discovered. Cas9 

can be targeted to genomic sequences by binding a complementary sequence of a 

short guide RNA (sgRNA) leading to double-strand break (Jinek et al., 2012). Double-

strand break triggers DNA repair mechanisms through non-homologous end-joining  

and homologous recombination (Shrivastav et al., 2008). Non-homologous end-joining 

can result in indel mutations and therefore gene knockout. On the other hand, 

homologous recombination can restore wild type sequence of a gene and is used to 

incorporate specific mutations and tags (Shrivastav et al., 2008).  

In screens utilising CRISPR/Cas9-mediated gene editing aimed at identifying 

autophagy regulators, a fluorescently tagged reporter protein, such as GFP-LC3, can 

be used as an autophagy readout. If a certain gene is essential for autophagy, 

knocking it out would lead to autophagy inhibition and an accumulation of the 

fluorescence signal. Fluorescent cells can be distinguished in a mixed cell population 

by fluorescence-activated cell sorting (FACS). Genome-wide or selected gRNA 
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sequences (Shalem et al., 2014) can be introduced to cells as a pool aiming to 

introduce one gRNA sequence per cell. After separating cells depending on the 

fluorescent signal by FACS, the individual gRNA can be identified by genomic 

sequences. Genome-wide CRISPR-Cas9 screens have been used to identify multiple 

autophagy regulators (Dejesus et al., 2016; Liang et al., 2020; Mimura et al., 2021; 

Morita et al., 2018). It was also used to identify RNAseK as a potential autophagy 

regulator in the screen I have performed prior to the start of my PhD. Discovery of 

CRISPR-Cas9 in bacteria and subsequent development of tools for using CRISPR-

Cas9 for targeted gene knockouts revolutionised the scientific field. Many scientific 

advances were made using these tools and Jennifer Doudna and Emmanuelle 

Charpentier won Nobel Prize in Chemistry in 2020 for their seminal work on 

CRISPR/Cas9 (Westermann et al., 2021). 

 

1.5.2 TurboID-based proximity labelling  
 

Identification of protein-protein interactions (PPIs) required for autophagy is 

important to understand the regulatory network governing different stages of the 

pathway. It is also another approach which could lead to discovery of novel autophagy 

regulators. Multiple tools have been developed to facilitate the detection of PPIs 

especially those that are more challenging to uncover due to their transient nature. 

One of the best tools utilised to identify transient or weak interactions is biotin ligase-

based proximity labelling assays (Qin et al., 2021). This proximity labelling technique 

is based on the ability of a promiscuous biotin ligase to label proximal proteins with 

biotin (figure 1.9). This labelling involves an ATP-dependent, covalent attachment of 

biotin to nucleophilic residues such as lysine (Choi-Rhee et al., 2004). One of the 

advantages of biotin ligase-based assays is low toxicity, which means it can be used 

in live cell culture or a live organism for prolonged periods of time (Qin et al., 2021). 

Biotin labelled proteins can are enriched by streptavidin pulldown and analysed by 

mass spectrometry (MS). Moreover, due to the covalent binding between biotin and 

labelled proteins, stringent conditions can be used for the pulldown which reduces 

unspecific binding and the pulldown background signal. However, labelling that occurs 

in the biotinylation radius of the enzyme results in labelling of true PPIs, but also of 

proteins in proximity of the bait protein rather than interacting with it. Therefore, the 

data from proximity labelling assays need to be analysed carefully and confirmed by 
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additional methods. The labelling time, biotin concentration and labelling radius 

depends on the enzyme used.  

The original enzyme used for proximity-based labelling was developed by 

mutating Escherichia coli biotin ligase at residue 118, to enable promiscuous 

biotinylation (Choi-Rhee et al., 2004). This promiscuous biotin ligase was named 

BirA*/BioID and has been widely used to study PPIs (Roux et al., 2012). Subsequently, 

improved BioID variants have been engineered, such us BioID2 or BASU (Kim et al., 

2016; Ramanathan et al., 2018). More recently, a new BioID variant was developed 

called TurboID (Branon et al., 2018). TurboID is a promiscuous biotin ligase developed 

by expressing a recombinant ligase on yeast surface (Cherf and Cochran, 2015) 

followed by multiple rounds of mutagenesis to direct the evolution of the protein in 

order to obtain a more efficient enzyme (Packer and Liu, 2015). This newly generated 

BioID variant was shown to exhibit more efficient catalytic activity compared to other 

promiscuous biotin ligases (Branon et al., 2018). For an example, TurboID can 

catalyse the biotinylation of protein targets within 10 min of incubation with biotin, 

whereas other biotin ligases, such as BioID, BioID2 or BASU, require up to 18 hr to 

catalyse the biotinylation of a similar amount of protein targets  (Branon et al., 2018). 

Moreover, TurboID is functional under wider temperature spectrum when compared 

to BioID thus making it a more versatile tool (Branon et al., 2018). However, 

biotinylation radius of TurboID is increased to 35 nm, compared to 10 nm BioID radius, 

which increases unspecific labelling. Moreover, if TurboID is expressed ubiquitously, 

it can utilise endogenous biotin and promote chronic biotinylation, increasing toxicity. 

Chronic biotinylation can also saturate proximal labelling sites which leads to reduction 

in the labelling specificity. These drawbacks of TurboID need to be taken under 

consideration when designing experiments using this enzyme. Altogether, when used 

carefully, TurboID is an attractive tool to use for proximity labelling and identification 

of proximal proteins and potential interactors. 
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Bait protein fused to TurboID construct is expressed in cells. Incubation with exogenous biotin 

results in biotinylation of proteins in proximity of the bait. This includes direct and indirect 

binding partners, transient interactors and non-interactors.  

Figure 1.9  Schematic diagram of TurboID proximity labelling mechanism of action.             

 

Figure 1.14  Schematic diagram of TurboID proximity labelling mechanism of action.             

 

Figure 1.15  Schematic diagram of TurboID proximity labelling mechanism of action.             

 

Figure 1.16  Schematic diagram of TurboID proximity labelling mechanism of action.             
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1.6  Aims of the thesis 

 

The main goal of this thesis is to understand the role of RNAseK in autophagy and 

lysosomal function. RNAseK was identified as a potential autophagy regulator in a 

Genome-Wide CRISPR-Cas9 knockout screen. RNAseK is a poorly characterised 

protein and the role of RNAseK in autophagy has not been studied before. Chapter 3 

will focus on identifying the stage of autophagy affected in absence of RNAseK. 

Moreover, the interacting network and cellular localisation of RNAseK will be analysed. 

In chapter 4, the role of RNAseK in lysosomal function will be investigated. Finally, 

chapter 5 will focus on characterising the role in autophagy of selected proteins 

disrupted in the absence of RNAseK.  

Moreover, the aim of this thesis is to validate the interaction between two 

autophagy proteins ATG2 and ATG16L1. These two proteins were shown in close 

proximity in a TurboID proximity assay. Although, both proteins are established 

autophagy regulators, an interaction between ATG2 and ATG16L1 has not been 

described thus far.  
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Chapter 2. Materials and methods 

2.1 Cell culture 
 

Mouse embryonic fibroblasts (MEFs), U2OS, human neuroblastoma cells (SH-

SY5Y) and HEK293T were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing 4.5 g/L glucose (Gibco, 21969035) and supplemented with 10% FBS 

(Gibco, 10473-028), 2 mM L-glutamine (Gibco, 25030-081), 10 U/mL penicillin and 

100 μg/mL streptomycin (Gibco, 15140-122) in a humidified chamber maintained at 

37oC and 5% carbon dioxide (CO2). For passaging, cells were washed with phosphate-

buffered saline (PBS) followed by a dissociation with 0.05% trypsin (Gibco, 25300054) 

and neutralisation with DMEM. A fraction of the cell suspension was then transferred 

to a new cell culture dish and topped up with cell media. 

To induce autophagy, cells were washed twice with PBS and incubated for the 

indicated amount of time in amino acid-free or serum-free DMEM. To disrupt 

lysosomal degradative function, Baf A1 was used at 20 nM final concentration (Sigma, 

B1793), unless indicated otherwise. To inhibit early stages of autophagy, VPS34-IN1 

was used at 2 μM final concentration (Cayman Chemical, 17392). 

 

2.2 SDS-PAGE and western blotting 
 

Cells were washed twice with ice-cold PBS and lysed in RIPA buffer (10 mM 

Tris, 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM 

ethyleneglycoltetraacetic acid (EGTA), 0.1% SDS, 1% Triton X-100 (Sigma, T9284), 

1 mM β-mercaptoethanol (β-ME) (Sigma, 444203), 0.5% sodium deoxycholate, 10% 

glycerol (Fisher Scientific UK, 10675872), supplemented with protease inhibitors 

cocktail V (Millipore, 539137-10VL). Samples were transferred to 1.5 mL Eppendorf 

tubes and vortexed, if p62 was analysed, samples were also sonicated. This was 

followed by centrifugation at 20,000 g for 10 min at 4°C. The supernatants were 

collected and mixed with SDS sample loading buffer dye (200 mM Tris-HCl pH 6.8, 2 

g/mL SDS, 10% glycerol (v/v), 143 mM β‐ME, bromophenol blue) and further 

denatured by heating at 95°C for 5 min.  

Protein lysates were loaded on gels and separated at 120 V in for ~1.5 h on 

either 10% or 15% SDS-polyacrylamide gels. PageRuler (Thermo Scientific, 26619) 
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was used as a protein standard. Separated proteins were subsequently transferred 

onto nitrocellulose membranes (Bio-Rad, 1620115) for 10% gels, or PVDF 

membranes (Bio-Rad, 1620177) for 15% gels. Proteins were transferred by wet 

transfer by applying constant 385 milliamps for 70 min for 10% gels, or constant 100 

V for 100 min to the blotting chamber containing transfer buffer (15% methanol, 96 

mM Tris, 78 mM glycine). Membranes were blocked with 5% non-fat milk in TBST 

buffer [TBS, 0.05% Tween 20 (Sigma, P9416)] for 30 min. Subsequently membranes 

were incubated with primary antibodies (table 2.1) diluted in TBST and 5% non-fat milk 

for 2 h at room temperature or overnight at 4°C. Membranes were then washed with 

TBST and incubated with horseradish peroxidase-linked (HRP) secondary antibodies 

(table 2.1) at room temperature for 1-2 h. Membranes were washed with TBST and 

developed using Clarity Western ECL substrate (Bio-Rad, 1705061) or SuperSignal 

West Femto (Thermo Scientific, 34094). To visualise protein bands, Bio-Rad 

ChemiDoc XRS+ Imaging System was used.  

 

2.3 Microscopy 
 

For immunofluorescence staining, cells were plated on glass coverslips in 6-

well plates for 24-48 h prior indicated treatment. Following the treatment cells were 

washed twice with PBS and fixed with 3.7% paraformaldehyde (PFA) (Sigma, P6148) 

in 20 mM HEPES pH 7.5 for 15 min at room temperature in the dark. Fixation buffer 

was then washed off with PBS and cells were permeabilised using in 0.1% Triton X-

100 (Sigma, T9284) in PBS for 5 min at room temperature or ice-cold MeOH for 2 min 

on ice. Cells were washed twice with PBS and blocking was then performed using 1% 

bovine serum albumin (BSA) in PBS for 30 min at room temperature. Coverslips were 

then incubated with primary antibodies (table 2.1) for 3 hrs at 37oC, followed by 

washes in PBS and incubation with the indicated secondary Alexa Fluor secondary 

antibodies (table 2.1) for 30 min at room temperature in the dark. After washing the 

coverslips twice with PBS, nuclei were stained with 4’,6-diamidino-2-phenylindole 

(DAPI; Sigma, D9542) prior to mounting on microscope slides with Prolong Diamond 

Antifade mountant (Invitrogen, P3696). Microscope slides were left at room 

temperature for 24 h before acquiring images. Images were acquired on a Nikon A1R 

point scanning confocal microscope with a 60X objective. Analyses were performed 

using ImageJ software. EzColocalization plugin was used to quantify Pearson’s 
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correlation coefficient between the indicated proteins. VPS4a puncta per cell was 

assessed manually using a multi-point feature in ImageJ software.  

For imaging of live cells, GFP-STX17 expressing cells were plated on glass-

bottom plates (World Precision Instruments, FD35-100) for 24 h. Cells were then 

washed twice with PBS and incubated in Hank's balanced salt solution (HBSS) (Gibco, 

14025092) for 2 h. To visualise acidic lysosomal compartments LysoTracker Deep 

Red (Invitrogen, L12492) was added. Live cell imaging was performed using a Nikon 

A1R point scanning confocal microscope with a 100X objective. LysoTracker ring and 

dot structures per cell were assessed manually using multi-point feature in ImageJ 

software. 

 

2.4 Antibodies 
 

 Antibodies used in this thesis were diluted in 5% (w/v) non-fat milk in TBST (15 

mM NaCl, 10 mM Tris-HCl pH 7.5, and 0.05% Tween 20 (Sigma, P9416) when used 

for immunoblotting. For immunofluorescence analyses antibodies were diluted in 1% 

(w/v) BSA, 0.02% (v/v) sodium azide in PBS. Details of the antibodies used in this 

thesis are listed in the table below. 

 

Antibodies 

Target Species Clone Supplier 
Cat. 

number 

Dilution 

WB 

Dilution 

IF 

β-Actin Mouse AC-74 
Sigma 

Aldrich 
A5316 1:3000 --- 

ATG16L1 Rabbit --- MBL PM040 1:200 1:300 

ATG3 Mouse 3E8 MBL M133-3 1:3000 ---  

ATG5 Rabbit --- 
Sigma 

Aldrich 
A0731 1:3000 --- 

ATG7 Rabbit --- 
Sigma 

Aldrich 
A2856 1:2000 --- 

ATG9A Rabbit D4O9D CST 13509 --- 1:200 

Cathepsin B Goat --- R&D systems AF965 1:3000 --- 
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CD63 Mouse 
sc-

5275 
Santa Cruz 

MX-

49.129.5 
--- 1:300 

CD-MPR Rabbit 
EPR76

91 
Abcam ab134153 --- 1:300 

CI-MPR Rabbit 
EPR65

99 
Abcam ab124767 1:3000 1:300 

EGFR Rabbit 
sc-

5275 
Santa Cruz 1005 1:2000 --- 

FIP200 Rabbit --- Abcam 176816 1:1000 --- 

GFP Mouse 
7.1 and 

13.1 
Roche 

11814460

001 
--- 1:300 

GFP Rabbit --- Chromotek 
PABG1-

100 
1:3000 1:300 

GM130 Mouse --- 
BD 

biosciences 
610822 --- 1:300 

HA-tag Rat 3F10 Roche 
11867423

001 
1:1000 --- 

LAMP1 Rat 1D4B Abcam ab25245 --- 1:1000 

LC3B Rabbit --- 
Sigma 

Aldrich 
L7543 1:3000 --- 

MYC-tag Mouse 9B11 CST 2276 1:1000 1:300 

MYC-tag Rabbit 71D10 CST 2278s --- 1:300 

p62 Rabbit --- 
Enzo Life 

Sciences 

BML-

PW9860-

0100 

--- 1:300 

p62 Rabbit --- CST 5114 1:2000 --- 

PLA2G15 Rabbit --- 
Atlas 

Antibodies 

HPA0417

02 
1:500 --- 

PLD3 Rabbit --- 
Atlas 

Antibodies 

HPA0128

00 
1:1000 1:200 

RAB7 Rabbit D95F2 CST 9367S --- 1:300 

RFP Rabbit --- Rockland 
600-401-

379 
1:2000 --- 
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RNAseK Rabbit 
S4806-

1 
Proteintech 

Custom 

production 
1:2000 1:600 

Mouse IgG-

HRP 
Goat --- CST 7076 1:3000 --- 

Rabbit IgG-

HRP 
Goat --- CST 7074 1:3000 --- 

Goat IgG-HRP Rabbit --- Invitrogen 61-1620 1:5000 --- 

AlexaFluor488 

anti-mouse 
Goat --- Invitrogen A1101 --- 1:500 

AlexaFluor488 

anti-rabbit 
Goat --- Invitrogen A11008 --- 1:500 

AlexaFluor594 

anti-mouse 
Goat --- Invitrogen A11032 --- 1:500 

AlexaFluor594 

anti-rabbit 
Goat --- Invitrogen A11012 --- 1:500 

AlexaFluor594 

anti-rat 
Goat --- Invitrogen A11007 --- 1:500 

AlexaFluor647 

anti-mouse 
Goat --- Invitrogen A32728 --- 1:500 

AlexaFluor647 

anti-rat 
Goat --- Invitrogen A21247 --- 1:500 

Table 2.1 List of antibodies used in this thesis. 

2.5 Cloning 
 

 For cloning of guide RNAs (gRNAs) into lentiviral vectors, 1 μg of sgRNA vector 

(table 2.5) was digested with 2 μL of BsmBI enzyme (NEB, R0739S) in the presence 

of digestion buffer 3.1 (NEB, B7203). A total reaction volume of 50 μL was incubated 

for 2 h at 55oC. Subsequently, the digestion temperature was lowered to 37oC and 1 

μL of calf intestinal alkaline phosphatase (CIP) (NEB, M0525S) was added for 5 min. 

The digested plasmid was run on 1% agarose gel and purified using QIAGEN gel 

extraction kit (Qiagen, 28115) according to manufacturer's instructions. Each pair 

(forward and reverse) of the gRNA oligonucleotides (table 2.6) were phosphorylated 

using T4 Polynucleotide kinase (NEB, M0201S) in T4 ligation buffer (NEB, B0202S) 

for 30 min at 37oC. Annealing was then performed by heating sample up to 95oC for 5 
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min and ramping down temperature to 25oC at 5 oC/min. The digested plasmid 

together with annealed oligonucleotides were ligated using T4 DNA ligase (NEB, 

M0202) in T4 ligation buffer for 1 h at room temperature. The ligation product was 

transformed into or Stbl3 competent cells (Invitrogen, C737303) and plated on 

lysogeny broth (LBroth) agar plates containing ampicillin. After overnight incubation at 

37oC, single colonies were selected and grown in LBroth containing ampicillin. Positive 

clones were confirmed by Sanger sequencing and subsequently amplified using 

QIAGEN plasmid midi kit (Qiagen, 12145). 

For cloning of RNAseK into TurboID vector (table 2.5), 2 μg of pQCXIN-TurboID 

vector was digested with 1 μL of NotI enzyme (NEB, R0189S) and 1 μL of BamHI 

(NEB, R0136S) in presence of 3.1 digestion buffer (total reaction volume 50 μL) for 4 

h at 37oC. 

For cloning of ATG16L1 into the TurboID vector, 2 μg of pQCXIN-TurboID 

vector was digested with 1 μL of BsiWI enzyme (NEB, R0553S) in 3.1 digestion buffer 

for 2 h at 55oC, followed by purification using QIAquick PCR purification kit (Qiagen, 

28104). The purified vector was subsequently digested with 1 μL of PacI enzyme 

(NEB, R0547S) in CutSmart digestion buffer (NEB, B7204) (total reaction volume 50 

μL) for 2 h at 37oC. 

The digested vectors were run on 1% agarose gel and purified using QIAGEN 

gel extraction kit according to manufacturer's instructions. The insert constructs were 

amplified by polymerase chain reaction (PCR) according to tables 2.2 and 2.3, gel 

purified, and subsequently digested with the indicated enzymes in the presence of the 

suitable digestion buffer for 1 h. Digested insert was purified using QIAquick PCR 

purification kit according to manufacturer’s instruction. Digested vectors together with 

amplified insert fragment were ligated using 0.5 μL of T4 DNA ligase (400,000 units/mL 

stock concentration) in presence of T4 ligation buffer (total reaction volume 10 μL) for 

1 h at room temperature. The ligation product was transformed into or DH5α 

competent cells (Invitrogen, 18265017) and plated on LBroth agar plates containing 

ampicillin. After overnight incubation at 37oC single colonies were selected and grown 

in LBroth containing ampicillin. Positive clones were confirmed by Sanger sequencing 

and subsequently amplified using QIAGEN plasmid midi kit. 
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Reagent Volume (μL) 

5x HF Phusion reaction buffer (NEB, B0518S) 10 

2.5 mM dNTP 3 

10 μM forward primer 2.5 

10 μM reverse primer 2.5 

Phusion polymerase (NEB, M0530S) 1 

DMSO 1 

100 ng/μL DNA template 1 

Nuclease-free ddH2O Up to 50 

Table 2.2 Details of reagents used for PCR. 

 

Number of cycles Step Temperature (°C) Time (min) 

1 Initial denaturation 98 2 

25-30 

Denaturation 98 0.5 

Annealing 53-68 0.5 

Elongation 72 1 per kb 

1 Final extension 72 10 

1 Hold 10 --- 

Table 2.3 Cycles and temperature steps used for PCR. 

For cloning of ATG2 plasmid HA-ATG2 plasmid (table 2.5) was used as a 

template for site directed mutagenesis. Using the indicated primers (table 2.6), 

plasmids were amplified using Q5 Site-directed mutagenesis kit (NEB, E0552S) 

according to the manufacturer’s instructions. The PCR reaction was set up according 

table 2.4. 

Step Temperature (oC) Time (sec) 

Initial denaturation 98 30 

25-35 cycles 

98 10 

68 30 

72 600 

Final extension 72 120 

Hold 10 --- 

Table 2.4 Conditions used for mutagenesis of ATG2 construct. 

The amplification product was then digested using KLD enzyme mix (NEB, 

M0554) and digestion product were then transformed into DH5α competent cells 

(Invitrogen, 18265017) and plated on LBroth agar plates containing ampicillin. After 
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overnight incubation at 37oC single colonies were selected and grown in LBroth 

containing ampicillin. Successful cloning was confirmed by Sanger sequencing and 

positive clones were amplified using QIAGEN plasmid midi kit. 

 

2.6 Plasmids and oligonucleotides  
 

 The plasmids and oligonucleotides used for gene knockout or protein 

expression in this thesis are detailed in tables 2.6 and 2.7, respectively. Flag-S-

ATG16L1 constructs have been described previously (Gammoh et al., 2013). 

 
Insert Vector Other details 

GFP-LC3 pBabe --- 

Cas9 sgRNA lentiCRISPR v2 Addgene  #52961 

Cas9 pFUGW Addgene #52962 

sgRNA lentiCRISPR v1 Addgene #70662 

TiD-myc-ATG16L1 pBabe --- 

Flag-S-ATG16L1 pBabe (Gammoh et al., 2013) 

Flag-S-ATG16L1 (AA 1–335 pBabe (Gammoh et al., 2013) 

Flag-S-ATG16L1 (AA 336–623) pBabe (Gammoh et al., 2013) 

sgRNAseK#1 lentiCRISPR v2 --- 

sgRNAseK#2 lentiCRISPR v2 --- 

RNAseK-myc pQCXIN --- 

GFP-RNAseK pBabe --- 

RNAseK-myc-TiD pQCXIN --- 

Myc-TurboID pQCXIN --- 

GFP-STX17 pMRXIP Addgene #45909 

GFP pBabe --- 

PLA2G15-HA pCMV6-Entry Sinobiological #MG52099-CY 

GFP-VPS4a pLNCX2 Addgene #116924 

GFP-VPS4a E228Q pEGFP Addgene #80351 

mCheery-VPS4a pLNCX2 Addgene  #115334 

ATG2a-GFP pMRXIP --- 
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Flag-HA-ATG2a pMSCV Gift from Dr David McEwan 

Flag-HA-ATG2a YFS pMSCV Gift from Dr David McEwan 

Flag-HA-ATG2a 221-227 pMSCV --- 

GFP-ATG2b pEGFP Gift from Dr Li Yu 

Flag-HA-ATG2b pMSCV Gift from Dr David McEwan 

GAG-POL --- --- 

PAX2 --- --- 

VSVG --- --- 

Table 2.5 Details of plasmids used for gene knockout or protein expression. 
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Oligonucleotide SEQUENCE (5' TO 3') Application 

Illumina Forward Set 1 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTTAAGTAGAGTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 2 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTATACACGATCTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 3 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTGATCGCGCGGTTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 4 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTCGATCATGATCGTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 5 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTTCGATCGTTACCATCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 6 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTATCGATTCCTTGGTTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 7 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTGATCGATAACGCATTTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 8 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTCGATCGATACAGGTATTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 9 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTACGATCGATAGGTAAGGTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 10 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTTAACAATGGTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 11 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTATACTGTATCTCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Forward Set 12 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCTGATAGGTCGCATCTTGTGGAAAGGACGAAACACCG 
Appendix 1 

Illumina Reverse Set 1 
CAAGCAGAAGACGGCATACGAGATAAGTAGAGGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTTTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 2 
CAAGCAGAAGACGGCATACGAGATACACGATCGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 
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Illumina Reverse Set 3 
CAAGCAGAAGACGGCATACGAGATCGCGCGGTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 4 
CAAGCAGAAGACGGCATACGAGATCATGATCGGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 5 
CAAGCAGAAGACGGCATACGAGATCGTTACCAGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTTCGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 6 
CAAGCAGAAGACGGCATACGAGATTCCTTGGTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTATCGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 7 
CAAGCAGAAGACGGCATACGAGATAACGCATTGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTGATCGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 8 
CAAGCAGAAGACGGCATACGAGATACAGGTATGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTCGATCGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 9 
CAAGCAGAAGACGGCATACGAGATAGGTAAGGGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTACGATCGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 10 
CAAGCAGAAGACGGCATACGAGATAACAATGGGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTTTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 11 
CAAGCAGAAGACGGCATACGAGATACTGTATCGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

Illumina Reverse Set 12 
CAAGCAGAAGACGGCATACGAGATAGGTCGCAGTGACTGGAGTTCAGACGTG

TGCTCTTCCGATCTGATTCTACTATTCTTTCCCCTGCACTGT 
Appendix 1 

myc-TiD-ATG16L1 Forward GCAGCACGTACGATGTCGTCGGGCCTGCGCGC Appendix 2 

myc-TiD-ATG16L1 Reverse GCAGCATTAATTAATCAAGGCTGTGCCCACAGCACAG Appendix 2 

sgRNAseK#1 Forward CACCGCCATTCTGCTGTGTTAATTG Chapter 3 

sgRNAseK#1 Reverse AAACCAATTAACACAGCAGAATGG Chapter 3 

sgRNAseK#2 Forward CACCGGTGGCATCGTCCTCAGCGCC Chapter 3 

sgRNAseK#2 Reverse AAACGGCGCTGAGGACGATGCCACC Chapter 3 

sgRNAseK endogenous 
tagging Forward 

CACCGATACATGGTGCGCTAGAGCG 
Chapter 3 
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sgRNAseK endogenous 
tagging Reverse 

AAACCGCTCTAGCGCACCATGTATC 
Chapter 3 

RNAseK-myc donor DNA 

GCTACAACTGTTTCATCGCCGCGGGCCTCTACCTCCTCCTCGGAGGCTTCTCC
TTCTGCCAAGTTCGTCTCAACAAGCGCAAGGAATACATGGTGCGCGAACAAAA
ACTTATTTCTGAAGAAGATCTGTAGAGCGCGCTCCGCCTCTCCCTCCCCAGCC
CCCTTCTCTATTTAAAGACTCCGCAGACTCCGTCCCACTCATCTGGCGTCCTTT

GGGACTT 

Chapter 3 

RNAseK-myc-TiD NotI 
Forward 

GCAGCAGCGGCCGCATGGCGTCGCTCCTGTGCTG 
Chapter 3 

RNAseK-myc-TiD BamHI 
Reverse 

GCAGCAGGATCCGCGCACCATGTATTCCTTGC 
Chapter 3 

GFP-RNAseK XhoI Forward GCAGCACTCGAGATGGCGTCGCTCCTGTGCTGT Chapter 5 

GFP-RNAseK EcoRI 
Reverse 

GCAGCAGAATTCCTAGCGCACCATGTATTCCTT 
Chapter 5 

qRT-PCR-PLD3 Forward ATCCATCGATGCGGTCCTTC Chapter 5 

qRT-PCR-PLD3 Reverse CCAGACCAGTTGGAGGTTCC Chapter 5 

qRT-PCR-Actin Forward GATGAGGCTCAGAGCAAGAGAG Chapter 5 

qRT-PCR-Actin Reverse GTCCCGGCCAGCCAGGTCCAG Chapter 5 

ATG2a AA 221-227 
Forward 

GGCGGCGGCGCAGCTGGCAGGGGTCCGC 
Chapter 7 

ATG2a AA 221-227 
Reverse 

GCCGCCGCCGCAGGCGGCTGATGCACGTC 
Chapter 7 

Table 2.6 Details of oligonucleotides used for gene knockout or protein expression. 



2.7 Transfections 
 

For retroviral particles production, HEK293Ts were seeded in 10 cm dishes for 

24 h. Next day 6 μg of construct, 3 μg of vesicular stomatitis virus G protein (VSVG), 

3 μg of GAGPOL with 50 μL of polyethylenimine (PEI) in 500 μL of Opti-MEM (Gibco, 

31985062) were incubated for 10 min at RT and then added to cells.  

For lentiviral particles production, HEK293Ts were seeded in 10 cm dishes for 

24 h. Next day 5 μg of construct 1.25 μg of VSVG, 3.75 μg of PAX2 with 50 μL of PEI 

in 500 μL of Opti-MEM were incubated for 10 min at RT and then added to cells.  

72 h post-transfection, the viral media was passed through a 0.45 μm syringe 

filter (Fisher Scientific UK, 15216869) and used for cells transduction. For transduction 

of MEF or U2OS, cells were seeded in 6-well plate for 24 h. Next day, viral media was 

added to the cells with 1 μg/mL polybrene (Sigma Aldrich, TR-1003-G) and centrifuged 

at 210 g for 10 min, After 24 h, viral media was replaced with complete media and 

selection marker was added 48 h post-transduction. 

For transient transfections, HEK293Ts were seeded in 10 cm dishes for 24 h. 

Next day, 1-3 μg of the construct and 50 μL of PEI in 500 μL of Opti-MEM were 

incubated for 10 min and then added to the cells. After 48-72 h, cells were used for 

the specified experiments. 

For endogenous tagging of Rnasek at the C-terminal end with a MYC tag 

(RNAseK-MYC), MEF cells were seeded 24 h prior to transient transfection with Cas9, 

pBabe-GFP, sgRNA-RNAseK constructs, and a donor synthesised DNA (tables 2.5 

and 2.6). Transient transfection was performed by mixing of the forementioned 

constructs with 5 μL of Lipofectamine 2000 transfection reagent (Invitrogen, 

11668019) in 400 μL Opti-MEM. Transfection mix was incubated for 20 min and added 

to the cells. After 5 h incubation at 37oC, transfection mix was replaced by complete 

media. 24 h post transfection, cells were selected with puromycin (2 μg/mL) for 72 hr 

followed by single cell sorting based on GFP fluorescence. Successful tagging in cells 

was confirmed by sequencing and immunofluorescence staining for MYC tag. 

For siRNA transfections, MEF or SH-SY5Y cells were seeded onto 6 well plate. 

Next day, the indicated siRNA duplexes (table 2.7) were incubated with 5 μL of 

Dharmafect 1 transfection reagent (Dharmacon, Horizon Discovery Biosciences Ltd, 

T-2001-03) in 400 μL of Opti-MEM for 20 min at room temperature. Transfection mix 
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was added to cells and incubated for 24 h. The final concentration of siRNA was 25 

nM. 24 h later, the transfection media was changed to complete media. Cells were 

analysed 72 h post transfection and knockdown efficiency was confirmed by qRT-

PCR. 

Target Gene ID Dharmacon product code 

Mouse Rnasek 52898 L-054958-01-0005 

Human RNASEK 440400 L-032392-02-0005 

Mouse Pld3#1 18807 J-049108-09-0002 

Mouse Pld3#2 18807 J-049108-10-0002 

Mouse Pld3#3 18807 J-049108-11-0002 

Human PLD3 23646 L-009659-01-0005 

Non-targeting control --- D-001810-10-05 

Table 2.7 Details of siRNA used for knockdown experiments. 

 

2.8 Quantitative reverse transcription (qRT)-PCR 
 

To measure the efficiency of RNA interference-mediated gene knockdown, 

RNA was isolated from cells using RNeasy Mini Kit (Qiagen, 74104) according to the 

manufacturer’s instructions. RNA was measured using Nanodrop (Thermo Scientific) 

at 285 nm wavelength. 400 ng of RNA was used for cDNA synthesis SuperScript 

double stranded cDNA synthesis kit (Invitrogen, 11917010). Quantitative PCR was 

performed using Brilliant II SYBR (Agilent Technologies, 600828) on a StepOne Plus 

Real-Time PCR System (Applied Biosystems, 4376600) (table 2.8). Gene expression 

was calculated by deltadelta Ct method and Pld3 transcript levels were normalised to 

Actin, by PCR amplification using primer sequences listed in table 2.6. 
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Number of cycles Step Temperature (°C) Time (s) 

1 Denaturation 95 600 

40 

Denaturation 95 30 

Annealing 60 30 

Elongation 72 60 

1 

Denaturation 95 15 

Annealing 60 60 

Melt curve +0.3 (up to 95) 15 

Table 2.1 Cycles and temperature steps used for qRT-PCR. 

 

2.9 Binding assays 
 

For protein-protein interactions, HEK293T cells were seeded in 100 mm plates 

for 24 h. Next day, cells were transfected with the indicated individual constructs using 

PEI transfection reagent as described above. 72 h post transfection, cells were 

washed twice with PBS and harvested by direct lysing in pulldown (PD) buffer [150 

mM NaCl, 20 mM Tris-HCl pH 7.5, 5 mM EDTA, 1% Triton-X or 10 mM Tris/Cl pH 7.5, 

150 mM NaCl, 0.5 mM EDTA, 0.5 % NP40 (Abcam, ab142227)] supplemented with 

protease inhibitors cocktail V (Millipore, 539137-10VL) and lysates were cleared by 

spinning at 20,000 g for 10 min at 4°C. Cleared lysates expressing the individual 

transgenes were then mixed, incubated with GFP-Trap agarose beads (Chromotek, 

gta-20) or anti-HA agarose (Roche, 60789700) and rotated at 4oC overnight. Beads 

were then washed 3 times in PD buffer and proteins were eluted by boiling for 5 min 

in SDS sample buffer diluted in PD buffer (final concentrations: 50 mM Tris pH 6.8; 

2% SDS; 10% glycerol; 1 mM β-ME). Eluted proteins were analysed by SDS-PAGE 

and western blot. 

For unbiased analyses of protein-protein interactions in U2OS, sgControl or 

sgRNAseK#2 cells stably expressing GFP-VPS4aWT were seeded in 100 mm dishes 

for 24 h. Cells were then treated with amino acid-free DMEM for 3 h. Cells were 

subsequently harvested by direct lysing in PD buffer supplemented with protease 

inhibitors as above. Cell lysates were cleared by centrifiguation at 20,000 g for 10 min 

at 4°C and incubated with GFP-Trap agarose beads (Chromotek, gta-20) while 

rotating overnight at 4oC. Beads were then washed 3 times in PD buffer followed by 3 
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washes in TBS buffer (15 mM NaCl, 10 mM Tris-HCl pH 7.5). Supernatant was 

removed and beads were stored at -80oC for mass spectrometry (MS) processing. 

For unbiased analyses of protein-protein interactions in RNAseK-myc cell line, 

RNAseK-myc MEF or wild type MEF cells were seeded in 100 mm dishes for 24 h. 

Cells were then treated with amino acid-free DMEM for 2 h and harvested by direct 

lysing in PD buffer supplemented with protease inhibitors as above. Cell lysates were 

cleared by centrifugation at 20,000 g for 10 min at 4°C and incubated with anti-myc 

antibody (table 2.1) while rotating overnight at 4oC. Recombinant Protein G agarose 

beads were then added to the cell lysates for 10 min. Beads were then washed 3 times 

in PD buffer followed by 3 washes in TBS buffer (15 mM NaCl, 10 mM Tris-HCl pH 

7.5). Supernatant was removed and beads were stored at -80oC for MS processing. 

For MS analyses, 5 μg/mL trypsin (Thermo Scientific, 90058) in proteolysis 

buffer (2 M urea, 50 mM Tris-HCl pH 7.5, 1 mM DTT) was added to the PD beads and 

incubated at 27°C for 30 min. Supernatants were then transferred into fresh 1.5 mL 

Eppendorf tubes. Beads were additionally washed with proteolysis buffer and 

supernatants were pooled together and digested overnight. The next day, samples 

were alkylated by incubation with iodoacetamide (Sigma, I6125-25G) in the dark for 

30 min, and the reaction was stopped by the addition of TFA (Thermo Scientific, 

28901) followed by vortexing. For desalting of the samples, C18 columns were 

activated with MeOH followed by 0.1% TFA wash. Sample were added to the C18 

columns and spun at 500 g for 5 min. The C18 columns were washed twice with 50 

μL of 0.1% TFA. Samples were eluted from C18 columns with 20 μL of elution buffer 

(50% acetonitrile, 0.05% TFA). The eluted samples were evaporated in a vacuum 

concentrator for 20 min and resuspended in 12 μL of 0.1% TFA. The samples were 

analysed by the core mass spectrometry facility using an Orbitrap Fusion Lumos 

Tribrid Mass Spectrometer (Thermo Scientific). Data obtained from the MS was 

analysed using Perseus software. 

For binding experiments between recombinant ATG16L1 and ATG2 pulled 

down from cells, HEK293T cells were seeded in 100 mm dishes for 24 h followed by 

transfection with GFP-ATG2 constructs or GFP empty control using PEI. Cell lysates 

were obtained 72 h post transfection by direct lysing in RIPA buffer. Cell lysates were 

cleared by spinning at 20,000 g for 10 min at 4°C, and incubated with GFP-Trap 

agarose beads for 2 hours. Beads were then washed 3 times in PD buffer 
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supplemented with 300 mM NaCl and re-suspended in PD buffer. Re-suspended 

beads were incubated with 10 ng of recombinant wild‐type ATG16L1 purified from 

insect cells (Dudley et al., 2019b) and 0.1 mg/mL BSA. After 1 h incubation at 4°C, 

beads were then washed 3 times with PD buffer and bound proteins were eluted by 

boiling for 5 min in SDS sample buffer diluted in PD buffer. Eluted proteins were 

analysed by SDS-PAGE and western blot. 

 

2.10 Autophagy loss of function screen 
 

MEF cells stably expressing pBabe-GFP-LC3 and SpCas9 were transduced 

with the mouse GeCKOv2 CRISPR knockout pooled library B (Addgene 

#1000000053) followed by 8 days of cell expansion and selection with puromycin (2 

μg/mL, Millipore, 540411). Cells were then washed twice with PBS and starved for 16 

h in amino acid-free DMEM supplemented with 10% dialysed FBS to induce 

autophagy. Cells were disassociated with 0.05% trypsin and trypsin was neutralised 

by adding DMEM. This was followed by centrifugation at 200 g for 3 min, cell pellet 

was resuspended in PBS. After washing cells twice with PBS, cell pellet was 

resuspended in PBS containing 1% dialysed FBS. Cells were then FACS sorted to 

separate GFP positive and negative cells using BD Aria II flow cytometer. Genomic 

DNA of GFP positive cells was extracted using DNeasy Blood & Tissue Kit (Qiagen, 

69504). Integrated sgRNA cassettes were amplified with PCR using Illumina primers 

(table 2.6) followed by next-generation sequencing. Illumina library preparation, and 

sequencing (MiSeq v2 100PE to yield at least 11M + 11M reads) and bioinformatics 

analyses were performed by Edinburgh Genomics Facility. 

 

2.11 TurboID 
 

For proximity labelling experiments, MEF cells stably expressing TurboID 

constructs were seeded in 100 mm dishes for 24 h. Cells were then washed twice with 

PBS and treated with amino acid-free DMEM supplemented with 500 μM biotin 

(Sigma, B4639) for 2 h. Cells were then lysed in RIPA buffer supplemented with 

protease inhibitor cocktail V. Samples were centrifuged at 20,000 g for 10 min at 4°C 

and the supernatant collected and incubated with Streptavidin Sepharose High 
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Performance beads (GE Healthcare, 17511301) while rotating overnight at 4oC. Beads 

were then washed twice in RIPA buffer, once in RIPA buffer containing 1 M NaCl, 

twice in 2 M urea in Tris-HCl (pH 8.0), and finally 3 washes in TBS. Samples were 

then processed for MS analyses, as outlined above. 

 

2.12 Transmission Electron Microscopy 
  

For ultrastructural visualisation, MEF or U2OS cells were seeded in 100 mm 

dishes for 24 h. Cells were then washed twice with PBS and treated with amino acid-

free DMEM and Baf A1 as indicated for 3 hr followed by cell disassociation with 0.05% 

trypsin which was neutralised by adding DMEM. Cells were pelleted by centrifugation 

at 200 g for 3 min. Cell pellets were then washed twice with PBS and fixed for 3 h and 

15 min in fixation buffer. The fixation buffer consisted of  2.5% Glutaraldehyde (Sigma, 

G5882-10ML), 2% Paraformaldehyde (Thermo Scientific, 28908), 120 mM PIPES 

(Sigma, P6757), 50 mM HEPES (Fisher Scientific, 10081113), 4 mM MgCl2.6H2O 

(Sigma, 442611), 20 mM EGTA (Sigma, 324626). Sections were prepared for 

imaging by the University of Edinburgh electron microscopy facility and visualised 

using Philips/FEI BioTwin CM120 Transmission Electron Microscope. 

 

2.13 Proteinase K protection assay 
 

Cells were seeded in 100 mm dishes. The next day, cells were washed twice 

with PBS and treated with amino acid-free DMEM and 100 nM Baf A1 for 3 h. Following 

the treatment, cell were washed twice with PBS and homogenisation buffer (20 mM 

HEPES pH 7.6, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA) was added to the 

cells. Cells were scraped off the dishes, transferred to 1.5 mL Eppendorf tubes and 

passed 10 times through a 27G needle followed by centrifugation at 500 g for 5 min at 

4°C. Collected supernatants were aliquoted into three new tubes. In each tube, either 

homogenisation buffer, Proteinase K (New England Biolabs, P8107S) (25 μg/mL final 

concentration) or Proteinase K with Triton X-100 (1% final concertation) were added. 

The samples were incubated for 10 min at 30°C and reactions were stopped by adding 

protease inhibitors cocktail V (Millipore, 539137-10VL) on ice. Samples were then 

precipitated with 10% Trichloroacetic acid (TCA) (Sigma, T4885) for 30 min at 4°C and 
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centrifuged at 4°C at 20,000 g for 15 min. Pellets were washed ice-cold acetone and 

sonicated, which was followed by a 5 min centrifugation at 20,000 g at 4°C. Protein 

pellets were re-suspended in loading buffer and heated at 95°C for 10 min. Samples 

were analysed by SDS-PAGE and western blotting with the indicated antibodies. 

 

2.14 EGFR degradation assay 
 

For analyses of EGFR degradation rates, cells were seeded in 6-well dishes for 

24 h. Subsequently, cells were washed twice with PBS and treated with serum-free 

DMEM supplemented with 2 mM L-glutamine for 4 hr. EGFR internalisation and 

degradation was induced by adding 20 ng/mL EGF (PreproTech, AF-100-15) for the 

indicated times. Cells were then washed twice with PBS and lysed in RIPA buffer 

supplemented with protease inhibitors (Millipore, 539137-10VL), followed by analysis 

using SDS-PAGE and western blotting with indicated antibodies. 

 

2.15 Fluorescence-activated cell scanning (FACS) assays 
 

For lysosomal acidity analysis, sgControl or sgRNAseK were seeded in 60 mm 

dishes. The next day, cells were washed twice with PBS and treated with amino acid-

free DMEM for 2 h. LysoSensor Green (Invitrogen, L7535) at 1 μM final concentration 

was added to cells for 30 min. Following the treatment, cell were washed twice with 

PBS and disassociated with 0.05% trypsin which was neutralised by adding 10% FBS 

diluted in DMEM. This was followed by centrifugation at 200g for 3 min, cell pellet was 

resuspended in PBS. After washing cells twice with PBS, cell pellet was resuspended 

in PBS containing 1% dialysed FBS. LysoSensor Green signal intensity was then 

analysed using BD Fortessa flow cytometer. 

For lysosomal Cathepsin B activity analysis, sgControl or sgRNAseK were 

seeded in 60 mm dishes. The next day, cells were washed twice with PBS and treated 

with amino acid-free DMEM for 2 h. Cathepsin B fluorogenic substrate III (Calbiochem, 

219392), final concentration of 10 μM, was added for 30 min. Following the treatment, 

cells were washed twice with PBS and disassociated with 0.05% trypsin which was 

neutralised by adding DMEM. This was followed by centrifugation at 200 g for 3 min. 

Cell pellets were resuspended in PBS. After washing twice with PBS, cell pellets were 
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resuspended in PBS containing 1% dialysed FBS. Cathepsin B fluorescent product 

signal intensity was then analysed using BD Fortessa flow cytometer. 

For analysis of LIPA activity, sgControl or sgRNAseK cells were seeded in 60 

mm dishes. The next day cells were washed twice with PBS and treated with serum 

free DMEM for 24 h in the presence of 4-Methylumbelliferyl Palmitate (4-MUP) 

(Cayman Chemical, 16089) at final concentration of 30 μM Following the treatment, 

cell were washed twice with PBS and disassociated with 0.05% trypsin which was 

neutralised by adding DMEM. This was followed by centrifugation at 200 g for 3 min. 

Cell pellets were washed twice with PBS and resuspended in PBS containing 1% 

dialysed FBS. 4-MUP fluorescent product signal intensity was then analysed using BD 

Fortessa flow cytometer. 

 

2.16 Bodipy staining 
 

For analyses of lipid droplets, cells were plated on glass coverslips in 6-well 

plates for 24 h prior treatment with amino acid-free DMEM for 2 h. Following the 

treatment, cells were washed twice with PBS and fixed with 3.7% paraformaldehyde 

(PFA) (Sigma, P6148) in 20 mM HEPES pH 7.5 for 15 min at room temperature in the 

dark. Fixative was then washed off with PBS and cells were permeabilised using in 

0.1% Triton X-100 (Thermo Scientific, 13454259) in PBS for 5 min at room 

temperature. Cell were washed twice with PBS and incubated with BODIPY™ 558/568 

(Invitrogen, D3835) at 0.5 μM final concentration for 10 min in the dark. After washing 

the coverslips twice with PBS, nuclei were subsequently stained with 4’,6-diamidino-

2-phenylindole (DAPI; Sigma, D9542) prior to mounting on microscope slides Prolong 

Diamond Antifade mountant (Invitrogen, P3696). Microscope slides were left at room 

temperature for 24 h before acquiring images. Images were acquired on a Nikon A1R 

point scanning confocal microscope with a 60X objective. 

For FACS analyses, cells were seeded in 100 mm dishes. The next day, cells 

were washed twice with PBS and treated with amino acid-free DMEM for 2 h and 

BODIPY™ 558/568 at 0.5 μM final concentration was added to cells for 30 min. 

Following the treatment, cell were washed twice with PBS and disassociated with 

0.05% trypsin which was neutralised by adding DMEM. This was followed by 

centrifugation at 200 g for 3 min. Cell pellets were washed twice with PBS and 
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resuspended in PBS containing 1% dialysed FBS. BODIPY signal intensity was then 

analysed using BD Fortessa flow cytometer. 

 

2.17 Lipidomics 
 

For lipidomics analyses, cells were plated in triplicates in 6-well plates for 24 h. 

Cells were then washed twice with cold PBS and polar solvent [50% methanol 

(Thermo Scientific, 10767665), 30% acetonitrile (VWR, 83640.290), MS 20% water 

(Supelco, 1153332500)] was added. To extract lipids, cells were incubated with the 

solvent on dry ice for 15 min. The extraction solution from each well was then 

transferred into a 1.5 mL Eppendorf tube and centrifuged at 16 000 g for 10 min at 

4°C.  The supernatants were transferred to fresh Eppendorf tube and stored at -75°C 

prior to MS analyses. MS sample preparation and data analyses were performed by 

Gio Rodriguez Blanco, IGC MS facility. 

 

2.18 Secretome analysis 
 

For analyses of proteins secreted to the media, cells were seeded in 100 mm 

dishes. The next day, cells were washed twice with PBS and treated with serum-free 

DMEM supplemented with 2 mM L-glutamine for 24 h. Cell media was collected and 

cleared by centrifugation at 2000 g for 20 min. Supernatants were then precipitated by 

the addition of 10% TCA (Sigma, T4885) and incubation for 30 min at 4°C followed by 

centrifugation at 20,000 g for 15 min at 4°C. Pellets were washed in ice-cold acetone 

followed by sonication and centrifugation at 20,000 g for 5 min at 4°C. Pellets were 

resuspended in 6 M guanidine hydrochloride containing 1.5 mg/mL Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) (Sigma, C4706) and 1 mg/mL 

chloroacetamide (Sigma, C0267) and digested with Lysyl (FUJIFILM Wako Pure 

Chemicals U.S.A. Corporation, 121-05063) for 4 h at 37°C. Subsequently, samples 

were digested overnight using Trypsin (Thermo Scientific, 90058). To stop the 

digestion reaction, Trifluoroacetic acid (TFA) (Thermo Scientific, 28901) was added to 

the sample followed by vortexing. For desalting of the samples, C18 columns were 

activated with MeOH, followed by 0.1% TFA wash. Sample were added to the C18 

columns and spun at 500 g for 5 min. The C18 columns were washed twice with 50 
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μL of 0.1% TFA. Samples were eluted from C18 columns with 20 μL of elution buffer 

(50% acetonitrile, 0.05% TFA). The eluted samples were evaporated in a vacuum 

concentrator for 20 min and resuspended in 12 μL of 0.1% TFA. The samples were 

analysed by the core mass spectrometry facility using an Orbitrap Fusion Lumos 

Tribrid Mass Spectrometer (Thermo Scientific). Data obtained from the MS was 

analysed using Perseus software. 

 

2.19 DexoMAG lysosomal enrichment 
 

For isolation of lysosome preparations, MEF cells were seeded into 100 mm 

dishes for 24 h. Next day cells were treated with 10% Dextran coated magnetite 

(DexoMAG, 40 kDa, Liquids Research Ltd) in complete media. 24 h later, media was 

replace with fresh complete media and cells cultured for another 24 h. Cells were then 

pelleted and resuspended in isolation buffer (250 mM sucrose, 10 mM HEPES pH 7.4, 

1 mM CaCl2, 15 mM KCl, 1 mM MgCl2, 1.5 mM MgAc, 1 mM DTT) followed by 

mechanical lysing using a 23G needle and centrifugation at 600 g for 10 min. 

Supernatants were loaded on a LS magnetic separation column (Miltenyi Biotec, 130-

042-401), washed three times in isolation buffer. Magnet was then removed and bound 

lysosomal fractions eluted using isolation buffer. Lysosomal integrity was confirmed 

by β-Hexosaminidase enzyme assay (Thelen et al., 2017). β-Hexosaminidase enzyme 

chromogenic substrate solution (10 mM 4-Nitrophenyl N-acetyl-β-D-glucosaminide 

(Sigma, N9376) in 0.1 M sodium citrate containing 0.2% (w/v) BSA) was incubated 

with lysosomal fractions. The enzyme product intensity was measured using 

microplate reader (Tecan Spark 20) at 405 nm absorbance. Lysosomal fractions 

containing 1% Triton X-100 were used as a negative control. Once lysosomal integrity 

was confirmed, proteins were precipitated with 10% TCA (Sigma, T4885) for 30 min 

at 4°C and centrifuged at 4°C at 20,000 g for 15 min. Pellets were washed in ice-cold 

acetone and sonicated, which was followed by a 5 min centrifugation at 20,000 g at 

4°C. Proteins pellets were frozen on dry ice and sent to Dominic Winter (University of 

Bonn, Germany) for MS sample preparation and analyses.  
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2.20 Peptide array 
 

For the ATG2a peptide array, peptide fragments consisting of 15 amino acids 

(with the overlap length between fragments of 7 amino acids) of mouse ATG2a were 

bound to cellulose membrane (JPT Peptide Technologies). The membrane with 

peptide fragments was hydrated in MeOH for 5 min followed by 3 washed with TBST. 

The membrane was blocked overnight in Superblock T20 (Thermo Scientific, 37536) 

at 4°C. To asses background binding, the membrane was first incubated with Rabbit 

IgG-HRP (1:2000 dilution in Superblock T20) for 1 h at room temperature. The 

membrane was then washed three times for 5 min with TBST and developed using 

Clarity Western ECL substrate.  

For regeneration, the membrane was washed three times, 10 min each, with 

water. This was followed by incubation with the regeneration buffer (62.5 mM TRIS; 

2% SDS; pH adjusted to 6.7 with HCl) at 50°C for 30 min. This process was repeated 

four times. The membrane was then washed three times with PBS for 20 min, followed 

by three washes with TBST for 20 min and subsequently three washes with TBS for 

10 min, all done at room temperature. The membrane was then blocked overnight in 

Superblock T20. Subsequently, the membrane was incubated with 0.1 μg/mL Flag-

His-ATG16L1 diluted in 3 mL blocking buffer for 3 h at room temperature. The 

membrane was washed three times for 5 min with TBST and incubated for 3 h in rabbit 

anti-ATG16L1 antibody solution (1:1000 in Superblock T20). Following primary 

antibody incubation, the membrane was washed three times for 5 min with TBST and 

incubated with secondary antibody as described above. The membrane was then 

washed three times for 5 min with TBST and developed using Clarity Western ECL 

substrate.  

 

2.21 Statistical analysis 
 

All experiments in this thesis were performed at least three times, unless 

indicated otherwise. Statistical analyses were performed on Prism 8 (GraphPad) 

except for MS data statistical analyses which were performed on Perseus software. 

Microscopy images analyses were performed using ImageJ software.  
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Chapter 3. Characterisation of autophagy function 
and cell localisation of RNAseK  

3.1  Introduction 
 

As discussed in chapter one, autophagy is a highly complex pathway governed 

by multiple proteins and protein complexes (Glick et al., 2010). Although significant 

progress has been made to identify factors crucial for autophagy, it is highly likely that 

not all regulators are known. Moreover, we do not know the functions of all of the 

established autophagy players. For example, what is the function of DFCP1 or what 

are the factors regulating the recruitment and release of already known autophagy 

regulators to and from autophagic membranes?  

 Identifying novel proteins regulating autophagy is an exciting area of scientific 

research. A better understanding of the molecular mechanisms governing autophagy 

could potentially provide more specific targets for the treatment of various disease, 

including cancer (Degenhardt et al., 2006). N-terminal tagging of LC3 with GFP has 

been widely used to monitor autophagic activity in a cell population (Mizushima et al., 

2010). Autophagy induction leads to targeting of GFP-LC3 to lysosomes for 

degradation. This process can be halted by chemical inhibitors of autophagy or by 

knockout of core autophagy machinery (appendix 1a). Prior to the start of my PhD, I 

utilised GFP-LC3 reporter to perform a Genome-wide CRISPR-Cas9 screen using a 

GeCKO library of sgRNAs (Sanjana et al., 2014). MEF cell line stably expressing GFP-

LC3 and Cas9 was infected with a library of sgRNAs targeting the whole genome and 

packaged into lentiviruses. After expansion and selection of cells successfully 

transduced with sgRNAs, autophagy was induced by amino acid (AA) starvation. A 

small population of cells retained GFP signal during AA starvation, which indicated 

autophagy inhibition (appendix 1c). DNA was extracted from GFP-positive cells 

followed by amplification of sgRNA cassettes and lllumina sequencing (appendix 1b). 

Amongst a multitude of Atg genes, one of the top hits obtained from this screen was 

RNAseK. RNAseK is a poorly characterised transmembrane protein recently reported 

to be subunit f of the V-ATPase proton pump (Abbas et al. 2020; Perreira et al., 2015). 

The proton pumping activity of the V-ATPase complex is crucial for autophagic flux, 

as it ensures acidic milieu of autolysosomes and efficient degradation of IAM and 
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autophagic cargo by lysosomal hydrolases (Bowman and Bowman, 2002). Genetic, or 

chemical inhibition of pump complex, results in accumulation of LC3-II within 

autolysosomal structures (Yim and Mizushima, 2020b; Yoshimori et al., 1991). 

Interestingly, subunit f of the pump was shown to be dispensable for the assembly and 

proton pumping of the complex (Mazhab-Jafari et al., 2016). Moreover, depletion of 

RNAseK does not lead to increased alkylation of lysosomes (Perreira et al., 2015). 

This suggests that the GFP-LC3 retention in RNAseK knockout cells, as seen in the 

forementioned screen, is unrelated to a defect in lysosomal acidification. The 

localisation of RNAseK in cells appears to vary between species. In human cells, 

RNAseK was localised to plasma membrane and endosomal pathway, including 

lysosomes (Abbas et al. 2020; Perreira et al., 2015). However, in grass carp RNAseK 

was shown to localise to endosome and the ER, but not lysosomes (Sun et al., 2021). 

The cellular localisation and regulatory network of RNAseK in mouse cells remain to 

be elucidated. 

 

3.2 Aims and objectives 
 

To better understand the role of RNAseK during autophagy, it is important to 

characterise the step in autophagy blocked in its absence. Moreover, studies of cell 

localisation and proteins in proximity of RNAseK would allow to gain an insight into 

RNAseK dynamics and help define its role in cell homeostasis. Objectives to achieve 

the aims of this chapter are listed as follows: 

1. Characterisation of the autophagy pathway in RNAseK depleted cell. Firstly, 

the degradation of autophagy markers and autophagic cargo will be monitored 

in the absence of RNAseK. Moreover, distinct stages of autophagy pathway will 

be analysed in control and RNAseK knockout cells. 

2. The cellular localisation of RNAseK varies between different species, and it is 

not clear where this protein would localise in a mouse cell line. Moreover, the 

molecular interactors of RNAseK are poorly characterised. Cellular localisation 

of RNAseK in MEF cells and the regulatory network of RNAseK will be analysed 

using endogenously tagged RNAseK-myc MEF cell line and PPIs assays.  

Understanding the localisation and interactors of RNAseK will help aid 

identifying its role in autophagy.  
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3.3 Results 

 

3.3.1 Analysis of the autophagy pathway in the absence of 

RNAseK 
 

To confirm the results from the genome-wide knockout screen, I aimed to test 

whether RNAseK is required for autophagy. MEF cells were infected with two different 

sgRNA constructs targeting RNAseK. To exclude off-target effects of the sgRNAs 

used in the initial screen, these sgRNA sequences targeted different regions of the 

Rnasek gene. Due to a low quality of commercially available antibodies, the efficiency 

of the knockout was confirmed by genomic PCR (performed by a former MSc student 

in Dr Gammoh’s group, Tim Michelberger) (data not shown). Since these results were 

obtained, we have acquired a custom antibody against RNAseK. This antibody was 

used to check RNAseK knockout efficiency and showed that using either of the two 

sgRNA against RNAseK results in the protein knockout (figure 3.1a). Western blot 

analyses of autophagic markers LC3 and p62 showed accumulation of p62 and 

lipidated form of LC3 (LC3-II) under basal and AA starvation conditions in RNAseK 

knockout cells compared to control cells (figure 3.1b). In control cells treated with AA 

starvation together with the lysosomal inhibitor Baf A1, we observed an increased 

accumulation of LC3-II and p62 in comparison to AA starvation treatment alone. Baf 

A1 is used as a control of autophagic flux as it disrupts lysosomal acidity and prevents 

the degradation of autophagy cargo. This allows the measurement of autophagic 

activity within cells. In cells depleted of RNAseK and treated with AA starvation and 

Baf A1, LC3-II and p62 levels remained unchanged compared to AA starvation alone, 

suggesting that autophagic degradation is inhibited in the absence of RNAseK (figure 

3.1b). Densitometric analyses of LC3-II and p62 levels in the two RNAseK knockout 

cells confirmed the significant accumulation of both markers compared to control cells 

(figure 3.1c,d). Inhibition of autophagic flux in RNAseK knockout cells was also 

confirmed by BODIPY staining. BODIPY is a fluorescent dye, which has an ability to 

stain neutral lipids. This characteristic of BODIPY can be used to label lipid droplets 

(LD) in cells (Rumin et al., 2015). LDs are cellular organelles made of a phospholipid 

monolayer that surrounds the hydrophobic core of neutral lipids. They serve as lipid 

storage units and regulate lipid homeostasis. In addition to lipolysis, selective 
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degradation of LDs by lipophagy regulates lipid homeostasis and LD levels in cells 

(Schott et al., 2019). Fluorescent imaging of BODIPY in control and RNAseK knockout 

cells showed an increase in LDs in the absence of RNAseK (figure 3.1e). 

Subsequently, FACS was used to measure the intensity of BODIPY signal and showed 

a significant increase in LDs in the absence of RNAseK (figure 3.1f). Altogether, these 

findings confirm the results of the initial knockout screen and show that RNAseK is an 

essential factor for autophagic flux. Accumulation of lipidated form of LC3 in absence 

of RNAseK indicates autophagy is blocked at later stages of the pathway, such as 

autophagosome closure, fusion with lysosomes or autolysosomal degradation. These 

stages of the pathway were analysed in cells lacking RNAseK and will be described 

below.   
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(a) Western blot analyses of endogenous RNAseK in sgControl MEF cells and two RNAseK 

knockout cell lines. Cells were either untreated or AA starved in the presence or absence of 

Baf A1. (b) Western blot analyses of sgControl and RNAseK knockout cells using the indicated 

antibodies. Cells were left treated as in (a). (c) Quantification of LC3-II levels normalised to 

actin in (b). (d) Quantification of p62 levels normalised to actin in (b). (e) Representative 

images of sgControl and sgRNAseK cells stained with BODIPY. (f) Quantification of BODIPY 

signal fold change in control and RNAseK knockout cells relative to signal in sgControl cells. 

In all panels mean + SD is shown from at least three independent experiments. *p<0.05, 

**p<0.01, assessed by unpaired Student’s t-test. 

 

Defects in autophagosome closure lead to the accumulation of phagophores, 

drastically reduce fusion rates of the autophagic structures with lysosomes, and block 

autophagic flux (Takahashi et al., 2018a; Tsuboyama et al., 2016; Velikkakath et al., 

2012). As the closure events take place post LC3 lipidation, increased levels of 

lipidated form of LC3 are observed in cells with autophagosome closure defects 

(Velikkakath et al., 2012). This accumulation of LC3-II and p62 resembles the 

phenotype seen in RNAseK knockout (figure 3.1b). To test whether autophagosome 

closure is disrupted in RNAseK knockout cells, we utilised a proteinase K (PK) 

protection assay (figure 3.2a). In this assay, cells are treated with AA starvation and 

Baf A1 to induce autophagic activity without cargo degradation by lysosomal 

hydrolases. Cells were lysed and incubated with or without PK. Treatment of cell 

lysates without PK serves as a control of the starting material. Treatment with PK 

results in degradation of available proteins, including p62 on the growing phagophore, 

unclosed autophagosome, or cytosol. Once the autophagosome is sealed, the 

autophagic membrane protects the cargo within from degradation by PK enzyme  

(Velikkakath et al., 2012). Treatment with PK and Triton X-100 (TX) is used as a 

positive control for the enzyme activity as TX is a detergent which is able to disturb 

autophagic membranes. Therefore, treatment with TX exposes p62 from 

autophagosomes and autolysosomes to the degradative activity of PK. The levels of 

p62 degradation in the PK assay did not show significant differences between control 

and RNAseK knockout cells (figure 3.2b,c) suggesting that in cells lacking RNAseK 

autophagosome closure is intact and that autophagy inhibition happens post closure 

events. 

Figure 3.1 RNAseK knockout results in the accumulation of autophagic cargo. 

 

Figure 3.1 RNAseK knockout results in accumulation of autophagic markers and cargo. 
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Figure 3.1 RNAseK knockout results in accumulation of autophagic markers and cargo. 

 

Figure 3.1 RNAseK knockout results in accumulation of autophagic markers and cargo. 
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Schematic diagram of proteinase K (PK) protection assay. Unclosed autophagosome contents 

are susceptible to PK degradation while closed autophagosomes protect their content from 

degradation. (b) Western blot analyses of sgControl and sgRNAseK MEF cells cultured in AA 

starvation media and Baf A1 for 3 h. Cell lysates were incubated with buffer only or with PK in 

the presence or absence of 0.1% Triton (TX). (c) Quantification of (b) with values normalised 

to buffer only controls. Mean + SD is shown from at three independent experiments. (ns) non-

significant, assessed by unpaired Student’s t-test. 

 

To address whether the fusion of autophagosomes with lysosomes is 

abrogated in the absence of RNAseK, we visualised GFP-LC3 or p62 together with 

the lysosomal membrane protein LAMP1, a widely used lysosomal membrane marker 

(Eskelinen, 2006). Fusion defects result in increased levels of autophagic markers and 

LC3 puncta accumulation adjacent to LAMP1-marked lysosomes (Ebner et al., 2018). 

Immunofluorescence analyses showed a dramatic accumulation of LAMP1 structures 

in the absence of RNAseK (figure 3.3a,b). The size of lysosomes appeared to be larger 

in the RNAseK depleted cells. This lysosomal swelling, resembles the phenotype 

observed upon treatment with known autophagy inhibitor, Chloroquine (CQ). CQ 

accumulates in lysosomes which leads to lysosomal alkylation and swelling (Poole 

(a) 

 

(b) 

 

(c) 

 

Figure 3.2 RNAseK knockout does not inhibit autophagosome closure. 
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Figure 3.2 RNAseK knockout does not inhibit autophagosome closure. 
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and Ohkuma, 1981). Moreover, fusion between autophagosomes and lysosomes is 

inhibited in certain cell lines treated with CQ (Mauthe et al., 2018). However, as 

opposed to cells treated with CQ, in RNAseK knockout GFP-LC3 accumulated within 

the lysosomal lumen (figure 3.3a). Similar phenotype was observed during siRNA-

mediated knockdown of RNAseK knockdown cells and subsequent staining for 

endogenous p62 and LAMP1 (figure 3.3b). This suggests that although lysosomal 

morphology appears to be changed in the absence of RNAseK, the fusion events 

remain intact. Accumulation of autolysosomal structures was confirmed by 

transmission electron microscopy (TEM). In TEM, high energy beam of electrons is 

directed at a thin section of the cell (approximately 50-80 nm thickness). Images 

obtained by TEM have higher magnification and resolution than the images obtained 

by a confocal microscope (Franken et al., 2017). Whereas in control cells we observed 

mostly autophagosome structures, in cells depleted of RNAseK, autolysosomal 

structures accumulated (figure 3.3c). RNAseK knockout phenotype mimics the 

phenotype seen in control cells treated with Baf A1 (figure 3.3c). This suggests that 

the absence of RNAseK inhibited autophagy post fusion of autophagosomes with 

lysosomes and is most likely related to lysosomal function.  
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(a) Representative immunofluorescence images of GFP-LC3 and endogenous LAMP1 in 

sgControl or sgRNAseK MEFs cultured in the absence of AAs for 2 h. Scale bar: 10 µm. 

Quantification of Pearson’s colocalization coefficient between GFP-LC3 and LAMP1 is shown 

on the right. (b) Representative immunofluorescence images of endogenous p62 and LAMP1 

in siControl or siRNAseK MEFs treated as in (a). Scale bar: 10 µm. Quantification of Pearson’s 

colocalization coefficient between p62 and LAMP1 is shown on the right. In (a) and (b), mean 

+ SD is shown from at least three independent experiments. **** p<0.0001, assessed by 

unpaired Student’s t-test. (c) Representative electron microscopy images of sgControl and 

sgRNAseK U2OS cells treated in the absence of AA for 3 h. Baf A1 is added as indicated. 

Arrows indicate autophagosomes (white arrows) and autolysosomes (black arrows). Scale 

bar: 1 µm.  

 

3.3.2 Investigating the role of RNAseK in IAM degradation 
 

Autophagosome-lysosome fusion is facilitated by the SNARE protein STX17. 

STX17 localises to several cellular compartments, such as mitochondria, ER and 

cytosol (Koyama-Honda and Mizushima, 2022). During autophagy, autophagosome 

closure results in the translocation of STX17 to the closed autophagosome, to promote 

fusion with lysosomes (Itakura et al., 2012). Once the fusion is complete, the 

subsequent stage of autophagy is the degradation of IAM. STX17 was shown to 

associate with autolysosomes post fusion and the disassociation of STX17 from the 

autolysosomes is triggered by IAM degradation (Tsuboyama et al., 2016). These 

characteristics of STX17 can be used to study IAM degradation. To check whether this 

stage of autophagy is blocked in the absence of RNAseK, we used a previously 

described technique whereby STX17 is co-localised with LysoTracker (figure 3.4a) 

(Tsuboyama et al., 2016). LysoTracker stains acidic compartments in cells such as 

lysosomes. Based on the staining pattern of LysoTracker, autolysosomes containing 

intact IAM can be visualised as ring structures during LysoTracker staining. Once IAM 

is degraded and the acidic mileu of lysosomes enters the autophagic lumen, 

LysoTracker localisation will change to dot-like structures (figure 3.4a) (Tsuboyama et 

al., 2016). LysoTracker signal was detected in RNAseK knockout cells, indicating that 

the acidity of lysosomes is not abrogated in these cells (figure 3.4b). When compared 

Figure 3.3 RNAseK knockout does not inhibit autophagosome-lysosome fusion. 
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Figure 3.3 RNAseK knockout does not inhibit autophagosome-lysosome fusion. 
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to control cells, RNAseK knockout cells exhibited a significant increase of STX17 

positive LysoTracker rings and a decrease in LysoTracker dots (figure 3.4b). These 

data indicate that IAM degradation is blocked in the absence of RNAseK.  
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(a) Model for studying IAM degradation whereby STX17 association with undegraded or 

degraded autolysosomes are observed as a lysotracker ring or dots, respectively. (b) 

Representative images of sgControl and sgRNAseK MEFs stably expressing STX17-GFP and 

stained with Lysotracker red. Quantifications of the percentage of STX17 with Lysotracker 

rings or dots are shown below, mean + SD is shown from at least three independent 

experiments. **p<0.01, ***p<0.001, assessed by unpaired Student’s t-test. Scale bar: 10  µm. 

 

3.3.3 Dissecting the cellular localisation of RNAseK  
 

The cellular localisation of RNAseK varies between species (Perreira et al., 

2015; Sun et al., 2021). Therefore, it was crucial to gain a better understanding of the 

cellular localisation of RNAseK in mouse cells used in my experiments. As 

overexpression of proteins may not be representative of endogenous protein activities 

(Moriya, 2015), I generated an endogenously tagged RNAseK-myc cell line. 

Endogenous tagging minimises genomic disruption and can be achieved by CRISPR-

Cas9 mediated knock-in of a DNA fragment into the genome (Koch et al., 2018). To 

edit endogenous sequence of Rnasek we used an sgRNA targeting the C-terminus of 

Rnasek gene to direct the Cas9 nuclease and a single stranded synthetic DNA  

containing myc tag sequence followed by a stop codon and flanked by homology arms 

based on the 3’end of Rnasek. MEF cells were transfected with these constructs and 

single clones were amplified. The efficiency of the knock-in in the single clones was 

checked by sequencing of the amplified DNA fragments (figure 3.5a). Expression of 

RNAseK-myc was confirmed by western blot analyses, whereby RNAseK was 

detected at a correct molecular weight using an antibody against myc tag (figure 3.5b). 

Endogenous tagging of RNAseK was shown not disrupt its function in autophagy, as 

demonstrated by LC3 turnover (figure 3.5b). Expression of RNAseK-myc was also 

confirmed by immunofluorescence using an antibody against myc and showed a 

punctate cytosolic localisation (figure 3.5c).   

Figure 3.4 RNAseK knockout inhibit IAM degradation. 
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(a) Sequencing histogram of C-terminus of endogenous RNAseK. Genomic RNAseK 

sequence is represented in purple, myc tag is highlighted in blue, followed by STOP codon in 

orange. (b) Western blot analyses of wild type and RNAseK-myc tagged MEF cells using the 

indicated antibodies. Cells were untreated or AA starved for 2 h in the presence or absence 

of Baf A1. (c) Representative immunofluorescence images of wild type cells or cells 

expressing ATG16L1-myc (positive control for myc staining) or RNAseK-myc stained using 

the indicated antibodies. Cells were cultured in the absence of AAs for 2 h. Scale bar: 10 µm. 

(a) 
 

(b) 
 

(c) 
 

Figure 3.5 Validation of RNAseK-myc cell line. 
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Following their validation, RNAseK-myc cells were used for 

immunofluorescence analyses to determine the subcellular localisation of RNAseK 

(figure 3.6a-e). In agreement with previous reports in human cells, RNAseK-myc 

showed a high degree of co-localisation with late endosome and lysosome markers, 

RAB7 and LAMP1, respectively (figure 3.6a,b). In addition to these cellular 

compartments, RNAseK showed a significant co-localisation with the Golgi apparatus 

marker GM130 and also a partial co-localisation with the autophagy markers, ATG9 

and ATG16L1 (figure 3.6c-e). These results suggest that RNAseK could shuttle within 

the cell and interact with proteins at multiple organelles. RNAseK-myc cell line was 

also subjected to a pulldown experiment using anti-myc antibodies. Proteins that co-

precipitated with the bait were analysed using MS. The results obtained from the MS 

analyses were plotted according to their fold change and statistical significance 

relative to the wild type MEFs used as negative control (figure 3.6f). RNAseK showed 

association with multiple subunits of the V-ATPase complex and late 

endosomal/lysosomal proteins, such as LAMTOR proteins, which supports the 

subcellular localisation of RNAseK analysed in this thesis and in published reports 

(Abbas et al.; Hackett and Cherry, 2018; Perreira et al., 2015). 
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(a-e)  Representative immunofluorescence images of wild type or RNAseK-myc MEFs cultured 

in AA free media for 2 h. Cells were fixed and stained against myc and the indicated 

endogenous protein. Scale bar: 10 µm. Quantifications of Pearson’s colocalization coefficient 

between RNAseK-myc and the indicated markers are shown on the right. In all panels, mean 

+ SD is shown from at least three independent experiments. ****p<0.0001, assessed by 

unpaired Student’s t-test. (f) Volcano plot analyses of RNAseK-myc pulldown hits identified by 

MS presented as relative values to hits obtained from wild type cells. Significant hits (P > 0.05; 

Fold Change > 2) are represented in magenta. 

 

3.3.4 Identifying RNAseK interaction network 
 

The above results suggest that RNAseK does not reside in a single cellular 

compartment but co-localises with different cellular markers including autophagy 

players. To confirm the results from the IP MS and to investigate any transient 

interactions of RNAseK, I generated an RNAseK constructs with a C-terminal TurboID-

myc tag. Overexpression of RNAseK-myc-TurboID or empty-myc-TurboID constructs 

in MEF cells was confirmed by western blot analyses. Both of the constructs were 

detected at the correct molecular size using anti-myc antibody (figure 3.7a). Correct 

cellular localisation of RNAseK-myc-TurboID protein was confirmed by 

immunofluorescence analyses, where it co-localised with the late endosomal marker 

(f) 

Figure 3.6 RNAseK localises to multiple cell compartments. 
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RAB7, whereas cells expressing empty-myc-TurboID showed a diffused localisation 

(figure 3.7b). 

The validated cell lines were treated with AA free media and exogenous biotin, 

followed by pulldown using streptavidin-coupled beads. The biotinylated proteins were 

analysed by MS. Similar to RNAseK-myc IP MS analyses, hits from TurboID MS were 

plotted according to fold change and statistical significance (figure 3.7c). Multiple 

positive controls were highly biotinylated in RNAseK-myc-TurboID cells, including V-

ATPase proton pump subunits and lysosomal membrane proteins (figure 3.7c).  

Amongst the significantly biotinylated proteins were also the Golgi apparatus protein 

(GPR89) and endosomal trafficking pathway protein (SNX11) (figure 3.7c). Gene 

ontology analyses of biological processes of proteins enriched in RNAseK-myc-

TurboID cell line showed vesicle mediated transport as one of the most common 

process associated with proteins in proximity to RNAseK (figure 3.7d).  

Comparison of top hits identified by MS in the forementioned pulldown and 

proximity labelling experiments of RNAseK showed enrichment of multiple proteins in 

both experimental settings. Majority of overlapping hits were lysosomal proteins such 

as LAMTOR and subunits of V-ATPase proton pump (figure 3.8). Interestingly, multiple 

LEM-domain proteins were also identified including EMD, LEMD3 and TMPO (figure 

3.8). These proteins reside on the inner nuclear membrane which furthers confirm that 

RNAseK is not confined to the lysosomes and associates with proteins residing on 

various membranous compartments in cells. 
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(a) Western blot analyses of wild type, myc-TurboID and RNAseK-myc-TurboID expressing 

cells using the indicated antibodies. (b) Representative immunofluorescence images of wild 

type cells or cells expressing myc-TurboID or RNAseK-myc-TurboID stained using the 

indicated antibodies. Cells were cultured in the absence of amino acids for 2 h. Scale bar: 10 

µm. (c) Volcano plot analyses of RNAseK-TurboID (TiD) proximity labelling hits identified by 

MS presented as relative values to hits obtained from TurboID empty cells. Significant hits (P 

> 0.05; Fold Change > 2) are represented in magenta. (d) Top 10 cellular components (left) 

and biological processes (right) of top hits obtained in (F). GO enrichment analysis plotted 

according to −log10 False Discovery Rate (FDR). The statistical significance was calculated 

by a one-way Fisher’s exact test.  

  

 

Venn diagram of top hits identified by MS from RNAseK proximity labelling (left) and RNAseK-

myc pulldown (right). Overlapping hits are shown in the middle. 

 

3.4 Discussion 
 

This chapter has highlighted a role of RNAseK in autophagy and gave an insight 

into the cellular localisation of RNAseK. RNAseK knockout leads to the accumulation 

of autophagic markers LC3 and p62 and was shown to be crucial for an efficient 

autophagic flux. This result potentially contradicts a study on Vma7, the yeast 

homologue of RNAseK, where it was shown to be dispensable for mitophagy (Mijaljica 

et al., 2011). The difference in the observed phenotypes, could explained by relatively 

low homology between the two proteins. Moreover, functions of autophagy proteins 

Figure 3.7 RNAseK is in proximity of proteins on multiple membranous compartments. 
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Figure 3.8 Comparison of top hits identified in pulldown and proximity labelling of 
RNAseK. 
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can vary between yeast and mammals, for example Atg18 protein in yeast is crucial 

for autophagy, whereas the mammalian homologue of Atg18, WIPI4 is dispensable 

for an efficient autophagic flux (Suzuki et al., 2007; Tang et al., 2019). 

Immunofluorescence analyses of endogenously tagged RNAseK showed a partial co-

localisation with ATG16L1. However, the build-up of LC3-II and no accumulation of 

LC3-I in RNAseK knockout cells indicate that RNAseK does not regulate the function 

of the conjugation machinery and the autophagy block takes place post the lipidation 

events. Although RNAseK co-localises with ATG9, which is involved in phagophore 

elongation, this process is also intact in cells depleted of RNAseK. EM images of 

autophagic structures accumulating in RNAseK knockout cells do not resemble 

phagophore elongation defects (Tamura et al., 2017). Autophagosome closure was 

tested by measuring levels of p62 protected from digestion by proteinase K. P62 was 

partially protected from digestion by this enzyme, in both control and RNAseK 

knockout cells. P62 is involved in other cellular functions, such as the delivery of 

ubiquitylated proteins to the proteasome for degradation, which explains only partial 

protection by autophagic membranes (Liu et al., 2016). It is possible for unclosed 

autophagosome to still fuse with the lysosome, which would protect p62 from the 

degradation by proteinase K (Tsuboyama et al., 2016). However, fusion rate of on 

open autophagic structures with lysosomes in significantly lower than closed 

autophagosome and it would lead to increased levels of p62. Altogether, these 

observations indicate, that the elongation and closure of autophagosomes are intact 

in cells lacking RNAseK.  

Immunofluorescence analyses of autophagic players with LAMP1 were used to 

study the fusion between autophagosomes and lysosomes in control and RNAseK 

knockout cells. Disruption in fusion events leads to accumulation of cargo receptor 

proteins adjacent to lysosomes (Ebner et al., 2018). In RNAseK knockout, both LC3 

and p62 accumulated within LAMP1 structures. This suggests that autophagosomes 

undergo fusion with lysosomes regardless of RNAseK status. Moreover, the 

accumulation of LC3 in autolysosomal lumen confirms a block in autophagy rather 

than CASM, where LC3 is found on the lysosomal membrane, instead of the lysosomal 

lumen (Hooper et al., 2022). To exclude CASM, further studies are required such as 

analyses of LC3 lipidation and degradation upon RNAseK depletion in autophagy 

deficient cells such as ATG13 knockout cells.  
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Autophagosome-lysosome fusion is facilitated by STX17 localised to the 

autophagosomal membrane. Once fused with the lysosomes, IAM is degraded by the 

lysosomal hydrolases, which triggers STX17 release from autolysosomes 

(Tsuboyama et al., 2016). In cells lacking RNAseK, we observed accumulation of 

STX17 on autolysosomes denoted with LysoTracker signal. Although RNAseK 

associates with multiple fusion machinery and could potentially regulate STX17 

detachment from autolysosomes, I concluded that STX17 phenotype seen in RNAseK 

knockout is due to impairment of IAM degradation. This is due to the accumulation of 

LysoTracker rings with STX17 and decrease of LysoTracker dot structures, which 

indicate the presence of IAM and reduced influx of lysosomal hydrolases to 

autophagosomal lumen. Molecular machinery governing IAM degradation is poorly 

characterised and tools to study IAM are limited, therefore it is difficult to confirm this 

hypothesis using alternative methods. EM images show the accumulation of 

autolysosomes, similar to Baf A1 treated cells, but whether these structures contain 

IAM is open to interpretation. Lysosomes of RNAseK knockout cells, stained positive 

for LysoTracker, in agreement with previous reports (Perreira et al., 2015). This 

characteristic could be used to confirm the presence of lysosomal lumen ring in 

autolysosomes of RNAseK knockout cells, by visualising LysoTracker using 

correlative light and electron microscopy (CLEM). However, this method is technically 

challenging and is not easily accessible. It would be interesting to test, whether this 

membrane degradation defect in lysosomes is specific to autophagic membranes. Is 

the degradation of ILVs, delivered to lysosomes via MVBs, disrupted in cells lacking 

RNAseK? Could these two processes be regulated by RNAseK activity or is RNAseK 

exclusively involved in IAM degradation? Investigation of membrane composition 

differences between the two compartments would help to access specificity of 

RNAseK in membrane degradation processes.  

Autolysosomes appear to increase in size in RNAseK knockout cell line. Lysosomal 

swelling can lead to lysosomal membrane permeabilization and reduction in 

degradative function of the lysosome (Wang et al., 2018). It remains to be elucidated 

whether lysosomal swelling occurs due to autophagic cargo accumulation within the 

autolysosomes or this change of lysosomal morphology is autophagy-independent. 

This could be clarified by imaging of LAMP1 upon RNAseK depletion in autophagy 
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deficient cells such as ATG13 knockout cells or cells treated with autophagy inhibitors 

(e.g. VPS34 inhibitor).  

Recent structural analyses identified RNAseK as a subunit f of lysosomal V-

ATPase proton pump (Abbas et al. 2020). RNAseK was shown to localise to 

lysosomes and plasma membrane (Abbas et al. 2020; Perreira et al., 2015). 

Immunofluorescence and proteomics analyses of tagged RNAseK, confirmed its 

localisation to the lysosomes and late endosomes. However, RNAseK is not confined 

to those organelles and showed association with proteins on Golgi apparatus, ER, 

nuclear membrane and endocytic vesicles. Interestingly, plasma membrane proteins 

were not amongst top hits in our RNAseK analyses. Could RNAseK be translocated 

to the plasma membrane upon viral infection but on most occasions shuttle between 

the intracellular organelles? It would be interesting to investigate the significance of 

RNAseK co-localisation with ATG9. ATG9 was shown to be involved in trafficking of 

lysosomal proteins (Jia et al., 2017). Perhaps the potential interaction of ATG9 and 

RNAseK regulates the localisation of RNAseK. RNAseK exhibited partial co-

localisation with organelles where V-ATPase proton pumps are present, such as 

lysosomes, late endosomes or Golgi apparatus (Toei et al., 2010). It remains to be 

determined whether RNAseK shuttles between different cell compartments exclusively 

as a part of the V-ATPase pump or it can disassociate from the complex. Moreover, it 

is unclear if the function of RNAseK during autophagy depends on its association with 

the V-ATPase complex.  

In addition to lysosomal proteins, comparison of top hits identified in pulldown and 

proximity labelling of RNAseK revealed enrichment of multiple LEM-domain proteins. 

These proteins reside on inner nuclear membrane and share a conserved LEM motif 

(Cai et al., 2001). In-depth analyses of nuclear membrane proteins association with 

RNAseK could provide insight into regulatory network of RNAseK. For example, it 

would be interesting to determine whether RNAseK binds to the LEM motif and what 

would be the consequences of disrupting this binding. Although nuclear pore 

complexes have been shown to be degraded by selective autophagy (Capella et al., 

2020; Lee et al., 2020), enrichment of nuclear membrane proteins seen in proximity 

labelling and pulldown analyses could also suggest autophagy-independent role of 

RNAseK in maintaining cellular homeostasis. 
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Due to the multi-organelle localisation of RNAseK which includes lysosomes, I next 

aimed to investigate whether the absence of RNAseK could impact lysosomal 

homeostasis and the ability of lysosomes to degrade autophagosomes. These aspects 

will be discussed in the next chapter.  
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Chapter 4. Role of RNAseK in lysosomal 
homeostasis 

4.1 Introduction 
 

As discussed in chapter 1.2, lysosomal homeostasis depends on multiple 

factors. Maintaining lysosomal acidity is crucial for proper maturation and activation of 

lysosomal hydrolases (Li et al., 2019). Lysosomal acidity is maintained by lysosomal 

V-ATPase complex, which pumps protons across the membrane, lowering the pH of 

the lysosomal lumen (Imamura et al., 2003; Ohkuma and Poole, 1978). Acidic 

lysosomes are essential for an efficient degradation of autolysosomal cargo (Li et al., 

2019). This is represented by numerous studies showing that chemical or genetical 

modulation of lysosomal pH abrogates autophagic flux (Bagh et al., 2017; Yoshimori 

et al., 1991). Indeed, Baf A1, which inhibits the assembly of lysosomal V-ATPase 

proton pump, is commonly used as an autophagy inhibitor (Mizushima et al., 2010)  

Degradation of cargo within lysosomes can be an end point to pathways other 

than autophagy, such as endocytosis (Sigismund et al., 2008). Therefore, disrupting 

lysosomal acidity inhibits multiple processes and has a more global effect on a cell 

function. From a therapeutic perspective, specifically inhibiting autophagy without 

disrupting other processes within the lysosomes, would be beneficial. 

Lysosomal homeostasis is also ensured by an efficient delivery of hydrolases 

to the lysosome (Staudt et al., 2016). Canonical pathway of lysosomal enzyme delivery 

is based on receptor proteins CD-MPR and CI-MPR, which recognise and bind the 

enzymes within the TGN and facilitate their delivery to the lysosomes. Upon exposure 

to the acidic environment of late endosomal compartments, the receptors disassociate 

from enzymes and are recycled back to TGN or the plasma membrane (Haft et al., 

1998, 2000; Olson et al., 2008). This uncoupling of enzymes from receptors is crucial 

for a proper maturation of the hydrolases. Maturation involves cleavage of a pro-

enzyme, which results in the formation of a mature and active hydrolase (Laurent-

Matha et al., 2006; Pungercar et al., 2009). Disruption of enzyme delivery and 

maturation can result in an impairment of the degradative function of lysosomes (Qian 

et al., 2008). 
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Lysosomal hydrolases can be categorised based on their substrates. Activity of 

a lysosomal family of proteases called cathepsins is crucial for maintaining lysosomal 

homeostasis. In addition to cargo degradation delivered to the lysosomal lumen, 

cathepsins are also involved in the maturation of hydrolases released from MPRs. 

Disruptions in cathepsin function has been associated with Juvenile Batten disease 

(table 1.1). Moreover, abrogated trafficking of Cathepsin D and Cathepsin L was 

shown to result in the accumulation of autophagy markers (Jia et al., 2017).  

Although the role of lysosomal lipases in autophagy is not well characterised, 

there is a clear connection between lipases and autophagy. LIPA has been shown to 

facilitate degradation of LDs delivered to lysosomes via autophagy (Zhang et al., 

2022). Moreover, lipid imbalances in lysosomes can inhibit autophagic flux (Maharjan 

et al., 2022; Sarkar et al., 2013). It is highly likely that IAM degradation, which proceeds 

the hydrolytic degradation of autophagic cargo, depends on lipases activity. However, 

mammalian lipases involved in this this process have not been identified thus far.  

Numerous studies have shown that a disruption of lysosomal homeostasis, 

results in changes in protein secretion. Alkalisation of the lysosomal milieu by chemical 

modulators, such as Baf A1 or CQ, increases the secretion of extracellular vesicles 

(EVs) (Alvarez-Erviti et al., 2011). Moreover, abnormal cholesterol accumulation in the 

lysosomal lumen, as seen in Niemann Pick Type C disease, was shown to correlate 

with an increase in EV release (Strauss et al., 2010). Lysosomal accumulation of 

VPS4a, which ordinarily associates with lysosome in a transient manner, was also 

shown to cause hypersecretion of proteins (Hasegawa et al., 2011). Altogether, these 

published findings suggest that biochemical properties of lysosomes and lysosomal 

proteome play an important role in regulating cell secretome. 

 

4.2 Aims and objectives 
 

RNAseK is a subunit of V-ATPase proton pump and associates with multitude 

of lysosomal proteins (figure 3.7) (Abbas et al., 2020; Perreira et al., 2015). In the 

previous chapter, I have shown that the knockout of RNAseK results in the disruption 

of IAM degradation and the accumulation of autolysosomes, indicating alerted 

lysosomal function (figure 3.4). Therefore, the aim of this chapter is to define the role 
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of RNAseK in lysosomal biology. Objectives to achieve the aims of this chapter are as 

follows: 

1. Firstly, I will test whether the absence of RNAseK can affect lysosomal 

acidity and proteases function. Lysosomal acidity will be tested using a pH-

dependent, fluorescent dye. Maturation and activity of the lysosomal 

protease Cathepsin B will be assessed by western blot analyses and ability 

to cleave a fluorogenic substrate, respectively. A more general proteolytic 

activity of the lysosomes, will be assessed by monitoring the degradation 

rates of EGF receptor (EGFR) delivered to the lysosomes via endocytosis. 

2. As IAM degradation requires the activity of lipases, I will test whether 

RNAseK knockout causes any lipid imbalances in cells. Lipidomics will be 

used for the analysis of lipid levels in RNAseK knockout cells and compared 

to control cells. 

3. To test whether the absence of RNAseK causes disruption in the delivery 

and/or maturation of selected lysosomal hydrolases, immunofluorescence 

analyses of proteins involved in enzyme trafficking will be performed. 

Moreover, maturation and activity of lysosomal lipases will be tested by 

western blot analyses and fluorogenic substrate. 

4. To gain an unbiased overview on the lysosomal content in the presence or 

absence of RNAseK, lysosomal enrichment followed by proteomics 

analyses will be performed. As altered proteome of lysosomes can cause 

changes in protein secretion, the secretome in control and RNAseK 

knockout will also be analysed. 

 

4.3 Results 
 

4.3.1 Analysis of lysosomal function in the absence of 

RNAseK 
 

The autolysosome accumulation observed in RNAseK knockout cells prompted 

us to study lysosomal function in these cells. The main characteristic of lysosomes is 

their low pH (Li et al., 2019). RNAseK is a subunit of the V-ATPase proton pump, a 

complex which maintains the acidity of lysosomes and ensures proper maturation and 
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activation of enzymes within the lysosomal lumen (Futai et al., 2019). Although it has 

been reported that the depletion of RNAseK does not decrease lysosomal acidity 

(Perreira et al., 2015), I aimed to verify that the effects of RNAseK on autophagy are 

unrelated to disruption of lysosomal acidification in our cells. Lysosomal acidity was 

tested using a lysosomal fluorescent dye LysoSensor green. The intensity of 

fluorescent signal emitted by LysoSensor depends on the acidity of lysosomes and 

increases when lysosomes are more acidic (Zhou et al., 2013). LysoSensor signal was 

comparable between control and RNAseK knockout cells under basal conditions 

(figure 4.1a). Similarly, the increase in dye intensity induced by AA starvation did not 

vary significantly between control and RNAseK knockout cells (figure 4.1a). Lysosomal 

acidification was also detected in RNAseK knockout cells treated with LysoTracker red 

(figure 3.4), as discussed in chapter 3.3.1. In agreement with previous reports, these 

findings suggest that lysosomal acidity is not disrupted in the absence of RNAseK. 

We next proceeded to test whether the function of lysosomal proteases could 

be halted in cells lacking RNAseK. As mentioned in chapter 1.2.3, cathepsins are 

trafficked to lysosomes in a form of pro-enzyme and undergo cleavage to mature and 

become active in the lysosomal lumen (Turk et al., 2012). This cleavage of cathepsins 

can be monitored by western blot analyses, whereby a higher molecular weight band 

represents a pro-enzyme and lower band represents a mature form of the enzyme 

(Pungercar et al., 2009). Western blot analyses of lysosomal Cathepsin B showed no 

differences in its proteolytic processing when compared between control and RNAseK 

knockout cells (figure 4.1b). In addition to Cathepsin B proteolytic processing, we also 

tested whether the mature form of the enzyme is functional in lysosomes in the 

absence of RNAseK. This was tested using a fluorogenic Cathepsin B substrate, which 

fluorescence is quenched because of a quencher attached to it (Poreba et al., 2019). 

When delivered to the lysosomes, the cleavage of the substrate by Cathepsin B in the 

lysosomal lumen results in the separation of the fluorescent dye from the quencher 

and the emission of a fluorescent signal. Therefore, the intensity of the fluorescence 

signal correlates to the enzymatic activity of Cathepsin B (figure 4.1c). Comparison of 

the fluorescence signal intensity between control and RNAseK knockout cells showed 

no significant differences in basal conditions or under AA starvation (figure 4.1d) 

confirming that Cathepsin B is functional in RNAseK knockout cells. The overall 

proteolytic activity of lysosomes was also confirmed by EGFR degradation assay in 
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which stimulation of cells with EGF results in the internalisation of its receptor (EGFR) 

and endocytic targeting to lysosomes for degradation (figure 4.1e) (Sigismund et al., 

2008). Western blot analyses of EGFR levels showed comparable EGFR degradation 

rates between control and RNAseK knockout cells (figure 4.1f,g). Altogether, these 

results indicate that protein degradation within the lysosomal lumen is preserved in the 

absence of RNAseK.  
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(a) Quantification of LysoSensor Green signal fold change in control and RNAseK knockout 

cells relative to signal in sgControl cells. MEFs were left untreated or AA starved and incubated 

with LysoSensor Green followed by FACS analyses for fluorescence intensity. (b) Western 

blot analyses of Cathepsin B in sgControl and RNAseK knockout cells (sgRNAseK). Cells  

were untreated or AA starved in the presence or absence of Baf A1. (c) Schematic diagram 

of Cathepsin B activity assay where cleavage of Cathepsin B substrate results in the 

fluorescence of the cleavage product. (d) Quantification of Cathepsin B substrate fluorescence 

in sgControl and sgRNAseK cells. Signal was normalised relative to sgControl cells. MEFs 

were left untreated or AA starved and incubated with the Cathepsin B substrate followed by 

FACS analyses. (e) Schematic diagram of EGRR uptake and lysosomal targeting. (f) 

Quantification of EGFR levels following EGF stimulation in (H) expressed as a percentage of 

the EGFR levels at time 0 in the relative cell line. (g) Western blot analyses of EGFR levels in 

sgControl and sgRNAseK cells. Cells were cultured without serum for 4 h, followed by 

stimulation with EGF (20 ng/mL) for the indicated times. In all panels, mean + SD is shown 

from at least three independent experiments. (ns) non-significant, assessed by unpaired 

Student’s t-test. 

 

4.3.2 Investigating the role of RNAseK in lysosomal lipases 

delivery and maturation 
 

The intact activity of proteases in the absence of RNAseK led me to 

hypothesise that IAM degradation, potentially mediated by a lipase activity, could be 

defective in RNAseK knockout due to reduced lipase activity. To test whether depletion 

of RNAseK has any effect on lipid homeostasis, I performed lipidomics MS analyses 

of whole cell lysates (Wu et al., 2020). These analyses allow the detection of any 

imbalances in lipid metabolism, which would give us an insight into the enzymatic 

activity of lipases in the absence of RNAseK. Whole cell lipidomics (performed by Gio 

Rodriguez Blanco) of control and RNAseK knockout MEFs showed that the levels of 

most lipids were unaffected by the absence of RNAseK (data not shown). However, 

we noticed a decrease in levels of lysophosphatidylcholine (LysoPC) and 

lysophosphatidylethanolamine (LysoPE) in RNAseK knockout cells (figure 4.2). These 

two lipids are product of a phospholipase activity, mainly phospholipase A2 (PLA2) 

(Burke and Dennis, 2009). Although this class of phospholipase is not exclusively 

Figure 4.1 RNAseK knockout does not disrupt lysosomal pH and protease function. 
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lysosomal, Phospholipase A2 Group XV (PLA2G15) is a member of PLA2 family 

present within the lysosomal lumen (Shayman and Tesmer, 2019). Therefore, reduced 

levels of LysoPC and LysoPE may be caused by a defect in the activity of PLA2G15 

or other lysosomal phospholipase in the absence of RNAseK, which could explain the 

inhibition of IAM degradation. 

 

 

 

 

 

 

 

 

 

 

 

             

 

 

Volcano plot of lipids identified by MS analyses in sgRNAseK or sgControl MEF cells. 

Highlighted in red are LysoPE (left) and LysoPC (right) lipids. Data obtained by Gio Rodriguez 

Blanco. 

 

Immunofluorescence and MS analyses described in chapter 3.3.3, highlighted 

the association of RNAseK with compartments involved in hydrolases trafficking to the 

lysosomes, such as endosomal compartments, Golgi apparatus and TGN (figure 3.7). 

Moreover, RNAseK exhibited a partial co-localisation with ATG9a, an autophagy 

protein which contributes to the delivery of certain hydrolases to the lysosome (Jia et 

al., 2017). To test whether ATG9a cell localisation is altered in the absence of 

RNAseK, we performed immunofluorescence analyses of endogenous ATG9a with 

GM130 and LAMP1. In control cells, ATG9a showed a perinuclear localisation and 

Figure 4.2 RNAseK knockout disrupts lipid homeostasis. 
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Figure 4.3 RNAseK knockout causes a lysosomal 
accumulation of ATG9a.Figure 4.2 RNAseK knockout 
disrupts lipid homeostasis. 
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highly co-localised with Golgi apparatus, in agreement with published findings (Orsi et 

al., 2012). The co-localisation of ATG9a with lysosomes, marked by LAMP1 staining, 

was marginal in control cells (figure 4.3). In RNAseK knockout cells, the co-localisation 

between ATG9a and GM130 was significantly diminished. Moreover, ATG9a 

accumulated on lysosomes, suggesting that the retrograde trafficking of ATG9a was 

disrupted (figure 4.3). As proteolytic activity of the lysosomes in cells depleted of 

RNAseK appears to be intact, I suspected that the phenotype seen in RNAseK 

knockout cells could be due to a disruption in lysosomal delivery of selected but not 

all hydrolases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 

Representative immunofluorescence image of ATG9a, GM130 and LAMP1 in sgControl or 

sgRNAseK MEFs cultured in the absence of AAs for 2 h. Scale bar: 10 µm. Quantification of 

Pearson’s colocalization coefficient between ATG9a and LAMP1 or ATG9a and GM130 is 

shown below. Mean + SD is shown from at least three independent experiments. 

****p<0.0001, assessed by unpaired Student’s t-test. 

 

Figure 4.3 RNAseK knockout causes a lysosomal accumulation of ATG9a. 
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To test whether CD-MPR and CI-MPR, the two main receptors involved in 

canonical hydrolase trafficking to lysosomes, are affected by RNAseK knockout, I 

analysed their localisation by fluorescence microscopy. Both receptors shuttle 

between the Golgi apparatus and endosomal vesicles and transiently associate with 

late endosomes/lysosomes (Brown et al., 1986). Upon de-coupling of enzymes from 

MPRs in the acidic milieu of endosomes, MPRs are trafficked back to the Golgi 

apparatus. Therefore, MPRs predominantly localise to Golgi apparatus and TGN in 

cells (Brown et al., 1986). Immunofluorescence co-staining of the receptors with 

GM130 or LAMP1 showed significant differences in MPRs localisation in the absence 

of RNAseK. Co-localisation of both receptors with the Golgi apparatus was 

significantly diminished (figure 4.4a,b). Whereas CD-MPR did not exhibit increased 

co-localisation  the lysosome marker LAMP1, CI-MPR seems to be accumulating on 

lysosomes (figure 4.4a,b). Interestingly, control cells treated with Baf A1 exhibited 

alerted localisation of CI-MPR but not CD-MPR (figure 4.4a,b). Super resolution 

microscopy (SIM) analyses of CI-MPR and LAMP1 in control cells treated with Baf A1 

and RNAseK knockout cells was performed to further study CI-MPR association with 

lysosomes. Whereas in control cells most CI-MPR puncta seems to be adjacent to 

LAMP1 structures, in the absence of RNAseK a fraction of CI-MPR localised to the 

lysosomal lumen (figure 4.4c). This phenotype of CI-MPR in RNAseK knockout 

suggests that certain hydrolases could be misdelivered to lysosomes. Alternatively, 

the accumulation of CI-MPR on lysosomes could mean that enzymes are trafficked to 

the lysosome but do not disassociate from CI-MPR which abrogates their maturation 

and function.  
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(a) Representative immunofluorescence images of CD-MPR, GM130 and LAMP1 in sgControl 

or sgRNAseK MEFs cultured in the absence of AAs for 2 h. Baf A1 was added for 2 h as 

indicated. Scale bar: 10 µm. Quantification of Pearson’s colocalization coefficient between 

CD-MPR and LAMP1 or CD-MPR and GM130 is shown below, sgControl + Baf A1 n=2 (b) 

Representative immunofluorescence images of CI-MPR, GM130 and LAMP1 in sgControl or 

sgRNAseK MEFs cultured in the absence of AAs for 2 h. Baf A1 was added for 2 h as 

indicated. Scale bar: 10 µm. Quantification of Pearson’s colocalization coefficient between CI-

MPR and LAMP1 or CI-MPR and GM130 is shown below, sgControl + Baf A1 n=2 . Mean + 

SD is shown from at least three independent experiments. ****p<0.0001, (ns) non-significant, 

assessed by unpaired Student’s t-test. (c) Representative SIM image of CI-MPR and LAMP1 

in sgControl or sgRNAseK MEFs cultured in the absence of AAs for 2 h. Baf A1 was added 

for 2 h as indicated, n=1. Scale bar: 10 µm. 

 

To test whether the disassociation of CI-MPR from hydrolases is disrupted in 

the absence of RNAseK , we assessed the levels of PLA2G15 co-immunoprecipitation 

(co-IP) with CI-MPR, in control and RNAseK knockout cells. PLA2G15 is 

phospholipase present in lysosomes, which was recently associated with IAM 

degradation in C. elegans (Li et al., 2022). Overexpression and pulldown of tagged 

PLA2G15 in control and RNAseK knockout cells showed an increased co-IP of CI-

MPR in RNAseK knockout cells (figure 4.5a). This indicates an increased association 

of CI-MPR with PLA2G15 upon RNAseK depletion. Similarly to Cathepsin B, PLA2G15 

is cleaved in the acidic milieu of the lysosomes (Hiraoka et al., 2005). To test whether 

(c) 

Figure 4.4 RNAseK knockout disrupts cellular localisation of MPRs. 
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depletion of RNAseK disrupts the proteolytic processing of PLA2G15, we examined 

the levels of PLA2G15 by western blot (figure 4.5b). The processing from pro- to 

mature PLA2G15, induced by AA starvation, seems to be attenuated in the absence 

of RNAseK (figure 4.5b). Altogether, these studies suggest that certain hydrolases 

could be misdelivered, or delivered to the lysosome but are dysfunctional, potentially 

due to impaired disassociation from CI-MPR.  

LIPA is another lysosomal lipase delivered to the lysosomes via MPR-mediated 

pathway (Qian et al., 2008). Due to the poor quality of commercially available 

antibodies and low levels of this protein in MEFs, I was unable to test LIPA proteolytic 

processing by western blot analyses. However, I was able to test the activity of LIPA 

by introducing a specific fluorogenic substrate (4-MUP) to cells. Cleavage of 4-MUP 

by LIPA results in the  release of 4-MU fluorescent product (Dairaku et al., 2014) (figure 

4.5c). Measurement of 4-MU intensity in control and RNAseK knockout cells showed 

reduced activity of LIPA in the absence of RNAseK (figure 4.5d). The levels of 

fluorescent product detected in RNAseK knockout cells were comparable to control 

cells treated with Baf A1, suggesting a complete inhibition of enzyme function. 

However, it is unclear whether this phenotype is observed due to defect in maturation 

or lysosomal delivery of LIPA.  
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(a) sgControl or sgRNAseK MEFs were transfected with PLA2G15-HA plasmid. Cell lysates 

were then mixed and subjected to anti-HA pulldown, followed by western blotting using the 

indicated antibodies. Quantification of CI-MPR pulldown levels normalised to sgControl. (b) 

Western blot analyses of PLA2G15 in sgControl and sgRNAseK MEFs. Cells  were untreated 

or AA starved in the presence or absence of Baf A1. (c) Schematic diagram of LIPA activity 

assay where cleavage of LIPA substrate results in the fluorescence of the cleaved product. 

(d) Quantification of LIPA substrate fluorescence in control and RNAseK knockout cells. Signal 

was normalised relative to sgControl cells. MEFs were left untreated or AA starved for 2 h and 

incubated with the LIPA substrate followed by FACS analyses. In all panels mean + SD is 

shown from at least three independent experiments. ****p<0.0001, assessed by unpaired 

Student’s t-test. 
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Figure 4.5 RNAseK knockout alters maturation and activity of PLA2G15 and LIPA. 

 

Figure 4.5 RNAseK knockout alters maturation and activity of PLA2G15 and LIPA. 

 

Figure 4.5 RNAseK knockout alters maturation and activity of PLA2G15 and LIPA. 

 

Figure 4.5 RNAseK knockout alters maturation and activity of PLA2G15 and LIPA. 



 

115 

 

 

115 Chapter 4. Role of RNAseK in lysosomal homeostasis 

4.3.3 Investigating lysosomal proteome and cellular 

secretome in the absence of RNAseK  
 

To determine whether certain hydrolases are misdelivered or dysfunctional in 

RNAseK knockout cells and to obtain an unbiased an overview of lysosomal content, 

I examined the proteome of enriched lysosomal fractions. To obtain lysosomal 

fractions, cells were treated with Superparamagnetic Iron Oxide Nanoparticles 

(SPIONs), which upon prolonged incubation in cells result in their accumulation in 

lysosomes (figure 4.6a) (Singh et al., 2020). Lysosomal fractions were then enriched 

using magnetic columns and analysed by MS. As expected, the levels of ATG8 

proteins and selective autophagy receptors were significantly increased in the 

lysosomes of RNAseK knockout cells (figure 4.6b). Of note, although this technique 

allows for enrichment of lysosomal proteins, the obtained fractions could contain 

proteins from other cell compartments. This is represented by ATG9a and CI-MPR 

levels which did not significantly vary between control and RNAseK knockout cells 

(data not shown), despite an increased association with RNAseK in 

immunofluorescence analyses. Two lysosomal lipases, LIPA and PLD3, were 

significantly decreased in the lysosome fractions of sgRNAseK cells, whereas 

PLA2G15 levels remained unchanged (figure 4.6b). Most cathepsins remained 

unchanged in the absence of RNAseK, with a few exceptions of decreased levels of 

Cathepsin O and Cathepsin F in RNAseK knockout cells. Altogether, these results 

indicate a role of RNAseK in the selective delivery of specific lysosomal hydrolases.  

One of the proteins significantly increased in the lysosomal fractions in RNAseK 

knockout cells was VPS4a (figure 4.6b). As discussed in chapter 1.2.5, VPS4a is 

involved in the trafficking of PLD3 to the lysosomes (Gonzalez et al., 2018a). 

Moreover, alerted cell localisation of VPS4a and accumulation on the lysosomes 

results in hypersecretion of selected proteins (Hasegawa et al., 2011). To test whether 

selected lipases are increasingly secreted in the absence of RNAseK, MS analyses of 

the secretome was performed. Proteomics analyses of cell media in control and 

RNAseK knockout cells showed significantly increased levels of secreted PLD3 in the 

absence of RNAseK (figure 4.6c). LIPA and PLA2G15 were not detected in the 

secretome in either of cell lines. Because lysosomal alkylation causes increased 

secretion of certain proteins (Leidal et al., 2020), secretome of control cells treated 
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with Baf A1 was also analysed. Consistent with previous reports, secretome of cells 

treated with Baf A1 contained increased levels of LC3B, when compared to control 

(Leidal et al., 2020) (figure 4.6d). However, PLD3 was not detected in the secretome 

of cells treated Baf A1, suggesting that the phenotype seen in the secretome of 

RNAseK knockout cannot be replicated by inhibiting the V-ATPase proton pump 

assembly. 
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(a) Schematic diagram depicting the method used to label cells with SPIONs. (b) Volcano plot 

of proteins identified by MS analyses of lysosomal preparations derived from sgControl or 

sgRNAseK MEFs. Highlighted in pink are proteins showing significant enrichment in the 

lysosomal fraction of sgRNAseK cells (P > 0.05; FC > 2) and in blue are those that are 

significantly decreased (P > 0.05; FC < -2). (c) Volcano plot of proteins identified by MS 

analyses of cell media derived from sgRNAseK or sgControl MEF cultures. Highlighted in 

orange are significantly enriched proteins in sgRNAseK cells (P > 0.05; FC > 2) and in blue 

are those that are significantly decreased (P > 0.05; FC < -2). (d) Volcano plot of proteins 

identified by MS analyses of the cell media derived from sgControl cells in the presence or 

absence of Baf A1. Highlighted in orange are significantly enriched proteins in sgRNAseK cells 

(P > 0.05; FC > 2) and in blue are those that are significantly decreased (P > 0.05; FC < -2). 

 

4.4 Discussion 
 

 Chapter 3 highlighted that the role of RNAseK in autophagy is related to its 

specific function in lysosomes. In this chapter, biochemical properties and proteomics 

of lysosomes were analysed. RNAseK is a subunit of V-ATPase proton pump, a 

complex which ensures lysosomal acidification (Perreira et al., 2015). Similar to the 

phenotype observed in the absence of RNAseK, inhibition of V-ATPase-mediated 

acidification of lysosomes results in the accumulation of undigested autophagic cargo 

within the lysosomal lumen (Bagh et al., 2017; Fedele and Proud, 2020). Moreover, 

Baf A1 treatment, which inhibits V-ATPase complex assembly, was shown to inhibit 

CME due to abrogated recycling of cholesterol to the plasma membrane (Kozik et al., 

2013). As mentioned in chapter 1.3, depletion of RNAseK also causes size-dependent 

inhibition of CME, somewhat resembling Baf A1 treatment phenotype. Efficient 

acidification of cellular compartments by the V-ATPase complex is crucial for cell 

survival and prolonged inhibition of the complex activity is lethal to cells (Pamarthy et 

al., 2018). Therefore, the role of RNAseK in maintaining lysosomal acidity was the first 

aspect tested in this chapter.  

The V-ATPase complex consists of multiple subunits and several of them were 

shown to be dispensable for complex assembly and proton pumping (Mo et al., 2020; 

Xia et al., 2019). Analyses of LysoSensor signal showed no significant differences in 

lysosomal acidification between control and RNAseK knockout cells indicating that the 

Figure 4.6 RNAseK knockout alters the lysosomal localisation of multiple proteins. 
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proton pumping activity of V-ATPase complex remains intact in absence of RNAseK. 

These results confirmed already published data and suggested that the role of 

RNAseK is not related to the regulation of lysosomal pH (Abbas et al. 2020; Perreira 

et al., 2015). Indeed, the V-ATPase pump activity is not restricted to maintaining 

lysosomal acidification was shown to have additional roles in cells, such as mTORC1 

activation, CASM induction, and autophagosome-lysosome fusion (Hooper et al., 

2022; Xia et al., 2019; Zoncu et al., 2011). Analyses of Cathepsin B maturation and 

activity showed that RNAseK is not essential for its activity. Interestingly, although the 

lysosomal levels of most cathepsins remained unchanged  in the absence of RNAseK, 

Cathepsin O and Cathepsin F were significantly reduced. The roles of both cathepsins 

are poorly characterised, however depletion of Cathepsin F was shown to result in 

lysosomal accumulation of fluorescent proteins and lipids (lipofuscin) in vivo (Tang et 

al., 2006). Comparison of proteolytic degradation of EGFR between control and 

RNAseK knockout cells suggests that these cathepsins are dispensable for the 

proteolytic degradation of this endocytic cargo. 

 ATG9a levels in proteomics analyses of lysosomal fractions did not show 

significant differences between control and RNAseK knockout cells, perhaps due to 

impurities of lysosomal fractions. However, immunofluorescence analyses of ATG9a 

showed its increased co-localisation with LAMP1 in the absence of RNAseK. ATG9a 

was previously reported to transiently interact with late endosomal compartments and 

is required for the maturation of Cathepsin D and Cathepsin L (Jia et al., 2017). 

Trafficking of ATG9a is regulated by TBC1 domain family member 5 (TBC1D5). In the 

absence of TBC1D5, ATG9a accumulates in lysosomes (Popovic and Dikic, 2014) as 

seen in RNAseK knockout cells. However, ATG9a depletion was shown to result in 

the inhibition of the proteolytic degradation of EGFR (Jia et al., 2017), which was not 

the case in RNAseK knockout cells. Moreover, depletion of ATG9a inhibits LC3 

lipidation and phagophore elongation unlike RNAseK depletion  (Young et al., 2006). 

Therefore, although the cellular localisation of ATG9a seems to be affected by the 

absence of RNAseK, it is unlikely to contribute to the defect in autolysosome 

degradation seen in these cells.   

 Immunofluorescence analyses of CI-MPR and CD-MPR, the two receptors 

involved in the canonical delivery of hydrolases to lysosomes, also showed altered 

cellular localisation in the absence of RNAseK. The Golgi localisation of both receptors 
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is diminished in RNAseK knockout cells. Moreover, CI-MPR, but not CD-MPR, co-

localised with LAMP1 in sgRNAseK cells. The discrepancy in the lysosomal 

accumulation of the two receptors, observed in RNAseK knockout cells, could occur 

due to a difference in size of these two MPRs. The molecular weight of CI-MPR is 

~300 kDa whereas CD-MPR is ~45 kDa (Ghosh et al., 2003). It is possible that, similar 

to its role during CME at the plasma membrane, RNAseK could be selectively involved 

in trafficking of the larger receptor (Hackett and Cherry, 2018). However, the details of 

the altered cellular localisation of CI-MPR need to be further investigated. SIM 

analyses showed that CI-MPR localised within the lysosomal lumen, on the lysosomal 

membrane and adjacent to lysosomes in sgRNAseK cells. Proteomics analyses of 

lysosomal fractions did not show increased CI-MPR levels in RNAseK knockout cells. 

However, the association of CI-MPR with PLA2G15 was increased upon RNAseK 

depletion, which correlates with an impaired maturation of the enzyme, suggesting that 

the release of PLA2G15 from CI-MPR is disrupted. The differences observed in CI-

MPR localisation investigated by fluorescence microscopy or lysosomal proteomics 

could be explained by the differences in sample preparation. It is possible that the 

enhanced association of CI-MPR and PLA2G15 with lysosomal membrane in 

sgRNAseK cells was disturbed by mechanical cell lysing and the proteins were lost 

during enrichment of lysosomal fractions. Moreover, as previously mentioned, the 

enriched lysosomal fractions could contain other cell compartments such as the Golgi 

apparatus. However, it is unlikely that the defect in autophagy detected in RNAseK-

depleted cells is a result of in the redistribution of CI-MPR as previous studies have 

shown that the defective trafficking of the receptor results in enlarged lysosomes but 

does not impede autophagic flux (Cui et al., 2019; Rawat et al., 2022).  

 Accumulation of PLA2 substrates and disrupted maturation of PLA2G15 in the 

absence of RNAseK suggest that lipase activity is regulated by RNAseK. Recently, 

PLA2G15 was shown to promote IAM degradation in C.elegans (Li et al., 2022). 

However, the survival of mice with a systemic deletion of Pla2g15 was comparable to 

the wild type and mice did not exhibit a phenotype comparable to the deletion of any 

of the essential autophagy genes (Hiraoka et al., 2006). This suggests that if PLA2G15 

is indeed involved in IAM degradation in mammalian cells, it is not the sole 

phospholipase involved in this process. Analyses of another lysosomal lipase, LIPA, 

showed reduced activity of this enzyme in RNAseK knockout cells. Previous reports 
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showed that Lipa expression is upregulated upon nutrient starvation and that LIPA 

activity is crucial for LD degradation via lipophagy (Lettieri Barbato et al., 2013). IAM 

degradation in LIPA deficient cells has not been tested before. However, silencing of 

LIPA disrupts the acidification of lysosomes and reduces the lipidation of LC3 in liver 

cells, whereas in preadipocyte cell line, LIPA knockdown does not affect autophagic 

flux (Gamblin et al., 2021; Li et al., 2021).  

Another lysosomal lipase analysed in this chapter is PLD3, a putative 

phospholipase associated with AD. mRNA levels of PLD3 are reduced in the brains of 

AD patients and PLD3 was shown to be enriched in Aβ plaques (Nackenoff et al., 

2021; Satoh et al., 2014). Although improper lysosomal trafficking of PLD3 leads to 

changes in lysosomal morphology, the role of PLD3 in the degradation of autophagic 

cargo has not been studied before (Gonzalez et al., 2018a). Proteomics analyses of 

enriched lysosomal fractions showed a significant decrease in PLD3 levels in the 

absence of RNAseK. PLD3 is delivered to the lysosomes via non-canonical pathway, 

which involves the ESCRT complex and VPS4a-depedent packaging of PLD3 into 

ILVs (Gonzalez et al., 2018a). Proteomics analyses of lysosomal fraction showed an 

accumulation of VPS4a in the absence of RNAseK. This suggests that abrogated 

activity of VPS4a might be the reason for the disrupted trafficking of PLD3 to 

lysosomes as observed in RNAseK knockout cells. Accumulation of VPS4a on late 

endosomal compartments was shown to increase protein secretion (Hasegawa et al., 

2011). Indeed, secretome analyses of cell media from control and RNAseK knockout 

cells showed increased secretion of PLD3 in the absence of RNAseK, confirming 

disrupted targeting of PLD3 to lysosomes. Interestingly, PLD3 secretion was not 

observed in cell treated with Baf A1, highlighting that the role of RNAseK in the proper 

trafficking of PLD3 is independent of V-ATPase complex assembly. 

Altogether these data show that although RNAseK is not essential for lysosomal 

acidification or proteolytic activities of tested proteases, it has a function in maintaining 

lysosomal homeostasis. RNAseK depletion causes altered localisation of certain 

lysosomal hydrolases and proteins that normally only transiently associate with 

lysosomes. The crosstalk between PLD3 and VPS4a phenotypes in the absence of 

RNAseK prompted me to investigate the two proteins more closely, which will be the 

focus of the next chapter. 
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Chapter 5. Role of PLD3 and VPS4a in autophagy 

 
5.1 Introduction 
 

The autophagic cargo includes lipids, membranous cell compartments and 

fragments thereof (Gubas and Dikic, 2022). Moreover, IAM degradation must occur 

prior to the degradation of autolysosomal cargo by hydrolases (Tsuboyama et al., 

2016; Yim and Mizushima, 2020). Therefore, it is highly likely that lipases play a role 

in an efficient autophagic flux. Nevertheless, the specific lipases contributing to 

autophagic flux in mammalian cells have not been well studied. PLD3 is one of the 

hydrolases identified in lysosomes containing a putative phospholipase activity and 

depletion of PLD3 results in changes in lysosomal morphology and increase in cellular 

levels of LAMP1 (Gonzalez et al., 2018a; Mukadam et al., 2018; Nackenoff et al., 

2021).  

Although the specific role of PLD3 in autophagy has not been described, 

previous studies showed that expression of PLD3 mutants with reduced enzymatic 

activity results in diminished autophagy (Tan et al., 2019). Moreover, reduced PLD3 

activity is associated with AD, the neurodegenerative disorder characterised by, 

amongst other features, a decline in autophagic activity (Cruchaga et al., 2014; Satoh 

et al., 2014; Tan et al., 2019). PLD3 depletion was shown to cause increase in CI-

MPR levels and affect the cellular localisation of CI-MPR (Mukadam et al., 2018). 

Unlike the phenotype seen upon RNAseK depletion, CI-MPR does not seem to 

accumulate within lysosomes in siPLD3 cells (Mukadam et al., 2018). PLD3 is 

delivered to lysosomes via non-canonical pathway, which requires sorting of the 

enzyme to ILVs. This packaging of PLD3 into ILV is mediated by ESCRT-III and VPS4 

and abrogating VPS4 activity results in disrupted processing and activity of PLD3 

(Gonzalez et al., 2018a).  

In addition to a role in ILV formation and trafficking of PLD3 to lysosomes, VPS4 

has been associated with multiple processes within cells, including autophagy. 

Previous reports showed that the AAA-ATPase activity of VPS4 is crucial for efficient 

autophagosome closure in human cells (Takahashi et al., 2018a, 2019). Moreover, 

expression of a dominant negative mutant of VPS4a with abrogated enzymatic activity 
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resulted in the accumulation of autophagic markers (Takahashi et al., 2018; Wang et 

al., 2019), impaired cholesterol trafficking from lysosomes (Bishop and Woodman, 

2000) and changes in the morphology of late endosomal vesicles (Bishop and 

Woodman, 2000; Gonzalez et al., 2018a). VPS4 also plays an important role in 

lysosomal damage repair and transiently associates with lysosomes to mediate the 

disassociation of ESCRT-III components from the lysosomal membrane (Radulovic et 

al., 2018; Skowyra et al., 2018). However, while VPS4 associates with lysosomes 

during lysosomal damage, the detection of VPS4 on lysosomes can also be indicative 

of a disruption in other cellular pathways related to protein trafficking and vesicular 

budding (Scheuring et al., 2001). Moreover, VPS4 regulates disassembly of ESCRT-

III machinery during multitude of processes in the cell including plasma membrane 

repair, cell cycle progression and maintaining nuclear membrane morphology (Vietri 

et al., 2020). Depletion of both mammalian paralogs of VPS4 (VPS4a and VPS4b) is 

lethal to cells, further underscoring the crucial role of these proteins in cell homeostasis 

(Szymańska et al., 2020). VPS4 interacts with multiple cellular compartments in a 

transient manner making studies of this protein technically challenging and its 

regulatory network poorly characterised. 

 

5.2 Aims and objectives 
 

Because we observed an altered localisation of PLD3 and VPS4a in the 

absence of RNAseK, in this chapter I aim to investigate whether the improper 

localisation of these proteins has an effect on autophagic flux in cells. Moreover, I 

hypothesised that the increased association of VPS4a with lysosomes, as seen by MS 

analyses, happens upstream of PLD3 secretion. Therefore, I aim to test whether 

RNAseK knockout phenotype can be recapitulated by inhibiting VPS4 activity. The 

VPS4a phenotype seen upon RNAseK depletion indicated that RNAseK could be 

involved in controlling the dynamics of VPS4a and its release from lysosome. This 

could be potentially regulated by an interaction of the two proteins, making RNAseK a 

novel regulator of VPS4a. Objectives to achieve the aims of this chapter are as follows: 

1. The first part of the chapter will be focused on characterising the knockdown 

phenotype of PLD3. LC3 lipidation and degradation, together with p62 

levels, will assessed in MEFs and neuronal cells. Moreover, co-localisation 
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of endogenous LAMP1 and p62 will be analysed by immunofluorescence in 

the presence or absence of PLD3. To test whether autophagic structures 

accumulate upon the knockdown of PLD3, TEM analyses will be performed 

and compared to the phenotype seen in control and RNAseK knockdown 

cells. A more general endo-lysosomal activity in cells depleted of PLD3 will 

be assessed by monitoring the degradation rates of EGFR delivered to the 

lysosomes via the endocytic pathway. 

2. The second part of this chapter will be focused on assessing the relationship 

between RNAseK and VPS4a. Firstly, the increased association of VPS4a 

with lysosomal fractions in RNAseK knockout, as seen in proteomics 

analyses of lysosomal fractions, will be assessed by colocalising VPS4a 

with late endosomal and autophagy markers. To further analyse the altered 

localisation of VPS4a, MS analyses of VPS4a pulldown in the presence or 

absence of RNAseK will be performed. 

3. To test whether forced accumulation on lysosomes of VPS4a can mimic 

RNAseK knockout phenotype, CI-MPR association with GM130 and LAMP1 

will be tested by immunofluorescence analyses and compared between wild 

type cells and cells expressing dominant negative mutant of VPS4a 

(VPS4aE228Q). Moreover autophagic flux efficiency will also be analysed by 

western blotting in these cells. 

4. To test whether RNAseK can regulate VPS4a directly, the potential 

interaction between the two proteins will be tested. Moreover, common 

cellular localisation of VPS4a and RNAseK will be assessed by 

immunofluorescence analyses of endogenously tagged RNAseK with 

overexpressed VPS4a. 
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5.3 Results 
 

5.3.1 Analysis of autophagy pathway in absence of PLD3 
 

In the absence of RNAseK, we observed significantly decreased levels of PLD3 

in the lysosomal fractions and its increased secretion (figure 4.6b,c). To test whether 

this mislocalisation of PLD3 contributes to the deficiency in autophagy seen in 

RNAseK knockout cells, I tested LC3 and p62 degradation in cells depleted of PLD3. 

Individual small interfering RNAs (siRNAs) were used to knockdown PLD3 in MEFs. 

Due to poor quality of commercially available antibodies and low protein level of 

endogenous PLD3, knockdown of PLD3 in MEF cells was confirmed by qRT-PCR. 

Transfection of MEF cells with three different siRNAs against PLD3 resulted in an 

efficient knockdown of the protein (figure 5.1a). Western blot analyses of autophagic 

markers in basal conditions showed an accumulation of lipidated form of LC3 and p62 

in siPLD3 cells in a manner comparable to control cells treated with Baf A1 (figure 

5.1b). These findings suggest that siPLD3 leads to a block in autophagic flux as seen 

in RNAseK knockout cells (figure 3.1b). The effect of PLD3 knockdown on autophagy 

was also confirmed in human neuroblastoma cells (SH-SY5Y), which express higher 

levels of endogenous PLD3 (figure 5.1c). Similarly to MEF cells, LC3-II accumulated 

upon PLD3 depletion. The levels of LC3-II accumulation were comparable to control 

cells treated with Baf A1 and siRNAseK (figure 5.1c). Block in autophagic flux upon 

PLD3 depletion was also observed by immunofluorescence analyses of endogenous 

p62 and LAMP1 were their increased co-localisation were detected in siPLD3 in MEF 

cells under AA starvation (figure 5.1d,e), mimicking the phenotype seen in siRNAseK 

MEF cells (figure 3.3b). TEM was used to asses autophagic structures in RNAseK and 

PLD3 depleted cells where comparable accumulation of autolysosomal structures was 

detected when compared to control cells (figure 5.1f). Altogether, these observation 

confirmed a disruption in LC3 and p62 degradation and an accumulation of 

autolysosomal structures in the absence of PLD3. Next we tested EGFR degradation 

rates, which upon EGF stimulation is delivered to lysosomes for degradation via 

endocytosis. Similar to RNAseK knockout cells, the degradation of EGFR remains 

intact in siPLD3 MEFs (figure 5.1g). This indicates that the block in proteolytic 

degradation in the absence of PLD3 is specific to autophagy and does not occur due 



 

126 

 

 

126 Chapter 5. Role of PLD3 and VPS4a in autophagy 

to a general defect in lysosomes. Altogether, these data suggest that the disrupted 

lysosomal delivery of PLD3 in the absence of RNAseK may contribute to the block in 

autophagy seen upon RNAseK depletion. 
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(a) qRT-PCR analyses of mRNA extracted from MEFs transfected with non-targeting siRNA 

siControl or siPLD3. Pld3 mRNA levels were normalised to Actin. Fold change in expression 

was compared to siControl cells. (b) Western blot analyses of lysates derived from MEF cells 

transfected with siControl or three different siRNA sequences targeting PLD3 using the 

indicated antibodies. Baf A1 treatment for 2 h was included in siControl cells. Quantification of 

p62 and LC3-II band intensity normalised relative to siControl (lane 1) is shown below the 

relevant blot lanes. (c) Western blot analyses of lysates derived from SH-SY5Y cells 

transfected with siControl or pool siRNAs targeting RNAseK or PLD3 using the indicated 

antibodies. Baf A1 treatment for 3 h was included in siControl cells. Quantification of LC3-II 

band intensity normalised relative to siControl (lane 1) is shown below the relevant blot lanes. 

(d) Representative immunofluorescence images of MEF cells (as in a) using the indicated 

antibodies. Cells were cultured in absence of amino acids for 2 h. Scale bar: 10 µm. (e) 

Quantification of Pearson’s colocalization coefficient between p62 and LAMP1 in siControl 

and siPLD3  in (d). (f) Representative transmission electron microscope (TEM) images of 

siControl, siPLD3 and siRNAseK MEF cells treated in the absence of amino acids for 2 h. Baf 

A1 is added as indicated. Arrows indicate autophagosomes (white arrows) and autolysosomes 

(black arrows). Scale bar: 1 µm. (g) Western blot analyses of EGFR levels in siControl and 

siPLD3 MEF cells. Cells were cultured without serum for 4 h, followed by stimulation with EGF 

(20 ng/mL) for the indicated times. Quantification of EGFR levels expressed as a percentage 

of time 0 is shown below. In all panels mean + SD is shown from at least three independent 

experiments. **p<0.01, ****p<0.0001, (ns) non-significant, assessed by unpaired Student’s t-

test. 
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5.3.2 Role of RNAseK in VPS4a regulation 
 

Previous reports have shown that trafficking of PLD3 to lysosomes requires 

activity of VPS4a (Gonzalez et al., 2018a). Therefore, I hypothesised that the 

accumulation of VPS4a on lysosomes may potentially partially inhibit its activity and 

cause the mislocalisation of PLD3 in RNAseK knockout cells. To address whether 

VPS4a is indeed accumulating on lysosomes, I used a U2OS cell line stably 

expressing GFP-tagged VPS4a (GFP-VPS4a). In control cells, GFP-VPS4a showed 

mostly a diffused localisation, in agreement with previous reports (Nickerson et al., 

2010). However, upon RNAseK depletion, GFP-VPS4a accumulated in punctate 

structures (figure 5.2a). Interestingly, in cells treated with Baf A1 I observed a diffused 

localisation of VPS4a suggesting that inhibiting V-ATPase proton pump assembly 

does not cause changes in VPS4a localisation (figure 5.2a). To further investigate on 

which structures VPS4a is accumulating in the absence of RNAseK, 

immunofluorescence analyses of VPS4a with different organelle markers was 

performed. Upon RNAseK depletion, VPS4a showed a significantly increased co-

localisation with the late endosomal markers RAB7 and CD63 and the autophagy 

receptor p62 (figure 5.2b-d). This aberrant localisation of VPS4a was then confirmed 

by MS analyses of GFP-VPS4a pulldown in control and RNAseK knockout cells, which 

showed increased association of VPS4a with RAB7, STX17 and p62 in the absence 

of RNAseK (figure 5.2e). As previously mentioned, cells depleted of RNAseK harbour 

an accumulation of p62 and STX17 on the lysosomes. Altogether, these data confirm 

alerted localisation of VPS4a in RNAseK knockout and its increased association with 

lysosomal compartments, suggesting that RNAseK has a role in regulating VPS4a. 
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(a) Representative confocal microscopy images of GFP-VPS4a transduced into sgControl or 

sgRNAseK U2OS cells and cultured in AA starvation media. Baf A1 was added 3 h as 

indicated. Scale bar: 10 µm. Quantification of VPS4a puncta is shown on the right. (b-d) 

Representative immunofluorescence image of GFP-VPS4a stably expressed in U2OS cells 

as in (a) and stained using antibodies against the indicated endogenous proteins. Scale bar: 

10 µm. Quantifications of Pearson’s colocalization coefficient between GFP-VPS4a and 

indicated markers are shown below. (e) Volcano plot of interacting proteins identified by MS 

following GFP-TRAP pulldown of GFP-VPS4a transfected into sgControl or sgRNAseK cells. 

Hits showing significantly association with GFP-VPS4a in sgRNAseK cell line (P > 0.05; FC > 

2) are highlighted in magenta.  

 

Since VPS4a accumulation presumably happens upstream of PLD3 

mislocalisation and subsequent autophagy inhibition, we wanted to test whether it is 

possible to mimic autophagy phenotype seen in RNAseK depleted cells by modifying 

VPS4a activity. Dominant negative mutant of VPS4a (VPS4aE228Q) is a point mutant 

of VPS4a lacking its AAA-ATPase activity (Vajjhala et al., 2008) and previous reports 

have shown that this mutant accumulates on late endosomal compartments 

(Nickerson et al., 2010). To test the consequences of enforcing lysosomal localisation 

of VPS4a on autophagic flux, we analysed the levels of LC3 and p62 in cells 

expressing either wild type or dominant negative mutant of VPS4a. Cells expressing 

GFP empty vector or wild type VPS4a were able to induce efficient LC3 and p62 

degradation during AA starvation (figure 5.3). However, expression of VPS4aE228Q 

resulted in an accumulation of LC3-II and p62 under basal condition and AA starvation 

(figure 5.3). These findings indicate that proper cellular localisation and activity of 

VPS4a is required for efficient autophagic flux.  
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Western blot analyses of U2OS cells transiently expressing the indicated constructs using the 

indicated antibodies. Cells were AA starved in the presence or absence of Baf A1 for 3 h. 

 

To further underscore the similarities in the phenotype seen in RNAseK 

depleted cells and cells expressing VPS4aE228Q mutant, I assessed by 

immunofluorescence analyses the co-localisation of CI-MPR with GM130 and LAMP1. 

Expression of VPS4aE228Q resulted in an altered cellular localisation of CI-MPR, when 

compared to cells expressing wild type VPS4a. Dominant negative mutant showed a 

decreased co-localisation of CI-MPR with GM130 (figure 5.4a). Moreover, CI-MPR co-

localisation with LAMP1 was significantly increased upon VPS4 inhibition (figure 5.4b), 

similar to the phenotype observed in RNAseK knockout cells (figure 4.4b). We 

speculated that RNAseK could interact with VPS4a in order to regulate its release from 

lysosomes. To test this, pulldown experiments were performed by mixing cell lysates 

expressing either GFP-VPS4a or RNAseK-myc followed by GFP-TRAP pulldown, 

which showed an interaction of the two proteins (figure 5.4c). Similar results were 

observed in a reciprocal pulldown where GFP-RNAseK could co-precipitate with 

mCherry-VPS4a (figure 5.4d). This association between RNAseK and VPS4a was 

further analysed by immunofluorescence imaging. Considering the diffused phenotype 

of VPS4a in cells and its transient interaction with lysosomes, I used cells expressing 

VPS4aE228Q mutant and show its co-localisation with endogenously tagged RNAseK-

myc (figure 5.4e). Altogether these data indicate that RNAseK could potentially have 

a role in regulating VPS4a localisation and activity and subsequently PLD3 trafficking. 
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(a ) Representative immunofluorescence images of MEF cells transfected with GFP-VPS4aWT 

or GFP-VPS4aE228Q and cultured in the absence of amino acids for 2 h. Cells were fixed and 

stained using the indicated antibodies. Scale bar: 10 µm. Quantification of Pearson’s 

colocalization coefficient between CI-MPR and GM130  is shown on the right. (b) 

Representative immunofluorescence images of MEF cells transfected with GFP-VPS4aWT or 

GFP-VPS4aE228Q and cultured in the absence of amino acids for 2 h. Cells were fixed and 

stained using the indicated antibodies. Scale bar: 10 µm. Quantification of Pearson’s 

colocalization coefficient between CI-MPR and GM130  is shown on the right. (c) HEK293T 

cells were transfected with GFP or GFP-VPS4a plasmids along with RNAseK-myc expressing 

plasmid. Cell lysates were then mixed and subjected to GFP-TRAP pulldown (PD) followed 

by western blotting analyses using the indicated antibodies. (d) HEK293T cells were 

transfected with GFP or RNAseK-GFP plasmids along with mCherry-VPS4a expressing 

plasmid. Cell lysates were treated as in (c). (e) Representative immunofluorescence images 

of RNAseK-myc MEF cells transfected with GFP-VPS4aWT (top panel) or GFP-VPS4aE228Q 

(bottom panel) and cultured in the absence of amino acids for 2 h. Cells were fixed and stained 

using antibodies against myc. Scale bar: 10 µm. Quantification of Pearson’s colocalization 

coefficient between RNAseK-myc and GFP-VPS4a is shown on the right. In all experiments, 

****p<0.0001, assessed by unpaired Student’s t-test from three independent experiments.  

 

5.4 Discussion 
 

This chapter has highlighted a role for PLD3 and VPS4a in efficient autophagic 

flux. Details of the regulatory network and an exact functions of PLD3 are yet to be 

fully characterised. However, my data show that PLD3 is essential for autophagy in 

mouse and human cells. Previous studies reported a reduced autophagic activity in 

cells co-expressing mutants of PLD3 with diminished phospholipase activity together 

with mutant of APP protein (Tan et al., 2019). Expression of these mutants resulted in 

increased mTORC1 activity, decreased LC3-II and increased p62 levels (Tan et al., 

2019). These results differ from the phenotype I observed upon the depletion of PLD3 

in mouse fibroblasts and human neuronal cells with regards to LC3 status. The 

discrepancies between the two observation might be due to a difference between 

PLD3 knockdown and expression of PLD3 mutants. Moreover, these PLD3 constructs 

were expressed in cell lines stably expressing the Swedish mutant of APP protein 
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APP(695), which causes an increased amyloidogenic processing of APP and possibly 

could change the dynamics of PLD3 (Belyaev et al., 2010; Tan et al., 2019). Reduction 

in PLD3 activity has been connected to a disruption in the endolysosomal network and 

enlarged LAMP1 structures (Fazzari et al., 2017; Yuan et al., 2022). On the other hand, 

overexpression of PLD3 was also shown to result in enlargement and accumulation of 

endolysosomal vesicles in neurons suggesting that the levels of PLD3 need to be 

carefully regulated in cells (Yuan et al., 2022). Similar to previous reports, lysosomal 

morphology appears to be enlarged in MEFs upon PLD3 knockdown in this study. 

Interestingly, because PLD3 is trafficked to lysosomes via MVBs and is sorted into 

ILVs, it has been proposed that the aberrant endolysosomal structures appearing in 

cells with reduced PLD3 activity are a consequence of improper ILV formation (Yuan 

et al., 2022). However, my data show that EGFR degradation in cells depleted of PLD3 

remains intact. This indicates that ILV formation in the absence of PLD3 is not 

disrupted as EGFR is trafficked to the lysosomes via ILVs (Futter et al., 1996).  

PLD3 is targeted to lysosomes in a VPS4a-depedent manner (Gonzalez et al., 

2018a). In agreement with these reports, VPS4a mislocalisation seen in RNAseK 

knockout cells could disrupt the trafficking of PLD3 to lysosomes. As previously 

mentioned, depletion of PLD3 increases the extracellular Aβ levels and phospholipase 

deficient mutant of PLD3 (PLD3VM) has been associated with late-onset of AD 

(Cruchaga et al., 2014). Moreover, in brains of AD patients, extracellular levels of  

PLD3 are increased (Satoh et al., 2014). However, in early stages of AD, before 

extracellular deposits of Aβ plaques build-up, Aβ accumulates intracellularly in 

enlarged late endosomal compartments (Willén et al., 2017). This phenotype can be 

recapitulated by the expression of a dominant negative mutant of VPS4a (VPS4aE228Q) 

and could be used to model early pathological features reported in AD (Willén et al., 

2017). Indeed, VPS4aE228Q accumulates on late endosomal compartments causing 

their enlargement and subsequent accumulation of Aβ and tau phosphorylation, 

thereby mimicking the changes seen on a cellular level in early AD models (Willén et 

al., 2017). Thus, it would be interesting to test whether the phenotype seen in early 

AD model is a consequence of improper trafficking of PLD3 caused by VPS4a arrest 

on late endosomal compartments. Comparison of PLD3 levels in the secretome of 

cells expressing wild type VPS4a or VPS4aE228Q could help address this question.  
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Disrupted localisation of VPS4a in the absence of RNAseK was confirmed by 

proteomics and immunofluorescence analyses (figure 5.2a-e). My study shows that 

VPS4a accumulates on lysosomes in RNAseK knockout cells, similarly to the 

phenotype seen by overexpression of dominant negative mutant of VPS4a 

(VPS4aE228Q). Expression of VPS4aE228Q results in inhibited autophagic flux and 

accumulation of lipidated LC3, similarly to what is seen upon RNAseK depletion. 

Moreover, I observed increased lysosomal localisation of CI-MPR when VPS4aE228Q 

was overexpressed in the cells. The alerted CI-MPR localisation upon the expression 

of VPS4aE228Q and RNAseK depletion suggest that ESCRT-III complex components 

may be involved in the canonical delivery of hydrolases to the lysosomes via CI-MPR 

and arrested VPS4a localisation disrupt these processes. Further investigation of the 

cellular localisation and activity of lysosomal proteins and receptors involved in 

trafficking of hydrolases in cells expressing VPS4aE228Q is required to address this 

hypothesis.  

Although similarities between RNAseK knockout and VPS4 inhibition are 

apparent, VPS4aE228Q does not fully recapitulate the phenotype seen in RNAseK 

depleted cells. Expression of the dominant negative mutant of VPS4a was shown to 

disrupt autophagosome closure (Takahashi et al., 2018a). However, these processes 

remain intact in RNAseK knockout cells. This suggests that although VPS4a appears 

to be arrested on lysosomes in the absence of RNAseK, its activity may not be fully 

abrogated. The differences in the phenotypes observed when VPS4a is arrested on 

lysosomes due to the absence of RNAseK and when VPS4aE228Q is overexpressed 

require more investigation. For example, it would be interesting to test whether the 

functions of VPS4a in other cell processes are disrupted upon RNAseK depletion.  

Pulldown experiments and immunofluorescence analyses suggest common 

subcellular localisation of RNAseK and VPS4a and suggest that RNAseK could 

potentially play a role in releasing of VPS4a from lysosomes. Although I did not 

observe an accumulation of VPS4a on lysosomes in cells treated with Baf A1, other 

subunits of V0 domain of V-ATPase proton pump could be involved in efficient release 

of VPS4a from lysosomes. It would be interesting to test whether a similar arrest of 

VPS4a on lysosomes can be detected upon the depletion of other subunits of the V-

ATPase proton pump. Pulldown experiments in whole cell lysates do not distinguish 

whether the interaction between RNAseK and VPS4a is direct. Because RNAseK is a 
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dual transmembrane protein, it is technically challenging to test its interaction with 

VPS4a using purified proteins. Pulldown assays using VPS4a truncations would allow 

to specify the binding region required to interact with RNAseK. Moreover, multiple 

point mutants of VPS4a leading to its reduced activity were identified in mammalian 

cells. Overexpression of these mutants results in enlarged lysosomes as seen upon 

VPS4aE228Q overexpression (Rodger et al., 2020). Testing the ability of these point 

mutants to bind RNAseK would allow me to determine whether the binding site is 

located within the ATP catalytic site of VPS4a and whether the expression of these 

inactive mutants of VPS4a could be used to recapitulate the effects of RNAseK 

knockout in cells.  

Altogether, these data show that PLD3 is a lysosomal lipase essential for 

autophagic flux in mammalian cells. Lysosomal localisation of PLD3 is required for 

efficient cargo degradation by autophagy and PLD3 activity depends on proper VPS4a 

cellular localisation. VPS4a accumulation on lysosomes upon RNAseK depletion 

results in aberrant localisation of certain lysosomal hydrolases and proteins involved 

in enzyme trafficking. 
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Chapter 6. Summary and discussion 

The main aim of my thesis was to characterise the function of a novel autophagy 

regulator RNAseK identified in genome-wide CRISPR-Cas9 screen conducted prior to 

the start of my PhD. My findings show that RNAseK mainly localises to lysosomes and 

depletion of RNAseK from the cells dysregulates the localisation of multiple hydrolases 

and proteins which associate with lysosomes. I hypothesise that RNAseK can regulate 

the dynamics of VPS4a on lysosomes, which in turn ensures efficient lysosomal 

trafficking of PLD3. Therefore, in the absence of RNAseK, the arrest of VPS4a on 

lysosomes may be the cause for the misdelivery of PLD3 to lysosomes and its 

increased secretion. I showed that PLD3 is essential for autophagic flux and I predict 

that the IAM accumulation upon RNAseK depletion could be a result of diminished 

activity of PLD3 in these cells. The graphical abstract of my working model is depicted 

below (figure 6.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

 

Summary depicting a role of RNAseK in releasing VPS4a from lysosomes to allow efficient 

lysosomal localisation of PLD3 required for autophagosome degradation. In the absence of 

RNAseK, VPS4a accumulates on lysosomes and leads to enhanced secretion of PLD3 

thereby disrupting autophagosome degradation.  
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RNAseK is a poorly characterised protein. Therefore, my study includes 

multiple novel findings for the role on RNAseK in autophagy and overall lysosomal 

homeostasis. Depletion of RNAseK disrupts IAM degradation and the balance of 

certain lipids in cells. Interestingly, all three tested lysosomal lipases, LIPA, PLA2G15, 

and PLD3, were affected by RNAseK depletion albeit in a different manner. LIPA and 

PLD3 levels in the lysosomal fractions are reduced and LIPA’s activity is abrogated 

upon depletion of RNAseK. Although PLA2G15 levels in the lysosomal proteomics did 

not show significant differences between control and RNAseK knockout cells, 

maturation of this enzyme seems to be disrupted in the absence of RNAseK, 

potentially due to its increased association with CI-MPR. It would be interesting to see 

whether the depletion of all three lipases results in more dramatic autophagy 

phenotype when compared to PLD3 knockdown alone. LIPA and PLA2G15 have been 

previously connected to autophagy in C.elegans through to their potential roles in 

lipophagy and IAM degradation, respectively (Li et al., 2022; Zhang et al., 2022). 

Detailed analyses of each the three lysosomal lipases in RNAseK knockout cells would 

be interesting although challenging due to lack of information about these proteins, 

such as cleavage sites, and precise tools to study the activity of each lipase. Whilst 

robust antibodies to detect these lipases are not available, their overexpression in cells 

might not recapitulate the dynamics of the endogenous protein. This could be 

overcome by endogenous tagging. However, due to the proteolytic cleavage of the 

lipases upon their maturation, an endogenous tag would have to be inserted at the N- 

and C-termini of the protein, which makes this process labour intensive and technically 

challenging.  

I focused on studying the lysosomal lipase PLD3, which levels are reduced in 

lysosomes of RNAseK knockout cells and is preferentially secreted. PLD3 exhibits 

similarities to Atg15, a yeast lipase crucial for IAM degradation (Epple et al., 2001; 

Teter et al., 2001). Both of these proteins contain transmembrane domains and are 

delivered to the lysosome via MVB, which is unusual for lysosomal hydrolases 

(Gonzalez et al., 2018a; Hirata et al., 2021). PLD3 depletion resulted in autophagy 

block and the accumulation of LC3 and p62. These findings make PLD3 the first 

mammalian lipase identified to be essential for autophagy, possibly due to its role in 

IAM degradation. It would be interesting to confirm whether IAM degradation is 

disrupted upon PLD3 depletion, as seen in cells lacking RNAseK. PLD3 activity in IAM 
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degradation could potentially be tested in in vitro settings of isolated autophagic 

membranes. However, such experiments would be and technically challenging due to 

the resistance of the OAM resistant to hydrolysis. Moreover, the exact sequence of 

mature PLD3 remains unknown, therefore it cannot be expressed in an active form 

further underscoring the technical difficulties I have been experiencing throughout my 

PhD studies. 

In the absence of RNAseK, EGFR delivery to the lysosomes via ILVs and 

lysosomal degradation remains intact. This was an interesting observation because 

VPS4a was shown to be involved in ILV formation (Adell et al., 2014). Therefore, the 

accumulation of VPS4a on lysosomes observed in RNAseK knockout cells in theory 

should disrupt this process. However, previous studies have shown that co-depletion 

of VPS4a and VPS4b, but not VPS4a alone, inhibits EGFR degradation (Fraile-Ramos 

et al., 2007). Therefore, it is possible that VPS4b takes over that some functions of 

VPS4a in RNAseK knockout cells. The differences in membrane composition between 

IAM and ILV are unclear, therefore it is challenging to determine why ILVs presumably 

remain to be degraded in the absence of RNAseK, whereas IAM accumulates in the 

lysosomal lumen. This could be due to different factors required for efficient membrane 

degradation of ILVs, which remain unaffected upon RNAseK depletion. Moreover, 

EGFR is also incorporated into the membrane of ILV rather than fully encapsulated by 

it, therefore part of the protein is exposed to the lysosomal lumen (Raiborg and 

Stenmark, 2009). This partial exposure could suffice for EGFR and ILV to be 

degraded.  

The effects of RNAseK depletion on VPS4a prompted me to look more closely 

into VPS4a function in autophagy and lysosomal enzyme delivery. In addition to the 

already established role of VPS4a in autophagosome closure (Takahashi et al., 

2018a), I have discovered a novel role for VPS4a in IAM degradation during 

autophagy. Although VPS4a was previously implicated in an efficient trafficking of 

PLD3 to the lysosomes (Gonzalez et al., 2018a), it seem that the role of VPS4a in the 

trafficking of hydrolases is not confined to PLD3. This is represented by increased 

lysosomal localisation of CI-MPR in cells expressing inactive form of VPS4a. This 

accumulation of CI-MPR on lysosomes could cause an imbalance in lysosomal 

content, therefore the use of a dominant negative mutant of VPS4a to model early AD 

events, as proposed in a published studies (Willén et al., 2017), should be analysed 
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with caution as it could result in generation of misleading data due to the potential role 

of VPS4a in regulation of CI-MPR. It would be interesting to test whether the early AD 

events, such as accumulation of Aβ and tau phosphorylation, could be seen upon 

RNAseK depletion in early AD cell models. 

Another aspects of the project that remain to be elucidated are the upstream 

events that lead to the recruitment of VPS4a to the lysosomes in the absence of 

RNAseK. Upon lysosomal damage, Galectin-3 recruits the ESCRT machinery to the 

damage site to promote repair, which results in transient association of VPS4a with 

lysosomes (Jia et al., 2020). Could lysosomal damage be prevalent in the absence of 

RNAseK? Immunofluorescence imaging of Galectin-3 in RNAseK knockout lines could 

help address this. However, prolonged lysosomal damage leads to a disruption in 

lysosomal acidity and function (Eriksson et al., 2020), which was not observed in 

RNAseK knockout cells.  

The activity of the V-ATPase complex is not restricted to proton pumping and 

the complex is involved in multiple other cellular processes. For an example, studies 

in yeast have shown that the V0 domain promotes membrane fusion invents (Peters 

et al., 2001). V-ATPase complex assembly is also crucial for CASM (Hooper et al., 

2022). Moreover, the V-ATPase was shown to be involved in insulin secretion from 

pancreatic β-cells (Sun-Wada et al., 2006) and exocytosis of synaptic vesicles 

(Hiesinger et al., 2005). My PhD studies have shown a novel function of RNAseK, a 

subunit of the V-ATPase proton pump, that is independent of lysosomal acidification. 

However, whether the activity of RNAseK requires its interaction with the V-ATPase 

complex remains to be addressed. This could be investigated by testing if the 

phenotype seen upon RNAseK knockout can be recapitulated by the depletion of other 

subunits of the V-ATPase complex. Interestingly, Baf A1 treatment, which inhibits V-

ATPase pump assembly, did not mimic the phenotype seen upon RNAseK depletion. 

Therefore, I predict that the phenotype seen upon RNAseK depletion would not be 

observed upon the knockout of proteins within the V1 domain of the complex. 

The phenotype seen in cells upon the depletion of RNAseK suggests that this 

protein might be a novel candidate for a less toxic and more efficient cancer treatment. 

RNAseK depletion inhibits autophagy pathway but does not seem to disrupt general 

proteolytic activity of lysosomes. This differs from other approaches to inhibit 

autophagy in cancer, like HCQ or CQ treatment, where degradative qualities of the 
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lysosomes are abrogated (Verbaanderd et al., 2017). Moreover, it is possible that the 

upregulation of RNASEK seen in a percentage of glioblastoma patients could play a 

role in increasing autophagic activity in tumour cells. Upregulation of RNASEK 

expression was shown to corelate with resistance to chemotherapy, in agreement with 

reports related to the cytoprotective role of autophagy during anticancer treatment 

(Filippi-Chiela et al., 2015; Hsu et al., 2021; Yan et al., 2016). Therefore, targeting 

RNAseK and inhibiting its expression or function in cells could result in more effective 

treatment and prevent therapy resistance. 

Targeting of RNAseK could also play vital a role in therapy specific subset of 

cancers. Mothers against decapentaplegic homolog 4 (SMAD4) is a tumour 

suppressor gene deleted or mutated in almost 30% of all cancers and (Neggers et al., 

2020). Loss of SMAD4 is associated with 60%–90% of pancreatic adenocarcinomas 

and corelates with poor prognosis (Fei et al., 2021). Studies evaluating cancer 

dependencies have shown that tumours depleted of SMAD4 often lack VPS4b as the 

two genes reside next to one another on chromosome 18 (McDonald et al., 2017; 

Neggers et al., 2020). The absence of VPS4b in these tumours makes them vulnerable 

to the loss of VPS4a, whereas depletion of VPS4a in a healthy cell is not lethal. 

Therefore, drugs designed to inhibit the function of VPS4a could potentially result in 

the death of SMAD-depleted cancer cells (McDonald et al., 2017; Neggers et al., 

2020). As discussed in previous chapters, loss of RNAseK results in abnormal 

localization of VPS4a and potentially reduced activity of VPS4a. Therefore, it is 

possible to target VPS4a indirectly by inhibiting RNAseK. SMAD4-deficient pancreatic 

tumours often exhibit resistance to therapy by upregulating autophagy (Fei et al., 

2021). Studies have shown that the inhibition of autophagy by HCQ significantly 

improved response to therapy in patients with SMAD4 depletion (Fei et al., 2021). 

These data suggest that targeting RNAseK in SMAD4-deficient tumours could be an 

attractive therapy target due to its dual role in VPS4a regulation and autophagic flux. 

Using just one target, as opposed to combination therapy, would provide less toxic 

alternative to anticancer treatment and possibly fewer off-target effects. 
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Chapter 7. Validation of ATG2 as a novel binding 
partner of ATG16L1 

7.1 Introduction 
 

Autophagy is a highly complex pathway governed by multitude of factors. In 

recent years, research provided a great insight into the regulation of autophagy, 

however many questions remain unanswered. In addition to search for novel 

regulators of the pathway, it is important to further characterise already known 

autophagy players, as the dynamics of these proteins are poorly characterised. 

Understanding the regulation of recruitment and release of autophagy proteins to the 

autophagosomal membrane could provide insights to the modulation of autophagy in 

disease. To gain an insight into the regulation of autophagy proteins in an unbiased 

way, I utilised proximity labelling tools. Prior to the start of my PhD, I performed a 

screen in search for new regulators of multiple autophagy proteins, including 

ATG16L1. ATG16L1 was tagged to the promiscuous biotin ligase, TurboID (TiD) 

(Branon et al., 2018) and expressed in ATG16L1 knockout cells (appendix 2a). 

Tagging the N-terminus of ATG16L1 with TiD (TiD-ATG16L1) did not the disrupt its 

function in autophagy and the construct was able to biotinylate known interacting 

partners of ATG16L1 upon treatment with exogenous biotin (appendix 2a,b). 

Therefore, I used cells expressing TiD-ATG16L1 and induced autophagy by AA 

starvation in the presence of biotin and biotinylated proteins were precipitated using 

streptavidin coated beads followed by MS analyses. In addition to already known 

interactors of ATG16L1 (such as FIP200 and WIPI2), MS analyses of biotinylated 

proteins showed ATG2b as one of the top hits in the screen (appendix 2c). This result 

indicated that ATG2b is in close proximity of ATG16L1, which suggested that the two 

proteins could potentially be interacting partners. This drew our attention because 

although both proteins are known autophagy regulators, the interaction between them 

has not been identified before. Both ATG16L1 and ATG2 proteins are crucial for 

autophagy and their depletion results in the inhibition of autophagic flux (Fujita et al., 

2008; Velikkakath et al., 2012). Although the biotinylation was performed under 

nutrient stress, which is an autophagy inducer, it is possible that the functional 

relevance of this potential interaction between ATG16L1 and ATG2 is unrelated to 

canonical autophagy. Both proteins have additional roles in processes other than 
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autophagy. Indeed, ATG2 was shown to have a role in the regulation of lipid droplets 

size and distribution, whereby the C-terminal end of the protein is crucial for these 

processes but dispensable for the role of ATG2 in autophagy (Tamura et al., 2017; 

Velikkakath et al., 2012). ATG16L1 also plays a role during immune response upon 

bacterial infection (Sorbara et al., 2018), exosome production (Guo et al., 2017), 

hormone secretion (Ishibashi et al., 2012) and CASM (Fletcher et al., 2018). To 

determine whether the binding between ATG16L1 and ATG2 is required for 

autophagy, I aimed to assess the domain required for this interaction. N-terminal and 

middle regions of ATG16L1 are crucial for lipidation processes during autophagy, 

whereas the WD40 region at the C-terminus of the protein is dispensable for canonical 

autophagy (Fletcher et al., 2018; Gammoh et al., 2013; Lystad et al., 2019; Matsushita 

et al., 2007). On the other hand, ATG16L1 function during CASM relies on the C-

terminus of ATG16L1 and deletion or mutation of this fragment results in the inhibition 

of LC3 lipidation on single membranes (Fletcher et al., 2018). These reports show that 

a complete protein depletion or deletion of large fragments of the proteins can disrupt 

multiple processes in cells. Therefore, when studying the functional relevance of an 

interaction between two proteins, it is important to find a specific binding site in order 

to distinguish the contribution of the studied protein-protein interaction in any biological 

pathway tested instead of relying on the deletion of the whole proteins or large 

fragments. 

 

7.2 Aims and objectives 
 

TurboID-based screen allows the identification of proteins in proximity of the 

bait protein fused to the promiscuous biotin ligase, however, it does not necessarily 

mean that highly biotinylated proteins are directly interacting with the bait protein 

(Branon et al., 2018; May et al., 2020). Therefore it is crucial to confirm whether ATG2 

interacts with ATG16L1. Moreover, ATG2b was one of the top hits in MS analyses 

obtained from cells overexpressing TiD-ATG5, similarly to the results seen with TiD-

ATG16L1 (data not shown). These observations suggest that the interaction of ATG2 

with ATG16L1 could be ATG5-dependent. ATG2a and ATG2b are the two 

homologues of yest Atg2 (Velikkakath et al., 2012). Thus it is possible that both 
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proteins are able to bind ATG16L1 due to sequence similarity. Base on these 

observations, the objectives of this chapter are listed below.  

1. To investigate the interaction between the two ATG2 proteins with 

ATG16L1 by co-immunoprecipitation experiments in the presence or 

absence of ATG5. 

2. To test whether the interaction between ATG2 and ATG16L1 could be 

direct using in vitro binding experiment. 

3. To specify the region mediating ATG2-ATG16L1 interaction using co-

immunoprecipitation experiments and mutagenesis. 

 

7.3 Results 
 

7.3.2 Validation of the ATG2-ATG16L1 interaction 
 

Although biotin ligase-based proximity assays are a great tool to investigate 

proteins surrounding the bait of interest, data obtained from these approaches need 

to be further validated. Firstly, I aimed to test whether ATG16L1 is able to interact with 

ATG2b, as suggested by the TiD-ATG16L1 proximity screen MS analyses. Because 

the two ATG2 proteins exhibit sequence similarity and have been shown to be 

functionally redundant (Velikkakath et al., 2012), binding of ATG2a to ATG16L1 was 

also tested. When tested in HEK293T cells, Co-expression of ATG16L1 and ATG2 

constructs in the same dish led to high variability in protein expression levels (data not 

shown). For this reason, lysate mixing approach was used whereby each constructs 

was overexpressed in a separate dish and cell lysates were mixed before incubation 

with the indicated affinity beads. Pulldown of GFP-tagged ATG2 constructs resulted in 

the co-precipitation of overexpressed ATG16L1 protein indicating that both ATG2a 

and ATG2b are interacting partners with ATG16L1 (figure 7.1a). To check whether 

ATG5 is required for ATG2-ATG16L1 binding, pulldown experiments were also 

performed in HEK293T cells lacking ATG5. ATG16L1 was still able to bind to ATG2 in 

the absence of ATG5 indicating that ATG5 is dispensable for this interaction (figure 

7.1a).  

Pulldown assays in whole cell lysates do not provide the information whether 

the interaction between ATG2 and ATG16L1 is direct. Binding assays of purified 
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recombinant proteins would help us answer this question. As purified recombinant 

ATG2 proteins were not available in our lab, we overexpressed GFP-tagged ATG2 or 

empty GFP in cells and used GFP-Trap pulldown followed by stringent detergent 

washes to purify GFP-tagged proteins and reduce contamination. Purity of the ATG2 

proteins was assessed by Ponceau staining (data not shown). These GFP beads-

bound proteins were then incubated with ATG16L1 recombinant protein (Dudley et al., 

2019a). Pulldown assays showed significant interaction of ATG2a and ATG2b with 

ATG16L1, when compared to empty GFP control (figure 7.1b), which suggests a 

potential direct binding between these proteins. As ATG2a showed a higher 

association with recombinant ATG16L1 (figure 7.1b) and ATG2b antibodies exhibited 

non-specific bands (figure 7.1a), we used ATG2a constructs in our experimental 

settings henceforth.  
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(a) Protein–protein interaction assay in cells transiently transfected with the indicated GFP 

constructs and Flag-S-ATG16L1 in wild type (WT) or ATG5 -/- HEK293T cell lines. GFP-TRAP 

pull‐down was followed by immunoblotting using the indicated antibodies. (b) Protein–protein 

interaction assay of purified GFP-tagged proteins expressed in HEK293T cells and 

recombinant ATG16L1 protein. GFP-TRAP pulldown was followed by immunoblotting using 

the indicated antibodies. Quantification of pulldown with values normalised to GFP-Empty 

control is shown below. Mean + SD is shown from at three independent experiments. * p<0.05, 

** p<0.01, assessed by unpaired Student’s t-test. 

(a) 

 

(b) 

 

Figure 7.1 ATG16L1 interacts with ATG2. 

 

Figure 7.2 ATG16L1 interacts with ATG2 
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7.3.3 Mapping the ATG2-ATG16L1 interaction sites 
 

 Next, we aimed to determine the region within ATG16L1 essential for binding 

to ATG2a. Truncation mutants of ATG16L1 (Dudley et al., 2019; Gammoh et al., 2013) 

or HA-tagged ATG2a were expressed in ATG16L1 knockout HEK293T cells. Cell 

lysates were mixed and incubated in the presence of anti-HA beads. Pulldown of 

ATG2a showed that the N-terminal region of ATG16L1 does not bind ATG2a, whereas 

full length protein and C-terminal region co-precipitate with ATG2a (figure 7.2). C-

terminal region of ATG16L1 consists of WD40 domains which are dispensable for 

autophagy (Fletcher et al., 2018). Therefore, these results indicate that the functional 

relevance of ATG2-ATG16L1 interaction is highly likely unrelated to autophagy.  
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Protein–protein interaction assay in ATG16L1 knockout HEK293T cells transiently transfected 

with HA-ATG2a or the indicated Flag-S-ATG16L1. Cell lysates were mixed and HA tag pull‐

down was performed followed by immunoblotting using the indicated antibodies. The following 

ATG16L1 proteins consist of the indicated amino acids: WT (wild type): 1-623, NT (N-

terminus): 1-336, CT (C-terminus): 337–623. Quantification of relative ATG2a-ATG16L1 

binding is shown below. Mean + SD is shown from at three independent experiments, non-

significant (ns), ** p<0.01, assessed by unpaired Student’s t-test. 

 

WIPI4 is another protein which consist of WD40 domains and was reported to 

interact with ATG2a (Bakula et al., 2017; Zheng et al., 2017). The residues on ATG2a 

essential for WIPI4 binding have been previously identified and were narrowed down 

to three residues (YFS) in the middle region of ATG2a protein (figure 7.3a) 

(Chowdhury et al., 2018; Zheng et al., 2017). Pulldown assay was performed to test 

whether WIPI4 binding mutant of ATG2a (YFS/AAA) is still able to interact with the 

WD40 domain of ATG16L1 located within its C-terminal half. The levels of ATG16L1 

co-precipitating with ATG2a YFS/AAA mutant were significantly diminished but not 

completely abolished when compared to the wild type protein (figure 7.3b). This finding 

suggests that YFS residues on ATG2a could contribute to the interaction between 

ATG2a with ATG16L1.  
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(a) Schematic diagram of ATG2a and its potential binding to the WD40-containing proteins, 

WIPI4 and ATG16L1. (b) Protein–protein interaction assay in ATG16L1 knockout HEK293T 

cells transiently transfected with the indicated HA-ATG2a constructs or Flag-S-ATG16L1. Cell 

lysates expressing the indicated proteins were mixed and HA tag pull‐down was performed, 

followed by immunoblotting using the indicated antibodies. Quantification of relative ATG2a-

ATG16L1 binding is shown below. Mean + SD is shown from at three independent 

experiments, * p<0.05, assessed by unpaired Student’s t-test. 

 

I proceeded with identifying the binding residues on ATG2a which are required 

to disrupt ATG16L1 binding. Although it is possible to obtain truncation mutants of 

ATG2a (Tamura et al., 2017), deletions within ATG2a can lead to failed expression or 

(a) 

 

(b)  

Figure 7.3 ATG2a YFS mutant shows reduced interaction with ATG16L1. 
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Figure 7.3 ATG2a YFS mutant shows reduced interaction with ATG16L1. 
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protein degradation (Bozic et al., 2020). Alanine scanning mutagenesis (Lefèvre et al., 

1997) of ATG2a was also unfeasible due to a relatively large size of ATG2a protein 

(∼1,900-aa). Therefore, to investigate the binding site between ATG2a and ATG16L1, 

we utilised a peptide array approach. ATG2a protein was fragmented into overlapping 

peptide fragments and bound to a membrane  (JPT Peptide Technologies). To exclude 

misleading data, unspecific binding of ATG2a fragments to the secondary antibody 

was assessed by incubating the membrane with secondary antibody only (figure 7.4a). 

Incubation of the ATG2a peptide array membrane with recombinant ATG16L1 

revealed multiple fragments of ATG2a binding to ATG16L1 (figure 7.4b). I selected 

regions of ATG2a potentially involved in binding to ATG16L1 but not detected when 

membrane was incubated with secondary antibody alone  (figure 7.4b). In agreement 

with previous reports, alanine substitution of ATG2a fragments resulted in failed 

expression or unstable protein levels of certain mutants (data not shown) (Bozic et al., 

2020). However, we were able to express and test ATG2a mutant with residues 221 

to 227 substituted to alanine (AA 221-227). This region is located after lipid binding 

domain identified at the N-terminus of the protein (Valverde et al., 2019). Pulldown 

assays showed a significantly reduced binding of ATG16L1 to AA 221-227 mutant 

when compared to wild type protein (figure 7.4c). This indicated that the mutated 

residues are essential for ATG16L1 binding and ATG2a AA 221-227 could potentially 

be used to study the functional relevance of the interaction of ATG2 with ATG16L1. 

Altogether, these data narrowed down regions on both ATG16L1 and ATG2a essential 

for the interaction between the two proteins.  
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(a) Schematic diagram of ATG2a peptide array. Amino acid sequence of ATG2a was 

fragmented into overlapping peptide fragments bound to a nitrocellulose membrane. The 

peptide array was incubated with recombinant ATG16L1 and subsequently with the indicated 

antibodies. The membrane was then developed using chemiluminescence detection. (b) Left: 

To asses background binding, ATG2a peptide array was incubated with HRP conjugated 

secondary antibody. Right: ATG2a peptide array incubated with recombinant ATG16L1. 

Peptide fragments used for mutagenesis are indicated in magenta. (c) Protein–protein 

interaction assay in ATG16L1 knockout HEK293T cells transiently transfected with the 

indicated HA-ATG2a constructs or Flag-S-ATG16L1. Cell lysates expressing the indicated 

proteins were mixed and HA tag pull‐down was performed followed by immunoblotting using 

the indicated antibodies. Quantification of relative ATG2a-ATG16L1 binding is shown on the 

right. Mean + SD is shown from at three independent experiments, **** p<0.0001, assessed by 

unpaired Student’s t-test. 

 

7.3 Discussion 
 

 In this chapter, I have focused on determining whether two already established 

autophagy proteins, ATG2 and ATG16L1, are binding partners. ATG2b and ATG16L1 

were detected in close proximity to one another in TurboID proximity labelling screen. 

The results from multiple binding assays confirmed the novel interaction between 

ATG2 and ATG16L1. This interaction is ATG5-independent and occurs between ATG2 

proteins and ATG16L1. ATG2b exhibited higher levels of biotinylation than ATG2a in 

our MS analyses but did not exhibit higher association to ATG16L1 in in vitro settings. 

Therefore, it would be interesting to test whether ATG2b-ATG16L1 interaction is 

preferable between the endogenous proteins, or whether the higher biotinylation levels 

of ATG2b is a result of lower levels of endogenous ATG2a in MEF cells used in the 

proximity labelling assay. The preference of binding either ATG2a or ATG2b could be 

tested by pulling down endogenous ATG16L1 in a cell line with comparable levels of 

the two ATG2 proteins. The differences between the levels of ATG2a and ATG2b co-

precipitating with ATG16L1 would help determine whether one of these interactions is 

more prevalent in an endogenous settings.  

The binding residues on ATG16L1 required for ATG2 binding are yet to be further 

narrowed down. Pulldown of truncation mutants of ATG16L1 showed that the WD40 

Figure 7.4 Identification of residues on ATG2a essential for ATG16L1 binding. 
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domains region of the protein is necessary to co-precipitate with ATG2a and ATG2b. 

The WD40 region is challenging to manipulate as mutations in these domains can 

disrupt the propeller structure and lead to protein instability (Xu and Min, 2011). For 

this reason, I have focused on finding the binding residues on ATG2a. Mutating a small 

region of ATG2a (AA 221-227) identified in the peptide array experiment showed a 

dramatic reduction in ATG16L1 binding. I also observed diminished ATG16L1 binding 

of ATG2a YFS/AAA mutant required to binding WIPI4. Whether a complete 

abolishment of ATG16L1 binding could be achieved by mutating both regions of 

ATG2a remains to be determined. It would also be interesting to check whether WIPI4 

binding is affected in ATG2a AA 221-227 mutant and whether other interacting 

partners are able to bind to ATG2a through these amino acids. ATG2 proteins exhibit 

similarities in structure and function (Velikkakath et al., 2012) and it has been 

previously reported that the co-depletion of ATG2a and ATG2b is required to disrupt 

autophagy (Velikkakath et al., 2012). Therefore, experimental settings aiming to study 

a phenotype seen upon disrupting ATG2-ATG16L1 binding need to be carefully 

designed when mutating ATG2 residues and ATG2 mutants should be expressed in 

ATG2a/ATG2b double knockout cells.  

The observation that WD40 region of ATG16L1 is sufficient to bind ATG2  indicates 

that the functional relevance of the ATG2-ATG16L1 binding could be related to the 

reported processes facilitated by this region rather than canonical autophagy. Binding 

of the WD40 domains of ATG16L1 to V-ATPase subunits and ubiquitin-decorated 

endosomes mediate the recognition of bacteria and initiate xenophagy (Fujita et al., 

2013; Xu et al., 2019). The WD40 domains of ATG16L1 were also shown to be 

involved in plasma membrane damage repair upon bacteria infection (Tan et al., 

2018). It would be interesting to test whether the absence of ATG16L1 and ATG2 

interaction abrogates the ability of ATG16L1 to bind to the V-ATPase subunits or 

ubiquitin and has any effect on the xenophagy or plasma membrane integrity. 

Moreover, WD40 domains of ATG16L1 are essential for CASM (Fletcher et al., 

2018). Our preliminary data showed that LC3 lipidation on single membrane during 

LAP-like processes is inhibited in ATG2 double knockout cells (data not shown), which 

indicates that ATG2 could potentially play a role in CASM. The main quality of ATG2 

involved in autophagy is its lipid transfer properties, which contribute to the expansion 

of the phagophore (Osawa and Noda, 2019; Valverde et al., 2019; van Vliet et al., 
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2022). In CASM, the membrane on which ATG8 lipidation takes place is already 

present (Durgan and Florey, 2023; Florey et al., 2011a). If ATG2 is indeed essential 

for CASM, the role of ATG2 could be unrelated to lipid transfer qualities exhibited 

during autophagy. The residues we have identified as essential for ATG16L1 binding 

are not required for lipid transfer or interaction with known partners of ATG2 (Dudley 

et al., 2020). Altogether, this suggests that further investigation of ATG2-ATG16L1 

could uncover unidentified properties of ATG2 in CASM or other processes. 

To gain a better understanding of the consequences of disrupting ATG2-ATG16L1 

interaction in an unbiased way, MS analyses of wild type cells and cells expressing 

ATG2-ATG16L1 binding mutant would be beneficial. Comparing whole cell proteome 

in the presence or absence of ATG2-ATG16L1 binding could help narrow down 

processes affected in the absence of this interaction. For example, certain proteins 

induce selective autophagy by engaging with the WD40 region of ATG16L1 (Boada-

Romero et al., 2013; Hu et al., 2016), therefore accumulation of a subset of autophagy 

receptors in the absence of ATG2-ATG16L1 binding could help specify the affected 

cargo.  

Altogether, data from this chapter confirm a novel binding between ATG2 and 

ATG16L1. The functional relevance of this binding is yet to be determined but analyses 

of the binding regions indicate that this interaction could be relevant to processes out 

with canonical autophagy.   
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Appendix 1 Genome-wide CRISPR-Cas9 knockout screen identifies RNAseK as a novel 

autophagy regulator.  

(a) Validation of the reporter GFP-LC3 MEF cells. Cells were left untreated or amino acid (AA) 

starved for 2 h in the presence or absence of Baf A1 or VPS34 inhibitor (VPS34i). Cells were 

either expressing Cas9 alone (sgControl) or sgRNA targeting ATG7 (sgATG7). Cell lysates 

were subjected to western blot analyses using the indicated antibodies. (b) Work flow for the 

loss of function screen. MEFs stably expressing GFP-LC3 and Cas9 were transduced with 

sgRNA library and subjected to AA starvation (16 h) to induce autophagy and FACS sorting 

into GFP positive (autophagy deficient) and GFP negative (autophagy competent) 

populations. Genomic extraction and amplification was used to identify sgRNA sequences. (c) 

Representative scatterplot of FACS sorting of GFP positive (autophagy deficient) and GFP 

negative (autophagy competent) populations. GFP positive population is represented in green, 

GFP negative population is represented in blue. (d) Deep sequencing analysis of sorted GFP 

positive cells. Highlighted are top 100 identified hits, including the indicated Atg genes and 

Rnasek.  
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Appendix 2 
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Appendix 1 TurboID proximity screen identifies ATG2b in close proximity to ATG16L1. 

(a) Validation of the TurboID-ATG16L1 MEF cell line. Cells were amino acid (AA) starved for 

2 h in the presence of Baf A1. (b) MEFs stably expressing the indicated TurboID constructs 

were starved of amino acids with biotin treatment for the indicated times. The cell lysates were 

subjected to affinity purification using streptavidin-coupled beads. The pulldown samples  

were subjected to western blot analyses using the indicated antibodies. (c) Volcano plot 

analyses of TiD-ATG16L1 proximity labelling hits identified by MS presented as relative values 

to hits obtained from TurboID empty cells. Significant hits (P > 0.05; Fold Change > 2) are 

represented in pink. 
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