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Abstract 

Retinal Pigment Epithelium (RPE) functions, including energy absorption, 

photo-pigment recycling, and oxidative stress regulation, depend on a healthy 

mitochondrial network. Notably, RPE mitochondrial integrity declines during 

aging and even more so Age-related Macular Degeneration (AMD). Healthy 

mitochondria pervade the entirety of the cell as an organelle network 

undergoing constant dynamic renewal through fusion, fission and mitophagy. 

Armadillo repeat-containing genes located on the X chromosome (Armcx) 

form an Eutharian specific cluster of 6 genes which are implicated in 

mitochondrial motility in axons and, more generally, in mitophagy (as 

substrates of Parkin). Armcx6 is up-regulated in differentiated RPE whilst 

Armcx3 is down-regulated in AMD, collectively suggesting an important role in 

the homeostasis of RPE. This study specifically analysed the role of Armcx 

proteins in RPE cells. 

Armcx1, 2, 3 and 6 but not 4 or 5 are found as bona fide mitochondrial 

regulators and to be upregulated in RPE differentiation in vitro. Further 

analysis focused on Armcx1 and Armcx2 showed both proteins to affect 

mitochondrial network differently in RPE. Endogenous Armcx1 and Armcx2 

were strongly associated with mitochondria in ARPE-19 cells and strongly 

expressed in the RPE layer of human retina. Armcx1 knockdown resulted in 

increased mitochondrial motility, whereas Armcx2 depletion led to decreased 

mitochondrial movements. Armcx overexpression resulted in aggregation and 
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reduced mobility of mitochondria indicating disrupted dynamics. Armcx1 and 

Armcx2 knockdown resulted in fragmented mitochondria, however with 

different phenotypes, suggesting enhanced fission and/or mitophagy. Indeed, 

Armcx1 knockdown showed increased Parkin activation upon mitophagy 

induction, whereas Armcx2 resulted in no difference. In addition, Lamp2 

expression was also affected differently, by Armcx1 depletion leading to 

upregulated Lamp2, in contrast to Armcx2 knockdown which decreased 

Lamp2 levels. Moreover, compensatory experiments using marsupial Armc10 

revealed that Armcx1 and Armcx2 have acquired novel roles during their 

evolution in the Eutherian clade, probably to fulfil new functions essential to 

support the more complex Eutherian clade.     



   

Page | 8  
 

Impact Statement 

RPE plays an important role in the support of retinal function and thus 

maintaining healthy vision. Non-functional RPE has been linked with the 

development of AMD, a major cause of blindness worldwide. In this study, we 

provide first evidence for an important physiological role of a family of 

molecules (known as Armcx) in RPE cells. A member of these molecules 

(Armcx3) has previously been reported to be linked to the pathophysiology of 

AMD. This study generates insights into fundamental science relevant for 

researchers in cell and molecular biology. The data from this study will raise 

further questions to be addressed in further research looking to better 

understand the function of RPE and related diseases. In this report we also 

describe molecular pathways linked to the Armcx molecules, which have not 

been explored thus far. Therefore, this research will help widen the overall 

knowledge of their physiological role.  
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Chapter 1 Introduction 

1.1 Retinal Pigment Epithelium (RPE)  

1.1.1 RPE location and structure 

The retina, also known as the neural portion of the eye, consists of different 

cell types, which function in parallel in light absorption, its transmission into 

electrical stimuli that are captured by the brain and ultimately to process visual 

recognition (Purves, 2004). The retina of all vertebrates comprises five 

neuronal cell types: photoreceptors, bipolar, ganglion, horizontal and amacrine 

cells (Figure 1.1). The former three participate in the direct transformation of 

light absorption into neuronal signal. The neuronal cell bodies of the retina are 

located in the inner, outer nuclear and ganglionic cell layers, with all 

connecting processes and synapses located in the inner and outer plexiform 

layers. Photoreceptor cells represent the light sensitive elements of the retina 

consisting of two cell types – rods and cones – which can detect different light 

wavelengths (Purves, 2004, Hoon et al., 2014). The majority of photoreceptor 

cells in the human retina are rods (up to 95%) and they have the ability to 

respond to individual photons of light. They allow vision under very low light 

levels, especially important for our late ancestors that spent most of their lives 

in the dark. Cones, on the other hand, comprise a small proportion (up to 5%) 

of the total photoreceptors where each cell displays sensitivity to a specific 

light wavelength. Despite their overall number, cones are packed at a high-

density region in the retina responsible for bright-light, colourful high visual 

acuity, which we mostly rely on nowadays (Lamb, 2016). 
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Figure 1.1 Structure of the vertebrate retina. Schematic illustration of the basic circuitry of 

the retina showing the five neuronal cell types – photoreceptors, horizontal, bipolar, amacrine 

and ganglionic cells. Rods and cones are supported by the Retinal Pigment Epithelium (RPE) 

that is attached to the Bruch’s membrane. The blood supply of the outer retina comes from 

the choroid positioned between the Bruch’s membrane and the sclera. Diagram is adapted 

from Caridi et al. (Caridi et al., 2021). 

The light is captured by the photopigment in the outer segments of both 

photoreceptor types and triggers a synaptic signal to travel via bipolar to 

ganglionic cells. Depending on the light conditions, signals are modified and 

integrated by horizontal cells, connecting multiple photoreceptors with bipolar 

cells, and amacrine cells which short axons connect with the ganglion cell 

dendrites. Ultimately, the integrated flow of information is transmitted via long 

axons of the ganglion cells to the rest of the central nervous system. During 

this dynamic process of visual recognition photoreceptors undergo daily 

renewal where new photoreceptor outer segments are synthesised, and the 

old ones are shed. Importantly, the photoreceptors are unable neither to 

process their expended outer segments nor to renew the photopigment, both 
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of which processes optimal activity is crucial for the proper visual process 

(Masland, 2001, Purves, 2004, Hoon et al., 2014). Therefore, photoreceptors 

need a support system to maintain their function. The retinal pigment 

epithelium (RPE) consists of a monolayer of highly differentiated, pigmented 

cells that are positioned directly behind the photoreceptors. Indeed, RPE is the 

cell layer that governs a large number of processes in order to maintain healthy 

and functional photoreceptors and normal visual cycle (Strauss, 2005).  

The RPE layer has the same neuroectodermal origin as the retina during 

development, hence it is considered to be part of the retina. RPE is a simple 

layer of cuboidal cells that exhibits a hexagonal shape when observed en face. 

The apical side of the RPE carries long microvilli, which disperse towards the 

light sensitive segments, interdigitating the photoreceptor outersegments and 

its basal side faces the Bruch’s membrane, which separates the RPE from the 

choriocapillaris (Figure 1.2). Since the retina (including photoreceptors) is 

avascular, the RPE provides a direct link to the blood stream, where nutrients 

and waste products are actively transported (Strauss, 2005, Sparrow et al., 

2010, Simo et al., 2010).  
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Figure 1.2 RPE anatomy. A schematic illustration of RPE structure and apical connections 

with the photoreceptor outer segments and basal connections with the Bruch’s membrane. 

The latter separates the RPE from the blood supply. Typical for simple epithelium features are 

indicated – microvilli, tight and adherent junctions and basal infoldings. Old photoreceptor 

outer segments are shed and are phagocytosed in the RPE. Melanin and lipofuscin containing 

vesicles are also indicated. 

Similarly, to other epithelial layers the RPE is highly polarised and is 

interposed between the photoreceptors and choroid capillaries, maintaining 

different functions for each side. RPE apical side comprises long microvilli 

made of a stable core of actin filaments, all protruding towards the 

photoreceptor segments, providing mechanical support and assisting with the 

removal of shed photoreceptor tips. Basally, RPE also possesses actin 

filaments in its basal infoldings, whose expansive surface area at the interface 

with the choroid, enhance essential absorption and secretion from and to the 

blood supply (Bonilha, 2014). Laterally, RPE membranes are the sites for 

cellular adhesion and interaction. RPE possesses lateral tight junctions 

positioned towards the apical surface, which help to maintain cell polarity and 

to prevent unnecessary intramembranous transport of molecules. Adherent 
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junctions of actin filaments that form a continuous belt around each cell 

allowing intact epithelium to be formed (Figure 1.2) (Sparrow et al., 2010, 

Bonilha, 2014).  

Furthermore, at their apical side RPE contains pigment granules 

melanosomes, which are formed early in postnatal life and are the main site 

of melanin synthesis (Seagle et al., 2005, Wasmeier et al., 2008). In addition, 

other pigment-containing vesicles are found in the RPE cells - lipofuscins and 

melanolipofuscins, numbers of which increase with age. Lipofuscin is stored 

in lysosomes and formed from incompletely digested photoreceptor outer 

segments which process increases with age (Boulton, 2014). The nucleus and 

mitochondria are mostly located at the basal side of the epithelium. Other 

cellular organelles such as the ER and lysosomes are found spread 

throughout the cell, but subcellular localisation is also highly regulated and 

likely important for retina – bloodstream crosstalk (Marmorstein, 2001, 

Sparrow et al., 2010). As a supportive tissue, RPE functions must be fine-

tuned in order to maintain healthy retina and thus support vision. 

1.1.2 RPE functions 

One of the main functions of RPE is to absorb the scattered light focused on 

the retina by the lens. The light energy passing through the photoreceptors is 

captured by melanin found at the apical side of RPE. Melanin also plays a role 

in scavenging free radicals and reactive oxygen species accumulated from the 

shed photoreceptor segments (Seagle et al., 2005, Sparrow et al., 2010).  
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At the interface of the blood supply and retina, transepithelial transport is an 

extremely important function of RPE, with nutrients and ions delivered from 

the blood to the neuroretina and electrolytes and waste products dispensed 

for clearance into the choroid from the subretinal space (Simo et al., 2010). 

Water is produced in large amounts as a result of neuron and photoreceptor 

turnover and is eliminated from the subretinal space by the RPE into the 

bloodstream. This is important for keeping the retinal architecture adjacent 

(Marmor, 1990, Strauss, 2005). However, water cannot diffuse paracellularly 

due to the strong tight junctions, instead it is transported via aquaporin-1 driven 

by Cl- transepithelial transport out from the retina. The transport of Cl- is 

orchestrated by an apical Na+/K+ ATPase. The movement of Na+ down its 

concentration gradient from intracellular to the extracellular space drives 

Na+/K+/2Cl- co-transporter also located apically. This give rise to the 

accumulation of Cl- ions intracellularly and results in basolateral negative and 

apical positive transepithelial potential, which is crucial for the proper transport 

of net amounts of fluid in RPE (Marmor et al., 1990; Strauss 1995; Rizzolo L 

2014) (Marmor, 1990, Strauss, 1995, Rizzolo, 2014).  

Alongside ion transport regulation, RPE maintain pH levels within the 

subretinal space. As a result of the high metabolic activity in the photoreceptor 

segments, rods and cones secrete large amounts of lactic acid, which is taken 

up by the RPE apically via the proton-driven monocarboxylate transporter-1 

(MCT-1) and then actively released basally in the choroidal bloodstream via 

MCT-3. In the opposite direction, nutrients such as glucose, fatty acids, and 

retinal are taken up from the bloodstream by the RPE and delivered to the 



   

Page | 30  
 

neuroretina. For glucose transport RPE expresses both apically and basally 

glucose transporters (GLUT1 and GLUT3). Adequate glucose delivery is 

important to meet the metabolic needs of the photoreceptors (Lehmann et al., 

2014).  

Furthermore, RPE plays an important role in the visual cycle being the 

principal site for regeneration of the photosensitive derivate of vitamin A (11-

cis retinal). In the photoreceptors cis-retinal is covalently bound to an opsin 

molecule, to form the visual pigment complex. During light response, the cis-

retinal becomes isomerised to all-trans retinal, activating opsin, which triggers 

the phototransduction cascade and subsequent vision process. Notably, all-

trans-retinol is not light sensitive, thus it needs to be converted back to 11-cis-

retinal in order for the photoreceptors to be able to use it. The re-isomerisation 

of all-trans retinal takes places in the RPE, facilitated by the RPE65 enzyme, 

to ensure the continuous availability of 11-cis retinal and subsequent 

photoreceptor excitability (Kono et al., 2008, Tsin et al., 2018).         

As mentioned earlier, photoreceptors absorb large amounts of light as a result 

of which they produce waste materials including photo-damaged outer 

segments. Thus, to maintain visual function, fresh photoreceptors need to be 

generated, while expended ones need to be eliminated by phagocytosis by 

RPE. Studies in vitro showed the presence of shed outer segments to be 

sufficient to initiate phagocytosis in RPE. At first shed photoreceptors are 

transported to the apical side of RPE where they are recognised and 

transferred to the intracellular space. Receptors such as macrophagic 

scavenger receptor CD36 and tyrosine kinase c-mer (MerTK) are known to be 
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involved in shed photoreceptor tips internalisation and activation of secondary 

messengers to ingest the target, respectively. The process of disk shedding 

and phagocytosis is precisely coordinated between the RPE and 

photoreceptors and is under circadian control (Strauss, 2005, Mazzoni et al., 

2014). 

Moreover, another important function of the RPE is to produce and secrete 

growth factors that are essential for the retinal and choroidal structural 

maintenance. One of these factors is the pigment epithelial growth factor 

(PEDF). PEDF has two important functions: to act as a neuroprotective factor 

to protect the neuroretinal cells from e.g. hypoxia-induced apoptosis; and to 

act as an antiangiogenic factor to inhibit abnormal neovascularisation of the 

choroid (Barnstable and Tombran-Tink, 2004). Another factor synthesised in 

the RPE with an important function in supporting a healthy retina is the 

vascular endothelial growth factor (VEGF). This factor is secreted by the 

basolateral RPE in low amounts in a healthy eye where it prevents apoptosis 

of endothelial cells and supports an intact endothelium within the 

choriocapillaris (Strauss, 2005, Apte et al., 2019).    

The RPE is also an essential component of the outer blood-retinal barrier 

(BRB) alongside the Bruch’s membrane and choroid. They all participate in 

the mediation of size-selective passive diffusion of molecules to and from the 

neuroretina. In contrast to the inner BRB, the outer BRB is composed of tight 

junctions between the RPE cells and not between endothelial cells. Indeed, 

the choriocapillaris of the outer BRB are unusually permeable to 

macromolecules and the tight control over the transport of solutes to the 
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photoreceptors is directed by the RPE. However, the RPE junctional 

complexes do not form an impermeable wall instead they allow specific 

transport of ions according to the needs of the photoreceptor. This permeability 

is normally observed by measuring the transepithelial electrical resistance 

(TEER), which indicates ion movements paracellularly (Naylor et al., 2019, 

Fields et al., 2020). The Bruch’s membrane is part of the outer BRB to support 

RPE layer physically, to allow diffusion of molecules between RPE and choroid 

and to restrict cell migration between the neuroretina and choriocapillaris. 

There are five layers of the Bruch’s membrane, composed of elastin and 

collagen-rich extracellular matrices. All of the major components of these 

layers are produced by the RPE and/or the choroid. The inner layer of the 

Bruch’s membrane serves as the RPE basement membrane providing 

structural support and differentiation for the RPE layer (Booij et al., 2010). 

Indeed, many studies showed the importance of the basal membrane and 

extracellular matrix for RPE differentiation in vivo (Marneros et al., 2004) and 

in vitro (Turowski et al., 2004, McLenachan et al., 2017).     

Importantly, a failure of any of the RPE functions discussed above can result 

in photoreceptor degeneration, retinal dysfunction and concomitant visual 

loss. Although RPE functions have been studied well, there is lack of 

understanding the exact mechanism(s) of how dysfunctional RPE results in 

retinal degeneration. 
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1.1.3 RPE cell culture and differentiation  

In order to better understand the consequences of RPE impairment and 

associated retinal diseases, further studies are needed. However, the location 

of RPE at the back of the eye makes the direct approach for research 

challenging. Studies on the RPE in vitro are well explored in a variety of 

applications to study molecular mechanisms in RPE cells (Bonilha, 2014). 

Importantly, in order to study RPE physiology and pathology in vitro, the cell 

culture needs to reflect as close as possible the natural state of RPE. Primary 

human cells appear to sustain normal physiological features; however their 

availability and isolation processes are often an obstacle as well as their low 

proliferation activity (Dunn et al., 1996).  Therefore, in order to surmount this 

problem, various immortalised RPE cell lines have been established from rat 

and human species. Despite their global use, cell line cultures fail to preserve 

many of the characteristic features of RPE in vivo, including functional tight 

junctions and polarity, pigmentation and efficient phagocytosis of 

photoreceptor outer segments. However, supplementing the medium of RPE 

cell line cultures showed a promising retention of highly differentiated and 

functional polarity RPE phenotype (Hu and Bok, 2001, Ahmado et al., 2011).  

Mechanistic insight into RPE differentiation will progress the application of 

RPE cell lines to advancing our understanding of RPE-related pathologies and 

benefit the development of RPE cell-based therapies and treatments. RPE 

dysfunction is believed to underly one of the most common causes of 

irreversible blindness – age-related macular degeneration (AMD) (Nowak, 

2006, Inana et al., 2018). Although, the exact mechanisms of AMD pathology 
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are not well understood, the main complications present in the disease point 

towards a failure of RPE to support photoreceptor function. 

1.2 RPE dysfunction and Mitochondria 

1.2.1 RPE dysfunction and AMD 

Failure of dysfunctional RPE to support photoreceptors results in progressive 

photoreceptor degeneration, which is believed to the major cause of vision 

loss in AMD onset and progression. It is not surprising that in case of 

dysfunctional RPE, the neuroretina will be compromised. Even though the 

exact pathophysiology of AMD is not clear, apart from RPE the disease also 

affects the choroid, Bruch’s membrane, and photoreceptors and ultimately 

destroys the macula (responsible for high acuity vision) (Nowak, 2006).   

AMD is a leading cause of blindness in the developed world with increased 

prevalence in the aging population (aged 50 and over) (Owen et al., 2012, 

Terluk et al., 2015). There are two types of classified AMD: The dry form, which 

is slow in progression, affecting most cases. The wet form is characterised by 

abnormal growth of the blood vessel growth within the choroidal vasculature. 

Wet AMD progression is fast and affects 10% of AMD cases. Wet AMD form 

is successfully manageable with anti-angiogenic treatments such as anti-

VEGF therapeutic agents (Pugazhendhi et al., 2021). In contrast there is 

currently no treatment available for dry AMD, which is believed to be due to 

RPE atrophy resulting in photorecetor loss and subsequent macular 

degeneration. There are, however, cell-based therapies or RPE replacement 
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treatments which are being considered to help dry AMD patients (Vitillo et al., 

2020, Uyama et al., 2021). Thickening of the Bruch’s membrane is another 

characteristic of dry AMD. Increased lipofuscin formation within the RPE is 

through to result in deposition of material towards the basal side of the RP and 

the formation of drusen deposits between the RPE and Bruch's membrane. 

This accumulation of deposits disrupts the passive diffusion of nutrients 

between the Bruch’s membrane and RPE. In addition, advanced ageing, 

environmental factors such as smoking, and diet and genetics all contribute to 

the multicomplexity of AMD pathology (Nowak, 2014).   

The final step of both forms of AMD is complete blindness (Wong et al., 2014). 

The lack of understanding of the underlying mechanism(s) in RPE atrophy and 

consequent AMD development, coupled with the lack of model research 

systems, have prevented the development of an established treatment 

strategy. Emerging evidence is pointing towards increased oxidative stress, 

inflammation, and mitochondrial dysfunction in RPE, but further research is 

required to fully understand the underlying exact mechanism (Nowak, 2014, 

Pugazhendhi et al., 2021).    

Since the RPE performs a large amount of energy demanding tasks, it is not 

surprising that they are very reliant on a stable mitochondrial network. Thus, 

any functional failure of mitochondria may severely affect RPE homeostasis 

(Caldwell and Slapnick, 1989, Barot et al., 2011). A large number of age-

related degenerative diseases have been linked to mitochondrial dysfunction 

such as Alzheimer’s, Parkinson’s and AMD (Barot et al., 2011). The production 

of reactive oxygen species (ROS), which results in damaged mitochondria 
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have been described as one of the leading causes of mitochondrial related 

diseases. The accumulation of oxidative stress in human RPE cells due to a 

treatment with H2O2 and/or rod outer segments resulted in damaged 

mitochondrial DNA (mtDNA). This was suggested to be the main cause of cell 

death. Since AMD is strongly associated with loss of RPE, accumulation of 

damaged mtDNA due to oxidative stress could be a trigger point of AMD 

(Feher et al., 2006). Furthermore, electron microscopy (EM) results showed a 

significant decrease in the number and area of mitochondria in human RPE 

from aging and in AMD patients (Figure 1.3). 

 

Figure 1.3 Electron microscopy of RPE. Left panel: Elongated mitochondria (m) from 

healthy patient organised basolateral, close to Bruch’s membrane (BM). Right panel: 

Mitochondria in AMD exhibit morphological changes, loss of matrix density (asterisks) and 

loss of cristae, sometimes appearing as ‘ghost’ mitochondria (gm). Inner and outer 

membranes may also be damaged. The images are adapted from Feher et al 2006 (Feher et 

al., 2006). 

Mitochondrial networks in the RPE from a healthy patient are characterised by 

long organelles and well-defined mitochondrial matrix. Conversely, 

mitochondria in the RPE from an AMD patient show substantial loss of matrix 

density, with mitochondria appearing like “ghosts” and with clear disruption of 

mitochondrial membrane (Feher et al., 2006). 
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1.2.2 Mitochondrial morphology and oxidative stress  

The mitochondrion is believed to have arisen about two billion years ago from 

the engulfment of a proteobacterium by a larger eukaryotic precursor cell 

(Friedman and Nunnari, 2014). Mitochondria are double-membrane 

organelles, a feature they have conserved from their ancestors. The inner 

mitochondrial membrane (IMM) is comprised of folded cristae, which are 

enclosed by an outer mitochondrial membrane (OMM). The former is highly 

impermeable in comparison to the OMM and contains a large number of 

mitochondrial transporters (McCarron et al., 2013). The mitochondrial matrix 

is the innermost part of the organelle, where the citric acid cycle takes place. 

As a result, electrons are generated and transferred to the respiratory chain, 

which causes an electrochemical gradient (known as mitochondrial membrane 

potential) within the IMM resulting in adenosine triphosphate (ATP) production 

(Osellame et al., 2012). In addition to generating energy, mitochondria perform 

many other important functions such as Ca2+ storage, iron metabolism, 

apoptosis, and thermogenesis, all important to maintain cellular homeostasis 

(Dombi et al., 2018).   

In contrast to their preserved membrane structures, the mitochondrial genome 

content was drastically reduced during eukaryotic evolution. Mitochondria 

possess their own DNA, which encode only 13 proteins important for the 

respiratory complexes. All other mitochondrial proteins are encoded by the 

nucleus (Friedman and Nunnari, 2014). Thus, mitochondrial regulation is 

orchestrated by the gene expression of both mitochondria and nucleus. 

Mitochondria regulate vital processes in eukaryotes including cellular 
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metabolism, homeostasis, stress response and energy production (Glancy et 

al., 2020), thus it is not surprising that their dysfunction is linked to a large 

number of pathologies including cellular aging and neurodegenerative 

diseases.  

Mitochondria are the major sites of ROS production and detoxification. ROS, 

such as superoxide anion (O2-) and hydrogen peroxide (H2O2) are generated 

as a product of the respiratory chain in mitochondria (endogenous ROS), 

exposure to UV light, radiation (exogenous ROS) and others. Mitochondrial 

ROS are produced as a result of the oxidative phosphorylation in the 

mitochondrial electron transport chain reaction; and under normal conditions, 

these species are detoxified and cleared mainly by intracellular antioxidant 

enzymes. Such enzymes are found in the cytosol (e.g. Cu/Zn-superoxide 

dismutase) and mitochondrial matrix (e.g. Mn superoxide dismutase) (Nita and 

Grzybowski, 2016). Initially, ROS production was linked only to pathological 

conditions to invoke damage, but later emerged as important signalling 

molecules under physiological conditions. For example, under hypoxic 

conditions ROS were produced in mitochondria in order to help with metabolic 

adaption to low oxygen (Chandel et al., 1998).  More recently mitochondrial 

ROS has been implicated in a wide range of biological process such as 

detecting oxygen concentration, autophagy, immune responses, cell growth 

and others (Chandel, 2014). Importantly, lipids, proteins and DNA are highly 

sensitive to the presence of ROS, therefore in cases of high ROS production 

the cell survival is endangered. This is the general concept of oxidative stress 

where the levels of oxidants species are higher than the defence mechanisms 
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resulting in damage to biological molecules and cell death (Filomeni et al., 

2015, Choi et al., 2020).  

The accumulation of ROS in mitochondria causes mitochondrial dysfunction 

that has been implicated in neurodegenerative disorders such as Alzheimer’s 

disease (Guo et al., 2013), cancer and in general aging-related diseases 

including AMD (Srivastava and Kumar, 2015). Mitochondrial content 

especially their DNA is vulnerable to oxidative damage by being located in 

close proximity to ROS production in the IMM without the support of histones 

or other protective proteins (Evans et al., 2004). Accumulating ROS production 

attacks first the complexes of the mitochondrial respiratory chain, where they 

are normally generated. This happens by damaging mitochondrial DNA that 

ultimately affects the gene expression of respiratory chain complexes leading 

further to dysregulated ROS production and eventually triggers apoptosis 

(Guo et al., 2013).  

An important mechanism of defence against oxidative stress is the removal of 

damaged proteins and organelles by autophagy. Autophagy is the main 

pathway of delivery of damaged proteins to the lysosomes, where they are 

degraded and recycled (Scherz-Shouval and Elazar, 2007). In all eukaryotes, 

autophagy is highly conserved process with three major types: 

microautophagy (direct uptake of cargo by the lysosome membrane), 

chaperone-mediated autophagy (chaperone recognise damaged and 

misfolded proteins which are then transported directly to lysosomal 

membrane) and the most widely studied, macroautophagy (referred here as 

autophagy). Following autophagy initiation, a double-membrane compartment 
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called a phagophore is formed. The phagophore experiences an elongation 

event that is supported by the recruitment of protein complexes such as LC3-

II (microtubule-associated protein-1 light chain-3) and ATG9 (autophagy-

related protein 9). Cytoplasmic cargo becomes completely enclosed during 

autophagosome formation which is followed by fusion with the lysosomal 

membrane to form an autolysosome, where the acidic lumen and resident 

hydrolases of the lysosome causes complete degradation of the damaged 

intracellular content. Moreover, in some cases, the autophagosome can fuse 

with early or late endosomes before fusing with lysosomes, a cross-reaction 

process of autophagy and endocytic pathways that is often seen in mammals 

(Berg et al., 1998, Parzych and Klionsky, 2014).    

Although autophagy is primarily non-selective, preferential autophagy towards 

impaired organelles such as mitochondria can occur and is known as 

mitophagy (Scherz-Shouval and Elazar, 2007).  

1.2.3 Mitochondrial degradation/mitophagy  

Mitophagy is a selective autophagy that involves the degradation of 

mitochondria. This can occur as part of basal turnover for recycling, or a result 

of hypoxia and induced damage (Dombi et al., 2018). In addition, mitophagy 

can be induced without a stressor or impairment and this occurs during the 

differentiation of red blood cells and retinal ganglion cells. In response to 

mitophagy triggers such as hypoxia and differentiation, mitochondria are 

removed via specific interaction of the OMM proteins BNIP3L/NIX with LC3 on 
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the expanding phagophore subsequently leading to autophagosome formation 

and degradation (Parzych and Klionsky, 2014, Killackey et al., 2020).  

Mitochondrial depolarisation is widely considered a severe mitophagy trigger. 

Due to membrane potential and the electron transport chain are so intimately 

connected, ATP generation is impaired under conditions of mitochondrial 

depolarisation. The exact mechanisms underlying the selective degradation of 

mitochondria are not completely understood, but it appears that depending on 

the trigger, different signalling pathways are activated. In contrast to the stress-

free mitophagy, severe mitochondrial damage switches on a specific signalling 

pathway widely known as the PINK1-Parkin complex. Upon mitochondrial 

depolarisation, cytosolic Parkin (an E3 ubiquitin ligase 3) is phosphorylated by 

PINK1, that is found on the OMM. Following this post-translational 

modification, Parkin is recruited to the OMM where it ubiquitinates 

mitochondrial surface proteins which ultimately serve as autophagy receptor 

targets leading to mitophagy initiation (Parzych and Klionsky, 2014). Although 

this mitophagy pathway has been studied well in vitro, assessment in vivo has 

been challenging. PINK1 and Parkin knockout studies in mice do not show a 

phenotype and their basal mitophagy levels were not changed (Walsh et al., 

2018, McWilliams et al., 2018). The maintenance of mitochondrial 

housekeeping functions by basal mitophagy under normal conditions is not 

well understood. In recent years, scientists developed fluorescent mitophagy 

reporters (such as mt-Keima and mito-QC) to study mitophagy more in vivo. 

These reporter constructs assess mitophagy in a pH-biosensor manner, 

exploiting the acid labile properties of the GFP and DsRed fluorescent tags. 
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The former is sensitive to the low pH of the lysosomes, whereas DsRed is not, 

thus allowing mitophagy to be assessed by a change in colour, represented 

by DsRed-only mitochondria (McWilliams et al., 2016, Montava-Garriga and 

Ganley, 2020). Recent studies on Drosophila melanogaster showed that basal 

mitophagy can occur without PINK1 and Parkin suggesting a separate function 

for this pathway in the fruit fly system (Lee et al., 2018). 

Mitophagy is a principal mechanism of mitochondrial quality control, 

eliminating aged and damaged mitochondria. Therefore, mitophagy is 

important for cellular homeostasis and cell survival because the maintenance 

of a balance between normal and damaged mitochondria is essential for 

efficient energy production in the cell (Hyttinen et al., 2018).  Indeed, impaired 

mitophagy that leads to the accumulation of damaged mitochondria has been 

linked to a number of human pathologies in particular aging and age-related 

disorders such as neurodegenerative (Alzheimer’s disease, Parkinson’s 

disease), cardiovascular pathologies, cancer and AMD (Hyttinen et al., 2018, 

Chen et al., 2020).  

1.2.4 Mitochondria are dynamic organelles  

In order for mitochondria to travel to different sub-cellular locations, they are 

transported via the cytoskeleton and molecular motors (Shen et al., 2018). The 

best studied mechanism of mitochondria trafficking has been elucidated in 

neurons where long axonal branches allow easy tracking. Briefly, 

mitochondrial transport relies on microtubule-based motors, among which the 

key protein involved is the kinesin-1 family (KIF5). Two adaptor proteins, Miro 
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and Milton, found on the OMM link mitochondria to kinesin-1. Two Milton 

orthologues Trak1 and Trak2 (trafficking kinesin protein 1 and 2) are found in 

mammalian cells, with preferential binding of Trak1 to  kinesin1 (Sheng, 2014).   

Since mitochondria are the cell engines, they are often required by the cells to 

be at different sub-cellular locations depending on localised energy needs 

within the cells. Therefore, mitochondria display important intracellular mobility 

(Chan, 2006, Suarez-Rivero et al., 2016). The regulation of mitochondrial 

mobility must be fine-tuned in order to meet regular cell energy demands and 

to adapt in stress related responses. The processes of mitochondrial mobility 

are known as mitochondrial dynamics (Figure 1.4) (Boland et al., 2013).  

Mitochondrial dynamics maintain homeostasis of the mitochondrial network. 

Mitochondrial fusion regulates the extent of mitochondria, where individual 

organelles are fused with one another creating denser networks. During this 

process OMMs merge, mediated by the activity of mitofusin 1 (Mfn1) and Mfn2 

GTPases. Inner membranes (IMM) fusion is mediated by optic atrophy 1 

(OPA1) GTPase. Fusion events can stimulate the maintenance of general 

mitochondrial support by exchanging mitochondrial DNA, respiration, Ca2+ 

oscillations and rescuing damaged parts of mitochondria. By contrast, fission 

is a dynamic process that gives rise to numerous smaller mitochondria, 

increasing the area of mitochondria spread inside the cell. Here, during 

mitochondrial division, dynamin-related protein-1 (Drp-1) is recruited to the 

OMM by another protein mitochondrial fission factor (MFF) (Eisner et al., 

2018). Fission can enhance mitochondrial motility and it is required for the 
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mitochondrial clearance via mitophagy (Saito and Sadoshima, 2015, Li et al., 

2018, Xian et al., 2019).   

 

Figure 1.4 Mitochondrial dynamics. A) Mitochondrial fusion is important for the maintenance 

of healthy mitochondria. The process includes the action of a number of proteins found on the 

inner (i.e. OPA-1) and outer mitochondrial membrane (Mfn1,2). B) Mitochondrial fission is 

responsible for the clearance of damaged mitochondria. Fission is promoted by the GTPase 

activity of Dynamic-related protein (Drp-1).  C) Biogenesis is induced by lack of nutrients 

and/or response to oxidative damage. Important transcription factor such as PGC-1a are 

strongly expressed. D) Mitophagy is a specific autophagy process available for mitochondria. 

It is switched on when mitochondria is fragmented and Pink1/Parkin complex plays an 

important role. E) Apoptosis of mitochondria occurs when cell death regulators are activated 

such as Bcl-2. Schematic is adopted from Boland et al 2013 (Boland et al., 2013). 

Inter-organelle communication has been shown to participate in the regulation 

of mitochondrial dynamics. Therefore, mitochondrial networks depend on the 

interaction with other cellular organelles generating a complex regulatory 

machinery. 
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Normally, the interaction of ER with mitochondria is essential for calcium 

signalling and phospholipid synthesis. In 2011 Friedman et al found that the 

site of mitochondria division is directed by the ER, where the two organelles 

are found in a close contact. By using electron tomography and fluorescence 

microscopy, they showed that ER wraps around and constricts mitochondria 

to direct sites of fission (Friedman et al., 2011). Moreover, ER was found in 

contacts with mitochondria undergoing fission, in the absence of Drp1 and Mfn 

proteins, proteins important for conducting the fission reaction. This indicates 

the ER contact is a key step of the mitochondrial division (Klecker et al., 2014). 

Moreover, the actin cytoskeleton also participates in ER-associated 

mitochondrial fission. Here, actin polymerisation is governed by ER proteins, 

with subsequent recruitment of Drp1 and mitochondrial construction 

(Korobova et al., 2013).   

In addition to being in contact with the ER, mitochondria also interact with the 

plasma membrane, although these connections are poorly understood 

(Klecker et al., 2014, Westermann, 2015). Recently, mitochondria-lysosome 

contacts sites were revealed to regulate mitochondrial fission. Interestingly, 

this interaction was shown to be bidirectional, where mitochondria were also 

found to regulate the RAB7 GTP hydrolysis, an essential process for lysosome 

dynamics (Wong et al., 2018). Therefore, it is clear that by physical 

association, membrane organelles support the functions of their neighbours, 

to coordinate their structures and unite their activities. This is essential for the 

maintenance of the eukaryotic architecture (Klecker et al., 2014).   
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1.3 ARMCX proteins 

1.3.1 ARMCX structure and evolution  

Armadillo repeat-containing genes located on the X chromosome (Armcx) are 

clustered within a small region on the X chromosome (region Xq21.33 – q22.3) 

and encode 6 proteins (Armcx1 – 6) plus one pseudo-protein (Simonin et al., 

2004). This group of genes has not been studied extensively and thus further 

research is required to evaluate their significance. All Armcx members vary in 

length but possess a highly conserved carboxy (C)-terminus, which encodes 

an armadillo domain (Arm) and an uncharacterised sequence. Evolutionary 

ancient Arm domains consist of varying numbers of repeats of a 42 amino acid 

motif known to form alpha helices (Ozawa et al., 1995, Hatzfeld, 1999). The 

Arm repeat was first described in Drosophila as a protein important for 

segment polarity and later as a diverse platform for binding partners in 

eukaryotic cells. A classic example of arm-containing protein is beta-catenin, 

that is described as a multi-functional protein that acts as a “hub” of signalling 

mechanisms (Tewari et al., 2010). Indeed, proteins interacting with Armcx may 

do so by binding to the Arm domain (see below). The amino (N)-termini of 

Armcx are more variable in structure, and harbour a putative transmembrane 

domain, nuclear signal and mitochondrial targeting sequence (MTS) (Mou et 

al., 2009, Kusama et al., 2010). 

An interesting fact is that Armcx are specific for Eutherian mammals of which 

placentalia are the only present members. The closest mammalian relatives 

are marsupials and monotremes, which only possess the putative ancestral 
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gene Armc10. Located on the 7th chromosome of the human genome, Armc10 

is shown to be the closest gene to the Armcx cluster by phylogenetic analysis. 

Moreover, the Armc10 coding sequence contains multi-exons rather than a 

single one. This led to the suggestion that Armcx family arose by a duplication 

of the Armc10 ancestral gene, which occurred during the appearance of 

Eutheria (López-Doménech et al., 2012). Notably, it is not clear whether the 

evolution of Armc10 to Armcx constitutes divergence of Armc10 functions to 

multiple Armcx proteins or to novel functions.   

1.3.2 ARMCX genes regulate mitochondria 

In addition to describing the evolutionary history of the Armcx cluster, Lopez-

Domenech et al have also examined the role of Armcx3 as a regulator of 

mitochondrial dynamics in neurons. Their investigations showed that Armcx3 

overexpression causes mitochondrial aggregation and reduces trafficking 

along the axons (López-Doménech et al., 2012). Previously, mitochondrial 

aggregation has been perceived as a result of lack of function of Miro1, an 

essential protein for the assembly of the mitochondrial trafficking complex in 

neurones (Fransson et al., 2003). Notably, the aggregation of mitochondria 

caused by Armcx3 was Miro1 independent, suggesting a different 

mechanism(s) involved. Furthermore, these authors establish an interaction 

between Armcx3 and the mitochondrial trafficking complex 

Miro/Trak2/Kinesin. The interaction was abolished, once the Arm-containing 

domain was removed, indicating the importance for the domain. Notably, Miro-

Trak2 complex interacts with Kinesin motors in a Ca2+ dependent manner. 

Indeed, the interaction between Armcx3 and Miro1 or Miro2 was shown to be 
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Ca2+ sensitive. Armcx3 was not shown to affect the speed of mitochondria, but 

fewer mobile mitochondria were observed. This suggests that Armcx3 is 

involved in mitochondria trafficking via interaction with the Kinesin/Miro1/Trak2 

complex (López-Doménech et al., 2012). In addition, Armc10 was also found 

to play a role in mitochondrial dynamics and to interact with and to be 

phosphorylated by AMPK (Chen et al., 2019).  

Furthermore, in a wide proximity proteomic study, Armcx3 and Armc10 were 

identified as Parkin substrates, whereas Armcx2 was found to be an OMM 

protein (Heo et al., 2019). In addition, Armc10 was previously found to be 

ubiquitylated by Parkin in depolarised Hela cells in a large proteomic study 

(Serrat et al., 2013). This proteomic data implicates the Armcx family in the 

process of mitochondrial degradation. However, currently there are no studies 

on Armcx in mitophagy regulation.  

1.3.3 Other ARMCX associated functions   

The members of the Armcx family were first described as tumour suppressors 

known as Arm-containing protein lost in epithelial cancers linked to X-

chromosome (Alex). Expression of Armcx1 and 2 is either strongly reduced or 

lost in human cancer affecting the epithelial tissue of ovaries, prostate, colon, 

pancreas and lungs. However, in cells of tumours such as neuroblastomas 

and gliomas, Armcx1 and 2 expression is unaltered (Kurochkin et al., 2001). 

Suppression of gene expression in colorectal cancer may occur through 

promoter methylation. Notably, the overexpression of Armcx1 also suppresses 

colony formation of human colorectal carcinoma cell line (Iseki et al., 2012). 
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Moreover, a recent study has investigated the ARMCX expression levels to be 

potential prognostic markers for gastric carcinomas (Wang et al., 2020).   

Armcx is found in a wide variety of tissue. Armcx1-5 are strongly expressed in 

the heart, brain, spleen, pancreas, testis, ovaries, prostate and colon, whereas 

Armcx 6 is mostly seen in the pancreas and spleen. In contrast, Armcx 

expression is absent in leukocytes (Kurochkin et al., 2001, Kusama et al., 

2010). Given the fact that the leukocytes are cells without structural polarity, 

Armcx may be important for cell polarity and differentiation. In this context, 

Armcx3 was shown to be regulated by Wnt5a signalling in epithelial cells 

(Serrat et al., 2013), a signalling cascade which is also important for RPE 

differentiation (Kim et al., 2015). Furthermore, about 10 years ago, a yeast 

two-hybrid protein-protein interaction screen revealed Armcx3 as a binding 

partner of Sox10 (Mou et al., 2009). This important developmental 

transcription factor is a regulator of cellular fates. Sox10 interacts with many 

cellular proteins and is found to shuttle between the nucleus and cytoplasm 

(Rehberg et al., 2002). Moreover, Mou et al showed that Armcx3 localises to 

the outer mitochondrial membrane in a mouse neuronal cell line (neuro2A). 

Further work revealed the existence of a potential crosstalk between 

mitochondria and nucleus, where Armcx3 overexpression influences Sox10 

export from the nucleus and subsequent accumulation on mitochondria (Mou 

et al., 2009).  

Although there is evidence of Armcx functions in mitochondrial dynamics, cell 

differentiation and polarity and most recently mitophagy, more research is 

needed in order to understand better their physiological purpose. 
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1.4 Hypothesis and aims 

Hypothesis – 1) Armcx proteins contribute to maintaining a healthy 

mitochondrial network in RPE, and 2) Armcx have evolved to cover diverse 

function in mitochondrial regulation  

To test this hypothesis, we will pursue the following aims:  

i. Establish the expression profile and sub-localisation of selected Armcx 

in ARPE-19 cells and the RPE in situ 

ii. Study the mitochondrial phenotype and mitochondrial dynamics in 

ARPE-19 cells following over- or underexpression of selected Armcx 

proteins 

iii. Investigate the role of selected Armcx protein in Parkin-dependent 

mitophagy 

iv. Investigate functional compensation using ancestral Armc10 
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Chapter 2 Materials and Methods 

2.1 Materials 

2.1.1 General Materials   

General reagents used in this project were purchased from Sigma-Aldrick 

Company Ltd. (Poole, Dorset, UK) unless otherwise described in the following 

sections. 

2.1.1.1 Plasmids and short interfering RNA 

Human ARMCXs full-length cDNA IMAGE clones were inserted in pEGFP-N1 

plasmid vectors by the master student Mrs Ming-Min Yang (Yang, 2013). 

mCherry-Parkin plasmid was purchased from Addgene, US (reference 

number 23956). MitoDSRed plasmid was kindly provided by Prof Michael 

Duchen from the Department of Cell and Developmental Biology at UCL. Gene 

block of Marsupial ARMC10 cDNA was purchased from Integrated DNA 

technology (Integrated DNA Technologies, BVBA, Belgium). Short interfering 

(si) RNA oligonucleotides for Armcx1, Armcx 2 and a non-targeting control 

were purchased from Dharmacon, UK (Table 2.1).  
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Table 2.1 siRNA oligonucleotides list 

siRNA Company Reference  

ON-TARGETplus Human ARMCX1 (51309) 

siRNA - Set of 4 
Dharmacon  

LQ-013198-02-

0002 

ON-TARGETplus Human ARMCX2 (9823) 

siRNA - Set of 4 
Dharmacon 

LQ-010936-01-

0002 

ON-TARGETplus Non-targeting Pool Dharmacon D-001810-10-05 

2.1.2 General Solutions  

Milli-Q reagent grade water from Milipore was used for all cell and tissue 

related experiments, and molecular biology water (Sigma-Aldrich Merck 

Company Ltd. Poole, Dorset, UK) was used for molecular cloning. Phosphate 

Buffered Saline (PBS) 10x solution (Fisher Scientific UK, Loughborough, UK) 

was used to prepare 1x PBS which was used in the lab, except for cell culture 

needs. 

2.1.3 Cell culture reagents  

2.1.3.1 General 

Plastic tissue culture vessels used in this project were purchased from Nunc 

(Thermo Fisher Scientific, Loughborough, UK) unless otherwise described in 

the methods below. Dulbecco’s PBS without Ca2+ and Mg2+, penicillin-

streptomycin, fetal calf serum (FCS; heat inactivated, European origin), fetal 
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bovine serum (FBS; certified, US origin), Dulbecco’s modified eagle’s medium 

(DMEM; high glucose, pyruvate) were all purchased from Thermo Fisher 

Scientific (Pairlsey, UK). Trypsin (from porcine pancreas) were purchased 

from Sigma-Aldrich. 

2.1.3.2 Transfection 

Lipofectamine™ 2000 transfection reagent, Lipofectamine RNAiMAX reagent 

and Opti-MEM™ I reduced serum medium (1x) were purchased from Thermo 

Fisher Scientific (Loughborough, UK).  

2.1.3.3 Live imaging and mitochondrial staining 

Uncoated 50mm dishes with 14mm glass diameter were used for live cell 

imaging ordered from MatTek (Ashland, MA USA). DMEM supplemented with 

high glucose and no phenol red was purchased from Thermo Fisher Scientific 

(Pairlsey, UK). Mito Tracker Orange CMTMRos was ordered from 

ThermoFisher Scientific. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) 

was ordered from Sigma-Aldrich (Dorset, UK).  

2.1.4 Molecular Cloning reagents  

Q5 Site-Directed Mutagenesis Kit was purchased from New England Biolabs, 

UK. Ampicillin and kanamycin antibiotics were purchased from Sigma-Aldrich. 

EndoFree Plasmid Maxi kit from Qiagen. Monarch® DNA Gel Extraction kit 

was purchased from New England Biolabs, UK. 1kb DNA ladder was 

purchased from Thermo Fisher Scientific (Loughborough, UK). All restriction 
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enzymes used were from either Roche or New England Biolabs (Hertfordshire, 

UK). RedSafe™ Nucleic Acid Staining Solution (20,000x, from iNtRON 

Biotechnology, Rickmansworth, UK) Primers were purchased from Eurofins 

Genomic, UK and their sequences are displayed on Table 2.2. NEB 5-alpha 

Competent E. coli cells (High Efficiency) supplied with SOC outgrow media 

were ordered from New England Biolabs for cloning experiments. DH5-alpha 

competent cells were kindly provided by Prof Karl Matter from the Institute of 

Ophthalmology, UCL for sub-cloning and transformations when re-making 

plasmids. RedSafeTM Nucleic acid staining solution was ordered from iNtRON 

Biotechnology (Rickmansworth, UK). Alkaline phosphatase and Shrimp 

Alkaline Phosphatase (SAP), T4 DNA ligase were purchased from Roche 

Diagnostics (Mannheim, Germany). 
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Table 2.2 Primers used for site-directed mutagenesis 

Name Primer sequence (5’ – 3’) Tm (C0) 
GC- 

content 

Armcx1_F CTGGTGGTGAAAGTAAAAG (19) 52.4 42.1% 

Armcx1_R AGGAAAGTTGAACTTGCC (18) 51.4 44.4% 

Armcx2_F 
CTAGTGAACAAATTCTGATTGGTTATGT

ACC (31) 
62.9 35.5% 

Armcx2_R GGAAAGGGGCGCTTCTGC (18) 60.5 66.7% 

Armcx3_F AAATTCATGGCCAAACTTGC (20) 53.2 40% 

Armcx3_R GGAAGCCCGTTTCTGGAC (18) 58.2 61.1% 

Armcx6_F GAAACCCCTGCCCCATAA (18) 56.0 55.6% 

Armcx6_R ACTGCCATTTTTACAATTTTGAGC (24) 55.9 33.3% 

 

2.1.5 Western Blot reagents 

Tris-Glycine-SDS PAGE (10X) (running) and Tris-Glycine Electroblotting 

(10X) (transfer) buffers were purchased from National Diagnostics Atlanta, 

US. Immobilon Polyvinylidene difluoride (PVDF) membranes (0.45 μm) were 

purchased from Milipore. Spectra™ Multicolor Broad Range Protein Ladder 

was purchased from Thermo Fisher Scientific (Loughborough, UK). Skim milk 

powder was purchased from Sigma-Aldrich (Germany). Lumi-Light Western 
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Blotting substrate was purchased from Roche (Mannheim, Germany).  

Enhanced chemiluminescence (ECL) anti-mouse and anti-rabbit horse radish 

peroxidase (HRP) conjugated antibodies were purchased from GE 

Healthcare. X-ray films were ordered from FujiFilm.     

2.1.6 Immunohistochemistry reagents 

All primary antibodies are listed in Table 2.3 and all secondary antibodies used 

in this project are listed in Table 2.4. Bovine Serum Albumin (BSA) was 

purchased from Simga-Aldrich. Mounting Medium with DAPI - Aqueous, 

Fluoroshield was purchased from abcam (Cambrdige, UK). 

Table 2.3 Primary antibodies 

Antigen Antibody Dilution Cat number Manifacturer 

Armcx1 
Rabbit anti-
human/mouse/rat 

1:100 SAB2100153 Sigma-Aldrich 

Armcx2 
Rabbit anti-
human/mouse/rat 

1:100 12200-1-AP Proteintech 

Armcx3 
Rabbit anti-
human/mouse/rat 

1:100 Ab136061 Abcam 

Amrcx6 Rabbit anti-human 1:100 HPA043030 Atlas antibodies 

Tom20 
(F-10) 

Mouse anti-human 1:100 sc-17764 Santa-Cruz 

Lamp2 Mouse anti-human 1:100 Sc-18822 Santa-Cruz 

RPE65 
Mouse anti-
human/mouse/rat 

1:1000 295957 EMD Milipore 

LC3I/II 
(D3U4C)  

Rabbit anti-
human/mouse/rat 

1:100 12741S Cell Signalling 
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Table 2.4 Secondary antibodies 

Host 

species 

Target 

species  

Fluorochro

me 
Dilution 

Cat 

number 
Manifacturer 

Donkey Mouse 
Alexa FlourTM 

488 
1:200 A21202 

Thermo Fisher 

Scientific  

Donkey Rabbit 
Alexa FlourTM 

488 
1:200 A21206 

Thermo Fisher 

Scientific 

Goat Mouse 
Alexa FlourTM 

555 

1:200 

 
A21424 

Thermo Fisher 

Scientific 

Goat Rabbit 
Alexa FlourTM 

555 

1:200 

 
A21429 

Thermo Fisher 

Scientific 

Donkey Mouse 
Alexa FlourTM 

647 

1:200 

 
A31571 

Thermo Fisher 

Scientific 

Donkey Rabbit 
Alexa FlourTM 

647 

1:200 

 
A31573 

Thermo Fisher 

Scientific 

 

2.1.6.1 Human tissue staining  

Hellendahl jars were purchased from Pyramid Innovation Ltd (UK). Xylene for 

histological use was from Sigma-Aldrich. Potassium permangantate was order 

from Amertek, (Farnborough, UK). Oxalic acid was purchased from Sigma-

Aldrich. Immedge-hydrophobic barrier pen was purchased from Vectorlabs 

(US). Leica BONDTM Plus Slides were ordered from Leica (US).    

2.1.7 Electron microscopy (EM) reagents 

All EM related reagents were kindly provided by Dr Emily Eden from the 

Institute of Ophthalmology at UCL.  
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2.2 Methods   

2.2.1 Bioinformatics  

Armcx sequences were obtained from the National Centre for Biotechnology 

Information (NCBI) database (Table 9.1 in Appendix). The phylogenetic tree 

was generated using PhyML (default model) by the master student Alice Kirby 

(Kirby, 2016). The annotated tree with a presence/absence matrix and the 

genetic tree circle were constructed from the conserved armadillo repeat part 

of each gene by using the Orthologous Matrix (OMA) identifier (Roth et al., 

2008). This was done with the help of Dr Christophe Dessimoz and his team 

from the Department of Genetics, Evolution and Environment at UCL. Multiple 

sequence alignments were generated using MUSCLE (Multiple Sequence 

Comparison by Log-Expectation) (EMBL-EBI). The putative structural 

domains within Armc10/Armcx family members from protein sequence 

information obtained from the UniProt Knowledgebase/Swiss-Prot 

(UniProtKB/Swiss-Prot) (Boutet et al., 2007). MitoFates was used to verify 

mitochondrial targeting sequences (Fukasawa et al., 2015). The post-

translational modified sites of Armcx were acquired from PhosphositePlus by 

Cell Signalling Technology (Hornbeck et al., 2015).   

2.2.2 Molecular Biology 

2.2.2.1 Site-directed Mutagenesis  

In order to introduce deletions in Armcx genes, polymerase chain reaction 

(PCR) based mutagenesis was carried out by using site-directed mutagenesis 

kit. The exponential amplification was performed in 25 μl volume consisting of 
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1x Hot Start High-Fidelity 2x Master Mix, which contained the Hot Start High-

Fidelity DNA Polymerase (12.5 ul), 1 μM of primers (1.25 μl each), 10 ng of 

DNA plasmid (1 μl) and the rest of the volume was reached with nuclease-free 

water (9 μl). The PCR cycle parameters were set up as per manufacturer 

instructions and respectful of the annealing temperatures of the primers. 

Amplification was carried out in an Eppendorf Mastercycler gradient starting 

with 98°C for 30 s for the initial denaturation step, then 25 cycles of primers 

annealing step at 98°C for 30 s, 50°C for 10 s, 72°C for 3 min and final 

extension at 72°C for 2 min and then they were hold at 4°C.  

Subsequently, 1 μl of the PCR products was mixed with the 2x KLD reaction 

buffer (5 μl), 10x enzyme mix (1 μl) and nuclease-free water (3 μl) in 10 μl 

volume at 1x final concentration. This mix contained Kinase, Ligase and DpnI 

enzymes, which allow phosphorylation, ligation and removing template 

plasmids, respectively.  The mixture was incubated at room temperature for 5 

min. Next, 5 μl of the KLD mix was added to NEB 5-alpha Competent E. coli 

cells which were thawed on ice in advance. The cells were incubated on ice 

for 30 min, heat shocked for 42 s and then returned on ice for 5 min. 

Approximately, 950 μl of SOC outgrow media warmed at room temperature 

was added to the cell mixture for 1 h incubation at 37°C. Lastly, 50 μl of the 

reaction mixture was spread on a Luria broth (LB) agar plate containing the 

appropriate antibiotic for selection and returned to the 37°C incubator 

overnight. On the following day transformation efficiency was determined by 

counting the number of colonies. Appropriate positive and negative controls 

were used as provided by the manufacturer. At least ten colonies were picked 
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from each mutagenesis reaction and were cultured in 3 ml volume of LB media 

containing appropriate antibiotic and incubated in 37°C shaker at 225 rpm 

overnight. In the next morning bacterial colonies were pelleted by 1 minute 

centrifugation and small amount of DNA plasmid was purified (mini-prep kit) 

(see below).  

2.2.2.2 DNA sequencing 

The sequences that contained the deleted Armcx regions were all verified by 

DNA sequencing (Source Bioscience; Cambridge) and subsequently were 

cloned into the ArmcxGFP-N1 plasmids. The sequence traces were analysed 

by Chromas Lite software and by comparison with the original sequences 

obtained from NCBI. 

2.2.2.3 Restriction enzyme digest 

Verified Armcx mutants and the wt ArmcxGFP-N1 vectors were digested with 

specific for each plasmid restriction enzymes in the following reaction. Each 

plasmid DNA was digested in 20 μl volume containing 1 μg of DNA, 2 μl 

appropriate 10X buffer, 0.1 μl of restriction enzymes and sterile distilled water. 

Samples were incubated for digestion for 1 to 2 h at 37°C, and the products 

were subsequently analysed using agarose gel electrophoresis.  

2.2.2.4 Agarose gel electrophoresis 

According to the molecular weight, DNA fragments were separated by agarose 

gel electrophoresis. For the gel preparation, 1 g of agarose was melted in 100 

ml 1X TAE Buffer (40mM Tris. acetate, 2mM EDTA, from National Diagnostics, 

Leicestershire, UK) and 2.5 μl of nucleic acid staining solution was added to 
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the mixture once the temperature was around 35°C. The gel solution was 

poured in an appropriate size tray fitted with combs and left for an h to solidify 

at room temperature. Before proceeding to electrophoresis, DNA samples 

were prepared with the addition of 0.2 volume (4 μl) of 6X loading dye (30% 

glycerol (w/v), 0.25% xylene cyanol) to 20 μl of restriction enzyme digest 

mixture. The DNA samples (20 μl), along with 1Kb DNA ladder (12 μl), were 

then loaded to the wells of the gel and electrophoresed in 1X TAE Buffer at 

120-140 V until the fragments were clearly separated. The gel was scanned 

under long-wavelength ultraviolet (UV) transillumination DR-45M for a short 

time to minimize the risk of DNA degradation. The appropriate band sizes were 

cut with a clean sharp scalpel and put into microcentrifuge tubes for DNA gel 

extraction.  

In other cases of gel electrophoresis, gels were scanned under ultraviolet 

transillumination (Gene Genius Bio Imagine System Syngene, Cambrdige, 

UK) for visualisation and analysis.   

2.2.2.5 Gel extraction 

The QIAquick gel extraction kit was used to purify the DNA fragments from the 

agarose gel. The gel slices were weighted in the tubes, mixed with buffer QG 

(3 to 1 volume of the gel, i.e., 300 μl = 100 mg) and incubated at 50°C for 10 

min until the gel dissolved completely. One volume of isopropanol was added 

to the samples and mixed well to increase the yield of DNA extraction. 

Subsequently, the mixture was added to the QIAquick spin column in a 2 ml 

collection tube and centrifuged at 16000xg for 1 minute. The flow-through was 

discarded and the column was span again after being washed with 500 μl of 
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Buffer QG. The column was further washed with 750 μl of Buffer PE and the 

flow was discarded after another centrifugation. In order to remove any excess 

of the last wash, the column was centrifuged at 16000xg for 1 minute. The 

column then was transferred to a clean microcentrifuge tube and the DNA was 

eluded by adding 10 μl of Buffer EB and centrifuged for 1 minute.  

2.2.2.6 Ligation  

Prior ligation, the open DNA vector was dephosphorylated with Alkaline 

Phosphatase in order to prevent self-ligation of the vector. The protocol was 

carried out according to the protocol for dephosphorylation of 5’ – ends in 

restriction enzyme reaction. Briefly, following a restriction enzyme digest, 1 

unit (1 μl) of Shrimp Alkaline Phosphatase (SAP) was added to the restriction 

digest for 1 h at 37°C. The enzyme reaction was stopped by heat inactivation 

for 15 min at 65°C. Subsequently, the process of ligation of DNA in a plasmid 

vector was carried out using T4 DNA Ligase (1 unit/μl) according to the 

manufacturer’s instructions. The molar ratio of vector DNA to insert DNA in a 

standard ligation reaction was set to be 1:5. The reaction volume was set to 

be 10 μl and consisted of 1 μl T4 DNA Ligase, 1 μl 10X Ligation Buffer, 

appropriate amounts of respective insert DNA, vector DNA and sterile distilled 

water. After overnight incubation at 4°C, the ligation reaction mixture was used 

directly for transformation of competent cells. A negative control was also set 

up, where only the plasmid DNA was ligated without an insert, in order to 

estimate the vector self-ligation rate.    
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2.2.2.7 Transformation 

Each transformation was carried out using 50 μl aliquot of thawed NEB 5-alpha 

Competent E. coli cells (High Efficiency). Ligation reactions were then added 

to the cells and incubated on ice for 30 min. This was followed by a 45 s heat 

shock at 42°C and 3 min incubation on ice. Next, 1 ml of SOC media (supplied 

by the Site-directed mutagenesis kit) was added to the cell-DNA mixture and 

incubated at 37°C for 1 h. Two different dilutions (10 ul and 100 μl) were 

spread onto LB agar plates containing appropriate antibiotic for selection and 

returned back to the 37°C incubator for an overnight incubation. On the next 

day, transformation efficiency was determined by counting the number of 

colonies and the plates were placed back at 4°C to prevent further growth. 

Large single colonies were picked and cultured in 3 ml of LB medium 

containing antibiotics and left to grow overnight in a shaking incubator at 37°C.  

2.2.2.8 Small scale of plasmid DNA purification (mini-prep)  

For analytical purposes, a small scale isolation of plasmid DNA from bacteria 

culture was carried out using GenEluteTM Plasmid Miniprep Kit (Sigma) as 

per manufacturer instructions.  

Briefly, 1.5 ml of the total 3 ml LB medium overnight culture was pelleted by 1 

minute centrifugation. After a complete resuspension of the pellet in 200 μl 

Resuspension Solution containing RNase, 200 μl Lysis Solution was added 

and mixed by gently inverting the tube 6 to 8 times. Cell debris were then 

precipitated by adding 350 μl of Neutralization Solution with the tube once 

again being gently inverted 4 to 6 times and centrifuged for 10 min. During this 

time, a GenElute Miniprep Binding Column was prepared by adding 500 μl of 
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Column Preparation Solution and centrifuged for 1 min to maximize the 

membrane DNA binding efficiency. The cleared lysate was then transferred to 

the prepared Binding Column and centrifuged for 1 min to allow the binding of 

DNA. Following a wash with 750 μl of wash solution and 1 min centrifugation, 

another further 1 min centrifugation was done to remove any excess of 

ethanol. The DNA elution was carried out using 100 μl Elution Solution 

followed by 1 minute of centrifugation. Note, all centrifugation steps were 

carried out at 12,000xg with flow-through discarded and new collection tubes 

replaced when necessary. Eluted DNA was used immediately or stored at -

20°C. 

2.2.2.9 Large scale of plasmid DNA purification (maxi-prep) 

To prepare transfection grade plasmid DNA, the EndoFree Plasmid Maxi Kit 

(Qiagen) was used based on a modified alkaline lysis procedure. A pre-culture 

from a single bacteria colony was prepared first in 3 ml small volume LB 

medium containing appropriate antibiotic for 6 h at 37°C shaker of 225 rpm 

during the day. Subsequently, 120 μl of the pre-culture was diluted in 120 ml 

of LB medium containing appropriate antibiotic and was left to grow overnight 

at 37°C shaker of 225 rpm. Bacterial culture was harvested on the next day by 

centrifugation at 4°C for 15 mintes and the bacterial pellet was completely 

resuspended in 10 ml of cold Buffer P1 supplemented with RNAseA and 

LyseBlue colour indicator. The bacterial lysate was next mixed with 10 ml of 

Buffer P2, inverted gently 6 times and left for 5 min at room temperature. The 

mixture turned viscous and blue indicating an optimal buffer mixing. Following 

the incubation, 10 ml of pre-chilled Buffer P3 was added to the mixture to 
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neutralize the lysis reaction and the tube was inverted gently 6 times. Once 

the mixture appeared colourless and less viscous it was poured into the 

QIAfilter cartridge barrel and left at room temperature for 10 min. After the 

incubation the cell lysate was filtered into a 50 ml falcon tube and mixed with 

2.5 ml of Buffer ER and incubated for 30 min on ice. During this time, 10 ml of 

Buffer QBT was added to QIAGEN-tips to equilibrate them. The filtered lysates 

were then passed through the tips by gravity flow. The tips were then washed 

twice with 30 ml of Buffer QC and finally the DNA was eluted with 15 ml of 

Buffer QN into endotoxin free tubes. The eluted DNA was mixed with 0.7 

volume of isopropanol and centrifuged for 30 min at 4°C at 8,000xg speed.  

Following the spin, the supernatant was carefully discarded not to disturb the 

DNA pellet. The latter was then washed with 2.5 ml of endotoxin free 70% 

ethanol and return to the centrifuge for a further 10 min spin. The DNA pellet 

was then left to dry for maximum 15 min and redissolved in 200 μl Buffer TE. 

The concentration of the plasmid DNA was determined using Nanodrop 

spectrophotometer. 10 μg of plasmid DNA aliquots were stored in 2.5 volumes 

of 100 % ethanol and 0.1 volume of 3M sodium acetate, at 4°C.    

2.2.3 Molecular Cloning of ARMC10 

Codon optimisation of the open reading frame of Armc10 marsupial was done 

to surmount the differences of codon usage by different species. Here, since 

we aimed to introduce the marsupial Armc10 in human cell line, the Armc10 

codon sequence was optimised towards human codon preferences. This was 

done via Integrated DNA technology software (Technologies). Subsequently, 

gene blocks of Marsupial ARMC10 cDNA were designed with 5’ XhoI and 3’ 
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BamHI restriction enzyme sites for subcloning into the pEGFP-N1 plasmid. 

The gene block was ordered as a double-stranded gene fragment from IDT 

Integrated DNA Technologies, BVBA (Belgium). Firstly, the dry gene block 

was resuspended in 18 μl of water and spin down at maximum speed for 1 

minute. Before proceeding towards restriction digestion, 17 μl of the gene 

block was heated at 55°C for 5 min. For the restriction digest was used 17 μl 

of the gene block in 20 μl volume reaction, including 2 μl 10x appropriate 

restriction buffer and 1 μl restriction enzyme (0.5 μl each). The process of 

restriction digest is the same as explained in section 2.2.2.3. Similarly, to the 

cloning of the mutant Armcx sequences, the ARMC10 gene block was cloned 

into the pEGFP-N1 plasmid following the steps explained from section 2.2.2.4 

to 2.2.2.9. 

2.2.4 Cell culture  

Immortalised ARPE-19 human RPE cells were maintained in high glucose (4.5 

g/L), pyruvate, DMEM supplemented with 10% FCS, 1% 

Penicillin/Streptomycin at 37°C and 5% CO2. ARPE-19 cell cultures were used 

between passages 25-38. In this study, cells were seeded onto 35mm dishes 

unless otherwise stated. Differentiation of ARPE-19 was carried out as 

previously reported (Ahmado et al., 2011) and assessed by the appearance of 

pigmentation and cobblestone-like cell layer (Figure 2.1). Cells were seeded 

at a density of 1.5 x 105 cells/cm2 in the maintenance medium. Once the cells 

reached 90% confluency, they were washed in 1 x PBS and further cultured in 

differentiated medium (high glucose, pyruvate, DMEM supplemented with 1% 

FCS). Differentiation media was changed once per week.  
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Figure 2.1 D MEM/Pyruvate-mediated differentiation of ARPE-19 cell line. A) panel 

represents non-differentiated, subconfluent cells lacking pigmentation with elongated and 

fibroblastic morphology; live cell images were taken by Leica DMIL microscope 40x objective; 

scale bar 100 μm B) panel shows non-differentiation confluent cells with lack of pigmentation 

C) panel displays >30 weeks post-differentiated cells with detectable pigmentation (white 

arrows) and cobblestone-like appearance (zoomed part); B) and C) images were taken by 

Leica DMIL 10x objectives; scale bar 100 μm. 

2.2.5 Plasmid Transfection 

ARPE-19 cells were seeded at a density of 1 x 105 cells/cm2 one day prior 

transfection.  A few h prior transfection, cells were cultured in DMEM only 
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media without FCS and antibiotics. Lipofectamine™ 2000 was left at room 

temperature for 15 – 20 min prior transfection. Briefly, 1 µg plasmid DNA was 

diluted into 250 µL of Opti-MEM medium and in a separate tube the 

lipofectamine was diluted into 250 µL of Opti-MEM medium and both mixtures 

were incubated for 5 min at room temperature.  The DNA mixture was then 

added to the lipofectamine and the tube was flicked a few times with a finger, 

then vortexed briefly and spun down quickly. An incubation of 20 maximum 25 

min at room temperature was given for the DNA-cationic lipid complex to be 

formed. The DNA-Lipofectamine mixture was added to the cells dropwise, 

while the dish was gently swirled. Cells were placed back to the humidified 

incubator for another 24-48 h prior analysing expression. Six h post-

transfection, cells were supplemented with 10% FCS to stimulate growth.  

2.2.6 siRNA Transfection  

Similarly, to the plasmid transfection, ARPE-19 cells were seeded one day 

prior transfection. The Lipofectamine™ RNAiMAX transfection reagent was 

used to transfect siRNA against Armcx1 and 2 and non-targeting siRNA 

sequence. The transfection reagent was warmed at room temperature for 30 

min before transfection. In tube 1, 25 µM siRNA (2.5 µl) was added to 200 µl 

of OptiMEM media and in another tube (2) 5 µl of RNAiMax was diluted in 

OptiMEM. Subsequently, mix tube 2 into tube 1 and incubate at room 

temperature for no more than 20 min. Cell culture media was changed to 

media without antibiotics. Following the incubation, the siRNA mixture was 

added dropwise to the cells for at least 24h incubation at 37°C humidified CO2 

incubator and then changed to culture medium.   
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2.2.7 Mitochondrial staining and CCCP treatment  

ARPE-19 cells were incubated with 100 nM Mito Tracker Orange CMTMRos 

for 40 min at 37°C prior fixation. In order to induce mitochondrial 

depolarisation, ARPE-19 cells were pre-treated with 20 µM of the uncoupler 

carbonyl cyanide m-chlorophenylhydrazone (CCCP, diluted in DMSO) for 3, 6 

or 24 h. 

2.2.8 Immunofluorescence   

Prior cell fixation, ARPE-19 cells were washed briefly in 1 x PBS. Cells were 

fixed in -20°C methanol. Methanol fixed cells were further incubated for 5 min 

in a freezer. Then methanol was diluted out with 1 x PBS and replaced with 

blocking buffer (1% BSA in 0.05% Sodium Azide in 1 x PBS). Alternatively, 

3.7% formaldehyde in 1 x PBS was added to the cells for 15 min at room 

temperature. Cells were permeabilized with ice cold acetone for a few s and 

then washed with 1 x PBS. Then cells were incubated in the blocking buffer 

for 1 h at room temperature. A dry ring was formed with a folded tissue around 

the central patch of cells in the 35mm dishes. Antibodies were diluted in 

blocking buffer and volume of 95 µl was added to the central patch of cells and 

the dishes were incubated at 37°C for 1 h. Dishes were then washed in 1 x 

PBS three times for 10 min and then incubated with secondary antibody (1:200 

dilution) in blocking buffer for 1 h at 37°C. Dishes were then washed three 

times for 10 min with 1 x PBS and one time with water. Then, they were 

mounted with mounting media containing DAPI and coverslips were carefully 
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placed on top of the cells. At the end, dishes were left to dry for h/overnight 

and sealed with a transparent nail polish and stored in dark at 4°C.   

2.2.9 SDS-PAGE and Western Blot  

Cell lysates were prepared as previously described (Turowski et al., 2008). 

Briefly, cells were washed in 1 x PBS, then any residual liquid was aspirated 

and cells were lysed with 100 µl 2x lysis buffer (20% glycerol, 8% SDS) 

containing 1mM DTT. The cell lysates were scrapped and collected in 

microcentrofuge tubes. Genomic DNA was sheared by syringing the lysates 5 

times through a 26G needle. Before separating the proteins on a SDS-

polyacrylamide gel, samples were boiled for 10 min at 95°C and centrifuged 

for 10 min at 10,000 x g. Samples were either proceed to gel electrophoresis 

or stored at -20°C. 

Separating and stacking gels were prepared according to the recipes in Table 

2.3. The wells of the gel were washed with running buffer after being 

assembled within the gel tank system. The molecular marker was loaded (15 

µl). Before loading the cell lysates, they were boiled again (if they were frozen) 

and centrifuged as described above. Electrophoresis was performed at 

constant amperage of 25 mA through the stacking gel and 50 mA through the 

separating gel. 

Table 2.5 Separating & stacking gels recipes for 7.5%, 10% and 12% gels. 

Separating gel 2x Stacking gel 2x 
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7.5%  

(80 kDa) 
10% 

(55 kDa) 
12% 

(35 kDa) 
  

Acrylamide 2.5 ml 3.34 ml 4 ml Acrylamide 0.75 ml 

1.5 M Tris 
pH 8.8 

2.5 ml 2.5 ml 2.5 ml 
1M Tris  
pH 6.8 

0.63 ml 

Water 4.85 ml 4 ml 3.35 ml Water 3.4 ml 

10% SDS 100 µl 100 µl 100 µl 10% SDS 50 µl 

10% APS 80 µl 80 µl 80 µl 10% APS 75 µl 

TEMED 4 µl 4 µl 4 µl TEMED 10 µl  

KEY:  SDS - Sodium dodecyl sulfate; APS - Ammonium persulfate; TEMED - N′-Tetramethyl 

ethylenediamine 

Proteins from the gel were then transferred onto Immobilon membranes using 

a semi-dry transfer cell (Bio-Rad). First, PVDF membranes were pre-wetted 

by 15 s of incubation in 100% methanol. The membranes were then washed 

in water and put in transfer buffer to equilibrate. The transfer is assembled by 

layering 5 sheets of filter papers soaked in transfer buffer, followed by a 

membrane, then the gel and finally another 5 sheets of filter papers soaked in 

transfer buffer placed on top. Any bubbles between the layers were squeezed 

out using a glass stripette. The transfer was run for 90 min at a constant 12V. 

Once the transfer was complete, amido black staining solution (40% ethanol, 

10% acetic acid, 0.1% (w/v) amido black) was applied to the membranes for a 

few s and then removed by methanol and then water and finally in 1 x TBS. 

Membranes were left to dry between filter papers for at least 40 min.  



   

Page | 72  
 

Prior immunoblotting, membranes were blocked in 5 % milk in Tris-Buffer 

Saline (1xTBS) for two h at room temperature. Depending on the primary 

antibody, different dilutions were used (see Table 2.3). For the immunoblotting 

of Armcx2 another antibody was used – Abcam (cat number: ab199170) with 

1:500 dilution. All primary antibodies were diluted in 1 x TBS-Tween (0.1%) in 

1 x PBS and incubated overnight at 4°C. On the next day, membranes were 

washed first in TBS-Tween solution for 10 min twice, and once with 1 x PBS-

Tween (0.1%). Secondary antibodies were diluted 1:500 in PBS-Tween and 

added to the membranes for 2 h at room temperature. Following secondary 

antibody incubation, the membranes were first washed twice in PBS-Tween, 

then once in TBS-Tween and a final wash in TBS. Enhanced 

chemiluminescence (ECL) was detected with Lumi-Light western blotting 

substrate solutions (1:1 ratio) and added to the membrane for 5 min at room 

temperature. Any excess of the ECL was removed and the membranes were 

put into cassettes and brought to a dark room where images were acquired 

using X-ray films and developed.  

2.2.10 Life-Cell Imaging  

ARPE-19 cells were seed in 50mm dishes with 14mm glass bottom one day 

before transfection with MitoDSRed plasmid. As described in section 2.2.5 

cells were transfected with 1 µg of plasmid and after 24 h, cells were washed 

in PBS and cultured in DMEM medium with no phenol red. Short videos of the 

cells were taken using a Nikon Eclipse Ti-E with a 37°C microscope chamber. 

The system was set up at least two h before imaging for the chamber to warm 

up. Dishes were left in the chamber to equilibrate for 30 min before imaging. 
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Time-lapse microscopy was carried out for 10 min with 1 min intervals using 

the 63x oil objective. Videos and stills were edited by using ImageJ software. 

The Manual Tracking plugin (Fabrice cordelieres) was used to track the 

movement of individual mitochondria.  

2.2.11 Human Tissue Processing and Staining 

2.2.11.1 Donor Tissue Information 

Human post-mortem eyes were provided by the Moorfields Eye Biobank 

(London, UK). Institutional Review Board (IRB)/Ethics Committee approval for 

postmortem eye tissue collection and storage at the UCL Institute of 

Ophthalmology was in place. Paraffin-embedded human eye tissues were 

provided kindly by Prof Marcus Fruttiger. Donor tissue and fixation information 

is provided in table 2. 

 

Table 2.6 Human eye donor tissue information. 

Age Gender Cause of death 
Fixation 

delay (h) 

Medical 

history  

82 F 
intracranial 

haemorrhage 
10 None 

83 M 
high servical spine 

injury 
16 

AMD, 

dementia  

KEY:  F – Female; M – Male; AMD – Age-related macular degeneration 
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2.2.11.2 Paraffin-embedded tissue sectioning 

Paraffin-embedded eye tissue was sectioned at 6 µm thickness by using an 

Anglia AS200 sledge microtome (Cambridge, England). Thin slices were then 

floated on a 50-55°C bath in distilled water. In order to remove creases, drop 

of 100% ethanol were added to the water bath from time to time.  

Subsequently, sections were carefully collected with Leica BONDTM Plus 

Slides (Leica, US) and drained vertically for some time before being put on a 

48°C heating plate to airdry.   

2.2.11.3 Immunohistochemistry 

In the following section, all the steps are carried out at room temperature 

unless otherwise stated. The paraffin removal, and antigen retrieval steps 

were carried out in hellendahl jars. For the paraffin removal, slides were 

washed two times for 10 min in xylene solution, then rehydrated sequentially 

in 100%, 70% and 50% ethanol for 10 min each. Finally, slides were washed 

in distilled water 15 to 20 times.  

In order to eliminate the autofluorescence and/or lipofuscin from the RPE 

layer, subsequent application of autofluorescence block (1% potassium 

permanganate in 0.3% sulfuric acid and 1% oxalic acid) was applied to the 

slides. Slides were positioned in a humidified container and first incubated in 

a few drops of 1% potassium permanganate for 5 min following 3 washes in 

distilled water. The slides were then incubated in 1% oxalic acid for 5 min and 

washed again in distilled water 3 times.  
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Subsequently, slides were emerged in antigen retrieval buffer (90% glycerol 

and 10% 10mM sodium citrate pH 6) and heated gradually until boiled in a 

generic microwave. Once, the slides are cooled down at room temperature, 

they were rinsed well in distilled water 20 at least times.  

After washing, slides were put back to the humidified containers and incubated 

in blocking solution (1% BSA, 0.3% triton x-100, 0.2% sodium azide in 1x PBS) 

for 1 h at room temperature. The slides were then incubated with primary 

antibody overnight at 4°C. On the next day, after three times for of 1x PBS 

washes, each 10 min, slides were incubated with secondary antibody at room 

temperature for 1 h. Slides were then washed 3 times for 10 min in 1x PBS 

before mounting with DAPI containing mounting media and put in a dark 

container to dry out before sealing with a transparent nail polish. 

2.2.11.4 Conventional electron microscopy  

ARPE-19 cells were seeded on cover glass slips (13 mm VWR, UK) in 35mm 

dishes as discussed in section 2.2.4 and transfected with siRNA as described 

in section 2.2.6. The cover slips were carefully removed with forceps from the 

dishes and placed in four well plates. The rest of the cells in the 35 mm dish 

were lysed for western blot analysis. The cells on the cover slips were washed 

in 1 x PBS briefly and fixed with 0.1M cacodylate containing 2% 

paraformaldehyde/ 2% glutaraldehyde for 30 min at room temperature. Then 

cells were washed three times in 0.1M cacodylate plus 2x in 0.05M cacodylate. 

Subsequently, cells were incubated in 1.5% potassium ferricyanide and 1% 

osmium tetroxide for 1 h on ice in the dark. Following the incubation, cells were 

washed in distal water two times. Cells then were incubated with 1% uranyl 
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acetate for 40 min at room temperature, followed by three washes in water. 

Cells were dehydrated gradually in 70%, then 90% for a few min and then two 

times in 100% ethanol for 10 min. Subsequently, the cover slips with cells side 

up were put in foil trays and immersed in neat Epon resin (20 ml araldite resin 

CY212, 25 ml dodecenyl succinic anhydridie (DDSA) and 0.8 ml DMP30) for 

90 min, then transferred to fresh Epon for another h at least. Finally, cover 

slips with cells side up were put in new foil trays glazed with some Vaseline 

for easier removal later and inverted a stub full of Epon on top. The stubs were 

baked in a 60°C oven overnight. On the next day, the specimens were 

transferred directly into liquid nitrogen and the cover slips were removed from 

the stab carefully. The specimens were then sectioned on a Leica Ultra Cut 7 

microtone (Leica) by Dr Emily Eden. The samples were visualised and imaged 

by a JEOL1010 transmission electron microscope run at 80 kV with a digital 

camera (Gatan) controlled by a digital micrograph software (Gatan).  

2.2.12 Confocal and Epifluorescence Microscopy  

Most of the images in this report were taken with CLSM 700 (Carl Zeiss) with 

a Z-stack and maximum intensity projections were generated using the Zeiss 

software. Some of the images were taken with 60x oil objective Axioscope 

(Carl Zeiss).   

2.2.12.1 Statistical analysis  

Densitometric quantification of at three or two independent immunblots were 

calculated by changes of the protein expression content and normalised to 

tubulin/b-actin. Statistics of the Western blot quantification were performed 
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using one-way ANOVA with Bonferroni post hoc analysis. To compare two 

independent conditions, student t test (unpaired) was used. At least three 

independent experiments were performed and statistical significance was set 

at 0.05. 
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Chapter 3 Results: Phylogeny and ARMCX 

expression 

Members of the Armcx family have been first described as tumour suppressors 

(Kurochkin et al., 2001) and later to regulate mitochondrial dynamics in 

neurons (López-Doménech et al., 2012), however clear understanding of the 

physiological roles of each individual protein is currently lacking.   

Bioinformatics is a rapid evolving and useful tool to understand better the 

functions of biological molecules, their interactions, and evolutionary changes 

(Pellegrini et al., 1999). Here in this chapter, we used bioinformatics platforms 

to gain better understanding of Armcx gene functions and evolution. We 

looked closer into the gene and protein sequences of Armcx members and 

their ancestral Armc10 from Eutherian, non-Eutherian mammals (Marsupial) 

and from a more distant non-mammals; Teleost fish. In addition, we also 

included in our analysis another group of genes which are highly homologous 

to Armcx and are likely to have the same evolutionary origin and thus may be 

considered as part of the same family of genes. They clustered closely within 

the same region of X chromosome: known as G-protein-coupled receptor 

(GPCR) associated sorting proteins (GASPs). GASP gene family consists of 

three members GASP1, GASP2 and GASP3 (the later also known as BHLH9), 

which bind to the C-termini of GPCRs and regulate their intracellular sorting to 

the lysosomes (Winter and Ponting, 2005). Moreover, GASP1 was shown to 

participate in acute and chronic behavioural responses to cocaine 

administration, a study done in GASP1 knockout mice. However, their data 
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indicates that GASP1 triggers receptor recycling rather than degradation upon 

stimulation (Kargl et al., 2012). Therefore, although GASPs’ high homology 

with Armcx, they appear to have distinct functions to Armcx members, which 

functions are strongly associated with mitochondrial dynamics and more 

recently mitophagy. Importantly, it is not clear whether the evolutionary 

expansion of Armcx constitutes divergence of their ancestral function into 

separate members or to novel functions.    

3.1 Marsupial ARMC10 as an ancestral gene to ARMCX family 

Nucleic acid sequences of the Armcx family and related genes were acquired 

from the NCBI and are compiled in Table 9.1 in Appendix. First, we aimed to 

look at the evolutionary relationships of Armcx among close related species 

and we subjected Armcx gene cluster to phylogenetic analysis (Figure 3.1 A). 

The analysis identified marsupial Armc10 as the ancestral gene, from which 

two main arms emerged within the Eutheria clade. One of the arms contained 

Armc10 genes, whilst the other was made up of all Armcx and GASP family 

members. Notably, Armcx1, 2, 3 and 6 genes clustered as one sub-group 

within this branch, whilst Armcx4 and 5 were more closely related to the GASP 

family.  The gene related to the ancestor Armc10 is located on chromosome 7 

(7q22.1). All derived duplicated genes are all located within a relatively small 

cluster on the X chromosome (Figure 3.1 B).   

We also looked at a global phylogenetic tree of Armc10 and its homologues in 

vertebrates. Armcx1-6 as well as GASP1-3 were found to diverge from Armc10 

via gene duplication events, which arose at the root of Eutheria (Figure 3.1 C). 
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This analysis was done with the great help of Prof Christophe Dessimoz and 

Dr Alex Warwick Vesztrocy from Genetics, Evolution & Environment 

department at UCL. Furthermore, a phylogenetic circle tree analysis 

suggested that Armcx6 was the first to appear within Eutharia, followed by 

Armcx3 and Armcx1 and 2. Next, Armcx4, Armcx5 and the GASPs were 

followed. This further showed that Armcx1, 2, 3 and 6 emerged closer to each 

other group than Armcx4 and 5, whose were more closely related to GASP 

members in Eutheria. 
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Figure 3.1 Phylogeny of Armcx. A) A phylogenetic tree showing Armc10 Marsupial as an 

ancestral gene to Eutherian Armcx and GASP families. The phylogenetic tree was generated 

using PhyML (default model) by the master student Alice Kirby (Kirby A 2016). A multiple 

sequence alignment of the amino acid sequences was performed via PhyML software; 

numbers represent bootstrap values showing the support of each node, where the closer the 

number to 1 (100%) the better support B) Schematic presentation of the protein-coding gene 

order of Armcx 1-6 and one pseudo gene (Armcx7p) and GASP1-3 members in human X 

chromosome and Armc10 on 7th chromosome. Transcriptional orientations are indicated by 

blue arrows. C) The phylogenetic circle tree was generated by using the highly conserved 

armadillo repeats of each gene. The tree conveys the order of duplication events. The analysis 

was kindly provided by Prof Christophe Dessimoz at UCL. 
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3.2 ARMCX genes are highly present in the Eutherian clade   

This analysis was done to establish if all current eutharian have all the genes 

or if some (due to potential functional redundancy) have been lost (Figure 3.2). 

Armcx members are shown to be present throughout Eutheria with some 

members more frequently annotated than others, e.g., Armcx5 and ARMC10 

have been identified mostly in all Eutherian species whereas other members 

such as Armcx4 and Armcx3 appear to be lacking in some species. Moreover, 

looking closely at primates, we observed heterogenous existence of Armcx 

and GASP members. ARMC10, Armcx5 and GASP1 were highly present, 

whereas Armcx3, GASP2 and GASP3 appeared mostly absent (Figure 3.2 red 

box). However, we need to acknowledge here some possibly all of the 

absences are due to issues with genome sequencing/assembly/annotation; 

e.g., Armc10 gene as well as GASP3 are present in Dasypus novemcinctus 

(nine-banded armadillo) from Xenarthra, but are absent in to their close 

relative species Echinops telfairi (hedgehog; Afrotheria clade). This suggests 

that both genes have not been properly genome annotated in all species. 

Another example that is highly likely to be the reason of incomplete genome 

annotation is the loss of Armcx1 and Armcx3 in Capra Hircus (goat), but they 

appear in Ovis Aries (sheep) (Figure 3.2). Notably, this problem can only 

unambiguously be resolved by manual scrolling through and annotation of 

genome sequences. Furthermore, in some cases the loss is consistent across 

close related species and therefore are possible older losses e.g., Armcx4 loss 

in Tarsius syrichta, Tupaia belangeri and Ochotona princeps.   
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In addition, the taxonomy tree above the presence/absence matrix confirmed 

that order of appearance of Armcx and GASPs in Eutheria (Figure 3.2).  

Overall, we can conclude that all Armc and GASP genes are widely distributed 

and appear essential for Eutheria. 
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Figure 3.2 Presence/absence matrix of Armcx family and their homologues in Eutheria. 

The matrix is supported with a taxonomy of Eutheria on the left side. Bootstrap replicates were 

computed with a support of above 80%. Each column represents different gene member and 

has a different colour. A filled box indicates the presence of that gene in a particular species 

and an empty box indicates the absence. The analysis was kindly provided by Prof Christophe 

Dessimoz at UCL. 
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3.3 ARMCX sequence analysis  

Next, we analysed the putative structural domains within Armc10/Armcx and 

GASP family members from protein sequence information obtained from the 

UniProt Knowledgebase/Swiss-Prot (UniProtKB/Swiss-Prot) (Boutet et al., 

2007), a public biological database for classifying protein through assigning 

domain architecture (Doğan et al., 2016). Armc10, all Armcx and GASP 

members possessed highly conserved C-terminal ARM domains (Figure 3.3 

A). N-termini were more variable in size and showed little sequence 

conservation among all members. Structurally Armc10 and Armcx contained 

putative mitochondrial targeting sequence (MTS) that overlapped with a 

transmembrane domain (TM) as well as some nuclear targeting signals (NTS). 

Armc10, Armcx1, 2, 3 and 6, but not Armcx4, Armcx5 and GASPs, possessed 

strong MTS at their N- termini. These putative MTS were also predicted by 

MitoFates (Fukasawa et al., 2015) with 80% confidence. Only Armcx1, 2 and 

3, but not Armc10 or Armcx6 had a putative NTS.  

Furthermore, we looked more closely at N-termini comprising the MTS and TM 

of Armcx family. Multiple protein sequence alignment of the N-termini of 

Armcx1-6, GASPs and Armc10 was generated by MUSCLE (EMBL-EBI) 

(McWilliam et al., 2013) (Figure 3.1 C). The analysis showed a conserved TM 

domain with closely arranged Glycine molecules amongst other small amino 

acid residues such as Alanine, Valine and Isoleucine in most Armcx members, 

but not the case for Armcx4 and 5, which possess larger hydrophobic 

(Tryptophan, W) and charged (Aspartic acid, D) amino acids respectively in 

this region. The existence of G-G motif including other small non-polar amino 
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acids is a well-known feature of TMs (Walters and DeGrado, 2006). This 

prototypical TM domain was not apparent in GASP members. Armcx1-3 and 

6 also contain putative MTS that spans the TM domain. Importantly, the MTS 

contains positively charged amino acids (e.g. Lysine, Arginine), which is a 

hallmark for mitochondrial targeting signal (Walters and DeGrado, 2006). The 

former MTS part was observed to be highly conserved among Armcx1, 2, 3 

and 6 and mammalian Armc10. In contrast, mammalian Armcx4 and fish 

Armc10 appeared to have uncharged amino acid residues (Glutamine and 

Serine respectively) instead. In the tail of MTS we observed a well conserved 

Tyr- Arg/Lys-uncharged residue motif, which was not as strongly conserved in 

Armcx5. The GASP members did not appear to have conserved MTS with 

Armc10 and/or Armcx proteins. Overall, Armcx4 and 5 displayed the strongest 

diversities in the N-termini, specifically in the putative MTSs, compared to the 

other Armcx family members. 
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Figure 3.3 Sequence analysis of Armcx and Armc10. A) The schematic represents 

ARMCX and ARMC10 common domains; All members comprise armadillo (ARM-like) 

domain (orange); putative mitochondrial targeting sequences (MTS) (green) and 

transmembrane domain (brown apart from Armcx4, 5 and GASPs. Nuclear localisation 

signal is found in Armcx1, 3 and 2, where the latter appears to have two (blue). All protein 

domain arrangements were obtained from the UniProt Knowledgebase/Swiss-Prot 

(UniProtKB/Swiss-Prot). B) Multiple protein sequence alignment of Armcx, Armc10 and 

GASP N-termini was generated by MUSCLE (Edgar, 2004). The alignment shows 

conserved transmembrane domain (Gx-x-x-G motif, brown box) in Armc10 Armcx1-3 and 

6. This motif is spanned by the MTS (yellow boxes) (R/KD/E/G----YR/K motif)) with black 

stars pointing at most conserved positively charged amino acids (R and K residues). They 

are conserved among all Armcx members except Armcx4, 5 and Armc10 teleosts. GASPs 

lack the conserved transmembrane motif and the positive amino acid residues found in 

the putative MTS of Armcx. The consensus of amino acid residues is displayed above the 

alignment, where the larger the amino acid code the most frequent residues at this 

position, hence the stronger the conservation among the sequences. 
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Moreover, we looked at the secondary structure of the MTS of Armcx1, 2, 3 

and 6. The secondary structure prediction server PSIPRED (McGuffin et al., 

2000) suggested formation of alpha helices in the N-termini of the Armcx 

members, which feature is described to be important for importing proteins 

through the mitochondrial membrane (Liu et al., 2011, Okatsu et al., 2015). 

 

Figure 3.4 N-termini secondary structure analysis of Armcx1, 2, 3 and 6 

sequences. N-termini secondary structure analysis of Armcx1, 2, 3 and 6 sequences. 

Secondary structure prediction of Armcx1, 2, 3 and 6 N-termini showed alpha helices 

formations within the MTSs; Green box was included to underline the putative MTS; 

The analysis was created by the PSIPRED server (McGuffin et al., 2000).  

3.4 ARMCX gene expression 

Subsequently, we looked into Armcx gene expression among tissues using 

the Genotype-Tissue Expression (GTEx) project, which comprises gene 
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expression data from 449 human donors across 42 distinct tissues 

(Consortium, 2018). 

Armcx gene family showed high expression levels from non-diseased tissues, 

particularly among tissues which are rich in epithelial cells such as ovary, 

breast, prostate, bladder etc (Figure 3.5). Moderate to strong expression levels 

are seen also in different parts of the brain, where Armcx6 showed the weakest 

expression among the family. Lowest expression levels of Armcx family are 

observed in the blood, liver, and skeletal muscle. Armcx3 expression showed 

ubiquitous expression among all tissues, except from the whole blood. In less 

extent Armc10 also showed constant expression levels with lowest expression 

in the blood. GASP1 and GASP2 expression appeared high in the brain, and 

epithelial-rich tissues, similarly to Armcx1, 2 and 3. However, GASP3 

(BHLHB9) revealed relatively low expression among tissues, similarly to 

Armcx6 (Figure 3.5). 

 

Figure 3.5 Matrix graph of the relative expression levels of Armcx genes in multiple 

normal tissues determined via GTEx portal. The expression levels are represented by blue 

colour where the greater the expression the stronger the shade colour. TPM (transcripts per 

million). 
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Furthermore, preliminary gene expression data from human fetal RPE cells 

differentiated in vitro indicated Armcx members to be important for RPE 

maturation in vitro. The Armcx/GASP and Arcm10 expression was analysed 

in a RNAseq data set provided by Dr Monte Radeke (UCSB). The dataset 

looks at 32 days long differentiation protocol of human fetal RPE cells in vitro 

(Figure 3.6). The dataset shows Armcx1, 2, 3 and 6 to be expressed at similar 

levels in day 3 post-differentiation RPE cells and with higher expression levels 

after 32 days differentiation in vitro. On the other hand, Armcx4 and Armcx5 

were expressed less at day 3 in comparison to the rest of the family and with 

nearly none to some increase in their expression after 32 days differentiation, 

respectively. This evidence further indicates Armcx4 and 5 to have diverse 

functions to the rest of Armcx family. Moreover, the ancestral gene of Armcx, 

Armc10 shows similar expression levels at day 3 to the rest of the family and 

displays higher expression after 32 days of differentiation. Notably, GASP1 

and GASP2 show strong expression in RPE and very sharp upregulation after 

32 days of differentiation of RPE cells. In contrast, GASP3 exhibits little 

expression levels prior and after in vitro differentiation (Figure 3.6). 
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Figure 3.6 Armcx expression profile in fetal RPE differentiation. RNA levels in human 

fetal RPE cells cultured in vitro. RNA expression was determined by RNAseq in non-

differentiated (Day 3, light blue column) and differentiated (Day 32, dark blue column). Raw 

data courtesy of Dr M. Radeke UCSB (unpublished data). RPKM – reads per kilobase of exon 

per million mapped reads. 

In addition, preliminary data provided by a previous master student (Yang, 

2013) showed that expression of Armcx members was upregulated during 

ARPE-19 differentiation in vitro. ARPE-19 were differentiated by growth in 

high-glucose DMEM/pyruvate medium for 1 week, 3 or 7 months, and mRNA 

expression levels of Armcx1-6 assessed by real-time qPCR. The results 
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showed an upregulation of the mRNA levels of all Armcx with increased culture 

time (Figure 3.7).     

 

Figure 3.7 Armcx expression profile in ARPE-19 differentiation. RT-qPCR analysis of 

Armcx levels in ARPE-19 cells; different lengths of cell line culture were tested – 1 week (1w), 

3 months (3m) and 7 months. Preliminary data from the master thesis of MingMin Yang (Yang, 

2013). 

Overall, the Armcx expression profile appears to be ubiquitous among 

epithelial rich tissues and also to be important for the maturation of an 

important epithelium cultured in vitro – the RPE. Among Armcx family, Armcx4 

and Armcx5 showed the least expression upon differentiation of fetal RPE cells 

suggesting their lack of importance in the process. As, in addition, Armcx4 and 

Armcx5 appeared to be evolutionary more related to the GASP family, and to 

lack the conserved MTS residues, hence we decided to exclude them from 

further analysis in this project.  
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3.5 Discussion  

In this chapter, we explored different bioinformatic approaches to understand 

better Armcx family evolution, and whether their existence is purely redundant, 

or different member(s) exhibit different functions.   

Our sequence analyses showed that Armcx4 and 5 are clearly different from 

the rest of the Armcx. In fact, they are more related to GASP family proteins 

than Armc10. The GASP family possesses highly conserved C-terminal and a 

15 amino acid motif amongst them. In contrast their N-termini are highly 

variable, and no membrane targeting sequences have been identified so far 

(Abu-Helo and Simonin, 2010). Accordingly, GASP proteins are mostly seen 

in cell cytoplasm and/or transported to the nucleus (Kiyama et al., 2006). In 

agreement, our analyses failed to show bona fide transmembrane domains in 

the N-termini of GASPs, Armcx4 or 5. Transmembrane domains normally 

consist of stretches of small hydrophobic amino acid residues, with an 

important presence of glycine residues, which is crucial for transmembrane 

alpha helix packing (Javadpour et al., 1999). GASPs, Armcx4 and 5 do not 

show the conserved glycine motif identified in the other Armcx and Armc10. 

Armcx5 contains aspartic acid where the glycine motif is seen in the rest of the 

Armcx as well as a proline residue. In fact, the presence of proline residues 

within hydrophobic stretches disfavour proteins to be arrested within 

membranes (Meier et al., 2005). Also, the presence of charged amino acids 

normally is seen to surround the hydrophobic TM sequence (Javadpour et al., 

1999). This also is true for the GASP members, which contains a high 

abundance of hydrophilic residues in this area. Hence, GASP family, Armcx5 
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and to a lesser degree Armcx4 lack TM domain, which clearly distinguishes 

them from the other Armcxs and Armc10. In addition, GASPs have previously 

been characterised with a 15-amino acid WFW-containing motif that was also 

identified in Armcx5 (Rangachari et al., 2011). This further suggests that 

Armcx5 may have a function closely related to GASPs receptor sorting. 

Moreover, the amino acids that indicated a conserved putative MTS in Armcx1, 

2, 3 and 6 were absent in Armcx4 and 5. In support to this, exogenous Armcx5 

expression showed strong cytosolic and nuclear subcellular localisation and a 

lack of mitochondrial co-localisation in ARPE-19 cells. Furthermore, GASP1 

and 2 transient and endogenous expressions have been found mainly in the 

cytoplasm and more rarely in the cell nucleus in vitro (Beausoleil et al., 2004, 

Bartlett et al., 2005).  

Overall, Armcxs exhibit strong homology with GASPs, however phylogenetic 

analysis combined with observations from sequence analysis indicates that 

Armcx4 and Armcx5 have diverged apart from Armc10 and Armcx1, 2, 3 and 

6.  

Armcx and Armc10 show wide distribution among tissues, except for Armcx6 

which is mainly expressed in pituitary gland and spleen as reported previously 

(Kusama et al., 2010). Moreover, the ubiquitous expression of Armcx 

members in epithelial rich tissues is not unexpected since this family was first 

described as tumour suppressors in cancer affecting the epithelium of different 

tissues (Kusama et al., 2010). Notably, the expression of Armcx1 and 2 are 

absent in cells from the blood, whereas Armcx3, 6 and Armc10 are expressed 

at low levels compared to their expression in other tissues. In agreement to 
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this, Armcxs were previously found to be absent in leukocytes (Kurochkin et 

al., 2001), further suggesting the importance of Armcx in cell with strong 

polarisation such as the epithelium.           

The development of primary cell cultures of human fetal RPE cells have shown 

to meet very closely the criteria of RPE characteristics in vivo (Maminishkis et 

al., 2006). Therefore, the observation of Armcx members being strongly 

upregulated in human fetal RPE cells cultured in vitro strongly indicates the 

importance of Armcx in mature RPE cells. Importantly, we have also seen 

similar pattern of increased mRNA levels of Armcx members in ARPE-19 cell 

line differentiated in vitro, which further supports the Armcx role in RPE cells. 

In particular, Armcx1, 2, 3 and 6 transcripts were strongly upregulated in 

human fetal RPE and the RPE cell line ARPE-19, whereas Armcx4 and 5 

mRNA levels were only increased in differentiated ARPE-19, but not in fetal 

RPE cells. Differences in results between ARPE-19 and fetal cells could be 

due to the longer differentiation time ARPE-19 were subjected to.  

Alternatively, this could reflect genuine differences in the gene expression 

patterns between ARPE-19 and fetal cells. Indeed, whilst ARPE-19 represents 

a much used alternative to native RPE cells, this cell line fails to replicate all 

functional characteristics and gene expression patterns of RPE in vivo 

(Samuel et al., 2017). However, despite their flaws, ARPE-19 stands out as a 

perfect use to analyse Armcx function in RPE further.  

Importantly, the heterogenous appearance of Armcx and their homologues in 

primates suggests that the presence of some members of Armcx family is 

sufficient to support the maturity of RPE and macula, the latter being 
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specifically seen only in primates. Notably, humans and macaques both 

possess genes that are found linked to AMD and other retinal diseases 

(Picaud et al., 2019), The lack of Armcx3 and Armcx1 in macaques (Macaca 

nemestrina) suggests that the function of Armcx is probably supported by 

either their ancestral ARMC10 or the other Armcx members. Nevertheless, as 

described above we need to account here that these datasets are not 

conclusive due to issues with genome annotation, and this can be surmounted 

only by manual scrolling though annotations and genome sequences.    

Furthermore, given the fact that Armcx4 and Armcx5 exhibit strong difference 

from the rest of the Armcx family, and they appear to be expressed differently 

in the human fetal RPE, this further indicates that these two members play 

different roles. Therefore, we decided to exclude Armcx4 and Armcx5 from 

further analysis in this project.
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Chapter 4 Results: ARMCX in RPE cells 

4.1 ARMCX1, 2, 3 and 6 are mitochondrial targeted proteins in 

RPE 

In the following chapter we focus on studying the connection between Armcx 

and RPE cells, a subject that has not been studied before. Moreover, we also 

aimed to select the Armcx members whose phenotypes were considered most 

promising in affecting RPE function and focus on observing their role in RPE 

in more depth. As covered in more detail in chapter 1, the loss of RPE layer 

due to mitochondrial dysfunction is considered to play a pivotal role in the 

pathophysiology of AMD (Barot et al., 2011). Functionally, Armcx members 

are described previously as mitochondrial associated proteins, therefore, we 

aimed to focus on mitochondria targeted Armcx and their detection in RPE. 

The selection was also based on the quality of commercially available 

antibodies against Armcx.  

There has been a strong urge for the development of in vitro cell culture 

models for RPE in the past decade, mainly due to the increased interest in 

RPE function and its role in multiple retinal disorders (Maminishkis et al., 

2006). The spontaneously arising human RPE cell line (ARPE-19) initially 

isolated from a 19 years old male donor has been frequently used as an RPE 

model (Dunn et al., 1996). Nevertheless, ARPE-19 can lack many 

morphological and developmental traits seen in native RPE cells, including 

pigmentation, polarity markers and low transepithelial resistance. Notably, the 
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use of cell substrates and special growth media can promote a more native 

RPE phenotype in ARPE-19 cells (Zhao et al., 1997, Lund et al., 2001, 

Ahmado et al., 2011, Hazim et al., 2019), allowing them to be widely used to 

study a variety of molecular and cellular mechanisms that determined 

important features of the RPE (Maminishkis et al., 2006, Hazim et al., 2019). 

In addition, the ARPE-19 cell line has been prioritised in research due to its 

easy access, manipulation, and low cost in contrast to other RPE cell models, 

which require more time and resources – e.g. RPE derived from embryonic 

and induced pluripotent stem cells (Hazim et al., 2019). However, it remains 

unknown how in vitro differentiation of RPE is regulated, thus additional 

research on RPE differentiation is required which would allow further usage of 

RPE cell lines and will benefit for RPE-cell based therapies. In respect to this, 

the preliminary data from human fetal RPE and ARPE-19 cell culture 

differentiated in vitro included in the previous chapter indicates some of the 

Armcx members to be of importance for the maturation of RPE cells. In 

addition, in 2004 Turowski et al reported on genes specifically expressed in 

basement membrane-differentiated ARPE-19 cells. This screen identified 

upregulation of a number of transcripts with a clear role in epithelial 

differentiation, but also of genes with a yet unknown role in RPE physiology. 

Within the latter group, Armcx6 stands out (Turowski et al., 2004). Therefore, 

in this project we decided to use ARPE-19 cell line to study Armcx roles in 

RPE function as they are easy to manipulate, economical to use and show to 

express Armcx when differentiated in vitro.   
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Since there is no data detailing the function of Armcx in RPE, we initially looked 

at the sub-cellular localisation of exogenous and endogenous Amrcx1, 2, 3 

and 6 in both non-differentiated and differentiated ARPE-19 cells. ARPE-19 

cells were differentiated by culture media- mediated differentiation as 

previously described (Ahmado et al., 2011), where cells were cultured for 20 

or more weeks supplemented with pyruvate and a low concentration serum-

containing medium (1% compared with 10% standard cell culture) to reduce 

growth factor-dependent cell division. At this point, cells were pigmented 

(Figure 2.) and this was visible by a naked eye. In sub-confluent or non-

differentiated cells, pigmentation was not observed. 

4.1.1 ARMCX1 gene encodes for a mitochondrial targeting 

protein in non-differentiated and differentiated ARPE-

19 

To study the sub-cellular localisation of the Armcx in RPE, ARPE-19 cells were 

transfected with pEGFP-N1-Armcx encoding full length Armcx fused at their 

C-terminus to EGFP (Figure 9.1 in Appendix). In accordance with the predicted 

protein domains in chapter 3, exogenous Armcx1 co-localised with 

mitochondria in non-differentiated and differentiated ARPE-19 cells, which 

was visualised by sub-cellular staining with MitoTracker (Figure 4.1). In some 

cells, there was nuclear staining occasionally seen in non-differentiated cells 

(data not shown).  

To validate the location of Armcx1 to the mitochondria, mutants of Armcx1-

GFP lacking the MTS were created via site-directed mutagenesis. Notably, 
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since the MTS and TM overlap, deletions of the MTS also affected the TM. 

Co-localisation with MitoTracker was abolished by expression of the N-

terminally truncated Armcx1 in both sub-confluent, non-differentiated and 

differentiated ARPE-19. Instead, Armcx1 mutant protein was detected in the 

nucleus and cytoplasm of non- differentiated and exclusively in the nucleus of 

differentiated cells. Moreover, the mutant Armcx1 also shows some 

membrane localisation in non-differentiated cells even though the TM is 

interrupted (Figure 4.1 A lower panel). Notably, expression of Armcx1 lacking 

the N-terminus/MTS resulted in a less condensed perinuclear mitochondrial 

network in contrast to non-transfected cells or Armcx1-WT expressing cells 

(Figure 4.1 A lower panel). 
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Figure 4.1 Armcx1 N-terminus is necessary for Armcx1 mitochondrial targeting in non-

differentiated and differentiated ARPE-19 (>20 weeks). A) Armcx1 co-localises with 

mitochondria in sub-confluent cells (upper panels); Armcx1 mutant lacking N-terminus with 

the MTS lost mitochondrial targeting signal (lower panels); cells were transfected with 1 μg 

Armcx1-GFP full length (green) 24 h prior methanol fixation; MitoTracker (red) represents a 

mitochondrial marker; Hoechst staining (blue) shows nuclei; Images were taken by a ZEISS 

LSM700 confocal microscopy 63x oil objective; scale bar = 10 μm  B) Armcx1 co-localises 

with mitochondria in differentiated cells (upper panels); Armcx1 mutant lacking N-terminus 

with the MTS lost mitochondrial targeting signal (lower panels); cells were transfected as 

described above; Images were taken by Zeiss Axioskop 2 63x oil objective. Scale bar = 10 

μm. Unfortunately, due to loss of all differentiated ARPE-19 during the Covid-19 pandemic, 

we were unable to repeat these experiments and take confocal images. 
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4.1.2 ARMCX2 gene encodes for a mitochondrial targeting 

protein in non-differentiated and differentiated ARPE-

19 

Like Armcx1, exogenously expressed Armcx2-GFP also co-localised with 

MitoTracker in both non-differentiated and differentiated APRE-19 cells. 

Functionally, Armcx2-GFP expression resulted in mitochondrial perinuclear 

aggregation (Figure 4.2, upper panels). In a similar way to Armcx1, we 

performed a deletion of the N-terminus of Armcx2 that included the MTS. 

Truncation of the N-terminus of Armcx2 abolished mitochondrial targeting of 

the protein in all ARPE-19 cultures, with the Armcx2 mutant instead localised 

to the nucleus and cytoplasm (Figure 4.2, lower panels). Notably, the 

expression of MTS-mutated Armcx2 failed to induce the mitochondrial 

aggregation seen with the Armcx1 mutant. Moreover, Armcx2 mutant protein 

also shows some membrane localisation in both non-differentiated and 

differentiated cells (Figure 4.2, lower panels). 
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Figure 4.2 Figure 4.2 Armcx2 N-terminus is necessary for Armcx2 mitochondrial 

targeting in non-differentiated and differentiated ARPE-19 (>20 weeks). A) Armcx2 co-

localises with mitochondria in sub-confluent cells and caused mitochondrial aggregation 

(yellow arrows; upper panels); Armcx2 mutant lacking N-terminus with the MTS lost 

mitochondrial targeting signal (lower panels); cells were transfected with 1 μg Armcx2-GFP 

full length (green) 24 h prior methanol fixation; MitoTracker (red) represents a mitochondrial 

marker; Hoechst staining (blue) shows nuclei; Images were taken by a ZEISS LSM700 

confocal microscopy 63x oil objective; scale bar = 10 μm. B) Armcx2 co-localises with 

mitochondria in differentiated cells and also results in aggregated mitochondria (yellow arrows; 

upper panels); Armcx2 mutant lacking N-terminus with the MTS lost mitochondrial targeting 

signal (lower panels); cells were transfected as described above; Images were taken by Zeiss 

Axioskop 2 63x oil objective. Scale bar = 10 μm. Unfortunately, due to loss of all differentiated 

ARPE-19 during the Covid-19 pandemic, we were unable to repeat these experiments and 

take confocal images. 
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4.1.3 ARMCX3 gene encodes for a mitochondrial targeting 

protein in non-differentiated and differentiated ARPE-

19 

Transfected Armcx3-GFP showed a heterogeneous distribution including 

mitochondrial, nuclear, and cytoplasmic in sub-confluent ARPE-19 cells, 

whereas in differentiated cells Armcx3 specifically associated with 

mitochondria (Figure 4.3, upper panels).  

Next, we examined the mitochondrial targeting of Armcx3 by truncating the 

putative MTS. Indeed, expression of the Armcx3 MTS mutant resulted in no 

mitochondrial association. Some mutant Armcx3 expressing, non-

differentiated cells showed less perinuclear distribution of mitochondria 

(Figure 4.3 A, yellow arrows, lower panel). Similarly, to Armcx1 and Armcx2, 

Armcx3 mutant proteins showed some membrane localisation, even though 

the TM is removed (Figure 4.3, lower panels). 
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Figure 4.3 Armcx3 N-terminus is necessary for Armcx3 mitochondrial targeting in non-

differentiated and differentiated ARPE-19 (>20 weeks). A) Armcx3 resulted in hetergenous 

co-localisation with mitochondria, nucleus and cytoplasm in non-differentiated cells (upper 

panel); Armcx3 mutant lacking N-terminus with the MTS lost mitochondrial targeting signal 

(lower panels); cells were transfected with 1 μg Armcx3-GFP full length (green) 24 h prior 

methanol fixation; MitoTracker (red) represents a mitochondrial marker; Hoechst staining 

(blue) shows nuclei. B) Armcx3 co-localises only with mitochondria in differentiated cells 

(upper panels); Armcx3 mutant lacking N-terminus with the MTS lost mitochondrial targeting 

signal (lower panels); cells were transfected as described above; all images were taken by 

Zeiss Axioskop 2 63x oil objective. Scale bar = 10 μm. The images for Armcx3 were not taken 

by confocal due to insufficient time to remake the experiments and subsequently take confocal 

images following the disruptions of Covid-19 pandemic. 
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4.1.4 ARMCX6 gene encodes for a mitochondrial targeting 

protein in non-differentiated and differentiated ARPE-

19 

Imaging Armcx6-GFP revealed nuclear and mitochondrial association in sub-

confluent cells and specific mitochondrial localisation in differentiated ARPE-

19 cells (Figure 4.4, upper panels). As with the other Armcx proteins, we 

verified Armcx6 mitochondrial targeting by mutating the N- terminus, which 

contains the putative MTS. Notably, once the N-terminus carrying the putative 

MTS was deleted in Armcx6-GFP, the protein was no longer associated with 

mitochondria. Instead, mutant Armcx6 was detected in the nucleus and 

cytoplasm (Figure 4.4, lower panels). In addition, the expression of Armcx6 

mutant protein caused less distributed perinuclear mitochondria than in control 

cells and/or in Armcx6-WT expressing cells. It is an interesting observation for 

Armcx6-WT and mutant being co-localised with the nucleus even though this 

protein seems not to possess an nuclear localisation signal (NLS). 

Comparably to the others Armcx tested, Armcx6 mutant protein was also see 

localised on the plasma membrane.  

We conclude that Armcx1-3 and 6 encode for mitochondrial associated 

proteins suggesting their regulation over mitochondrial function in RPE cells. 
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Figure 4.4 Armcx6 N-terminus is necessary for Armcx6 mitochondrial targeting in non-

differentiated and differentiated ARPE-19 (>20 weeks). A) Armcx6 resulted in nuclear and 

mitochondrial co-localisation in non-differentiated cells (upper panel); Armcx6 mutant lacking 

N-terminus with the MTS lost mitochondrial targeting signal (lower panels); cells were 

transfected with 1 μg Armcx6-GFP full length (green) 24 h prior methanol fixation; MitoTracker 

(red) represents a mitochondrial marker; Hoechst staining (blue) shows nuclei. B) Armcx6 co-

localises with mitochondria in differentiated cells (upper panels); Armcx6 mutant lacking N-

terminus with the MTS lost mitochondrial targeting signal (lower panels); cells were 

transfected as described above; all images were taken by Zeiss Axioskop 2 63x oil objective. 

Scale bar = 10 μm. The images for Armcx6 were not taken by confocal due to insufficient time 

to remake the experiments and subsequently take confocal images following the disruptions 

of Covid-19 pandemic. 
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4.2 Study of endogenous ARMCX in RPE cells 

4.2.1 ARMCX antibodies that recognise overexpressed 

ARMCX-GFP tagged proteins 

Specificity and sensitivity of commercially available antibodies for Armcx1, 2, 

3 and 6 (see Table 2.1) were screened in multiple ways.  

First, their ability to recognise exogenously expressed Armcx-GFP by indirect 

immunofluorescence in fixed proliferative, non-differentiated ARPE-19 was 

assessed. Following transfection of Armcx1, 2, 3 and 6-GFP plasmids, all 

antibodies tested strongly recognised the relevant GFP-tagged proteins in 

immunofluorescence (Figure 4.5). Antibody staining correlated completely 

with GFP, indicating that the antibodies showed reactivity to the Armcx they 

were raised against. Armcx1 antibody showed some staining in cells that 

lacked Armcx1-GFP expression, which indicates endogenous protein 

detection. Armcx2 and Armcx6 antibodies also showed some weak staining in 

cells that were not positive for Armcx2/6-GFP. Armcx3 antibody detected only 

the exogenous Armcx3-GFP and appeared not to stain any endogenous 

protein. 
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Figure 4.5 Commercial Amrcx antibodies recognise overexpressed Armcx-GFP tagged 

proteins. Non-differentiated ARPE-19 cells were transfected with 1 μg Armcx-GFP plasmids 

24 h prior methanol fixation. Subsequent indirect immunofluorescence was carried out using 

antibodies against Armcx1-3 and 6. Cells were mounted with mounting media containing 

Hoechst, which stains the nucleus (blue in the merge, right panels). Subsequently, cells were 

imaged with the Zeiss Axioskop 2, 63x oil objective and representative images shown. 

Fluorescence from Armcx-GFP constructs (green, left panels) and corresponding antibody 

labelling (red, central panels) showed strong colocalisation (yellow in the merge, right panels). 

Scale bar = 10 μm. 
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4.2.2 Detection of endogenous ARMCX in differentiated 

ARPE-19 

Next, antibodies were tested for their ability to detect endogenous Armcx1, 2, 

3 and 6. Since the expression levels of Armcx were higher in differentiated 

ARPE-19 (Figure 3.7), we used differentiated ARPE-19 to examine 

endogenous Armcx expression. ARPE-19 cells following >20 weeks of 

differentiation were stained with the various Armcx antibodies and 

counterstained with the mitochondrial marker MitoTracker. Anti-Armcx1 

antibody produced filamentous staining in the cytoplasm (Figure 4.6). Staining 

was strongest in the perinuclear areas. Most if not all of this staining co-

localised with mitochondria. Anti-Armcx2 antibodies produced cytoplasmic 

and nuclear staining. Some of the cytoplasmic staining was filamentous and 

co-localised with mitochondria. Anti-Armcx3 antibodies resulted in similar 

cytoplasmic staining, which partially co-localised with mitochondria, but no 

nuclear staining was observed. In turn, anti-Armcx6 antibody staining was very 

strong in the nuclei and no visible co-localisation with the mitochondrial 

marker. In addition, Armcx6 staining showed some possible tight junctions’ 

localisation, however this would need to be supported with a co-staining of a 

tight junction specific marker (Figure 4.6).      

Having tested exogenous and endogenous expressions of Armcx1, 2, 3 and 6 

over the mitochondrial network of ARPE-19, we decided to focus on Armcx1 

and Armcx2 for further analysis. They both showed mitochondrial association 

in differentiated ARPE-19. Armcx6 was excluded due to lack of endogenous 

mitochondrial staining and Armcx3 lacked clear overexpression phenotype 
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and is also the mostly studied member of Armcx family in the literature. On the 

other hand, exogenous Armcx2 showed a strong mitochondrial phenotype, 

which Armcx1 as its closest relative member did not exhibit, thus indicating 

different functions. Thus, for the remainder of this thesis, we aimed to study 

Armcx1 and 2 in more depth and their potential roles in regulating the 

mitochondrial network in ARPE-19. 
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Figure 4.6 Endogenous expression of Armcx in differentiated ARPE-19 (> 20 weeks). 

Differentiated ARPE-19 were fixed in methanol following indirect immunofluorescence with 

primary antibodies against Armcx1-3 and 6 (secondary antibody Alexa Fluor 488, green). Cells 

were mounted with mounting media containing Hoechst, which stains the nucleus. Each row 

shows a different antibody (Ab) staining, where the first image shows Ab staining, the middle 

– mitochondria (MitoTracker in red), and the last (right hand side) is merged images of Ab and 

MitoTracker including nuclear staining (Hoechst in blue). Armcx1 antibody showed strong co-

localisation with MitoTracker. Armcx2 and 3 also showed partial co-localisation with MitoTrack. 

Armcx 2 and 6 showed nuclear staining. Images were taken by Zeiss Axioskop 2 63x oil 

objective Scale bar = 10 μm. 
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4.3 Endogenous ARMCX1 and ARMCX2 are mitochondrial 

associated proteins in RPE 

4.3.1 ARMCX1 antibody validation by siRNA 

Armcx1 antibody specificity was validated by siRNAs. Four siRNA specific for 

unique Armcx1 sequences were transfected in ARPE-19 either individually or 

as a pool. When all four siRNA were transfected as a pool endogenous 

Armcx1 levels were strongly reduced 72 h post transfection in 

immunofluorescence and Western blot analysis (Figure 4.7 A, B). Here, we 

also tested individually the four siRNAs with the aim to distinguish different 

levels of the knockdown for further functional studies. One of the siRNA 

(siArmcx1.3) 72 h following transfection resulted in the strongest decrease of 

Armcx1 protein levels (Figure 4.7 C). 
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Figure 4.7 Armcx1 antibody validation by siRNA. A and B) Sub-confluent ARPE-19 cells 

were transfected with a pool of siRNA against Armcx1 (siArmcx1), or with a non-targeting 

control siRNA (siRNA control in A, siNT in B). A) 72 h after transfection, cells were fixed in 

methanol and stained via indirect immunofluorescence with primary antibody against Armcx1 

(green). Images were taken with a ZEISS LSM700 confocal microscope, using a 63x oil 

objective. Scale bar = 10 μm B) Cell lysates prepared 72h post-transfection were analysed by 

Western blot. Quantification of 2 independent experiments is shown below, with statistical 

significance established by unpaired t-test (***p=0.0007).  C) Sub-confluent ARPE-19 cells 

were transfected with four individual Armcx1-targeting siRNAs (siArmcx1 1-4) or a non-

targeting control siRNA (siNT). Armcx1 expression was analysed by Western blot of cell 

lysates prepared 72h post-transfection. Densitometry quantification is shown below and 

represents 3 independent experiments; ONE-way ANOVA with Bonferroni post hoc analysis 

(*p<0.05, ***p<0.001) was used to establish a statistical significance, with tubulin used as a 

loading control. 

4.3.2 ARMCX2 antibody validation by siRNA 

Armcx2 antibody specificity was also validated by siRNA. Two different 

Armcx2 antibodies were validated: one for immunofluorescence and one for 

Western blot analysis, as we were unable to find one that is universal. A pool 

of four siRNAs against Armcx2 was tested to silence the endogenous 

expression level of Armcx2 in ARPE-19 cells. Following 72 h of siArmcx2 pool 
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transfection, endogenous Armcx2 levels were significantly reduced when 

compared to the control in both immunofluorescence and Western blot 

analysis (Figure 4.8 A, B). In addition, individual siRNAs were also tested 

separately to evaluate different levels of the knockdown and normalised to the 

loading control β-actin which levels remained unaffected between samples 

treated with non-targeting siRNA and siArmcx2. siArmcx2.4 resulted in the 

strongest knockdown of Armcx2 protein levels. (Figure 4.8 C). In fact, it looks 

as if pool efficiency is nearly entirely due to siARMCX2.4. 
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Figure 4.8 Validation of Armcx2 antibody by siRNA. A and B) Sub-confluent ARPE-19 cells 

were transfected with a pool of siRNA against Armcx2 (siArmcx2) or with non-targeting control 

siRNA (siNT control); A) 72 h after transfection, cells were fixed in methanol and stained via 

indirect immunofluorescence with primary antibody against Armcx2 (secondary antibody 

Alexa Fluor 488, green). Images were taken by a ZEISS LSM700 confocal microscopy 63x oil 

objective. B) Cell lysates prepared 72 h post transfection were analysed by Western blot. 

Quantification of two independent experiments is shown below with statistical significance 

established by unpaired t-test (***p<0.001). C) Sub-confluent cells were transfected with four 

individual Armcx2-targeting siRNA (siArmcx2 1-4) or non-targeting control siRNA (siNT 

control); Armcx2 expression was analysed by Western blot of cell lysates prepared 72 h post-

transfection. Densitometry quantification is shown below and represents 3 independent 

experiments; ONE-way ANOVA with Bonferroni post hoc analysis (*p<0.05, ***p<0.001) was 

used to establish a statistical significance, with tubulin used as a loading control. 

4.3.3 Cellular localisation of ARMCX1 and ARCMX2 in RPE 

4.3.3.1 Endogenous ARMCX1 and ARMCX2 co-localise with 

mitochondria in non-differentiated and differentiated ARPE-19 

Using these fully validated antibodies, we then studied the expression of 

Armcx1 and Armcx2 in RPE. We showed that all endogenous Armcx1 was 

detected in association with mitochondria in both non-differentiated and 
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differentiated ARPE-19 by confocal microscopy (Figure 4.9). Endogenous 

Armcx2 similarly co-localised with mitochondria in non-differentiated and 

differentiated ARPE-19 cells (Figure 4.10).   Notably, endogenous Armcx2 

staining was also apparent in some of the cell’s nuclei and not always 

completely co-localised with mitochondrial marker Tom20. 

 

Figure 4.9 Endogenous Armcx1 co-localises with mitochondria in non-differentiated 

and differentiated ARPE-19 cells. Endogenous Armcx1 co-localisation was studied in non-

differentiated (upper panels) and differentiated (>20 weeks) cells (lower panels) via indirect 

immunofluorescence; cells were fixed in methanol and co-stained with primary antibody 

against Armcx1 (secondary antibody Alexa Fluor 555, red) and the mitochondrial marker 

Tom20 (secondary antibody Alexa 488, green); merge image includes Hoechst staining (blue) 

which labels the nucleus; Scale bar = 10 μm; images were taken by a ZEISS LSM700 confocal 

microscopy 63x oil objective. 
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Figure 4.10 Endogenous Armcx2 co-localises with mitochondria in non-differentiated 

and differentiated ARPE-19 cells. Armcx2 co-localises with mitochondria in non-

differentiated and differentiated ARPE-19 cells. Endogenous Armcx2 co-localisation was 

studied in non-differentiated (upper panels) and differentiated (>1 year) cells (lower panels) 

via indirect immunofluorescence; cells were fixed in methanol and co-stained with primary 

antibody against Armcx2 (secondary antibody Alexa Fluor 488, green) and the mitochondrial 

marker Tom20 (secondary antibody Alexa 555, red); merge image includes Hoechst staining 

(blue) which labels the nucleus; Scale bar = 10 μm; images were taken by a ZEISS LSM700 

confocal microscopy 63x oil objective. 

4.3.3.2 ARMCX1 and ARMCX2 localised with RPE65 marker in human 

control and AMD donor eyes 

Next, we analysed if Armcx1 and Armcx2 were expressed in RPE in situ. For 

this, we examined their localisation in the RPE layer in sections of post-mortem 

human eyes. Sections from control individuals as well as from patients with 

AMD were analysed by immunohistochemistry. The presence of Armcx1 

staining in RPE65-positive cells in both control and AMD sections (Figure 4.11) 
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indicates that Armcx1 is expressed in the RPE in vivo as well as in cultured 

RPE cell lines.  

Furthermore, strong staining of Armcx1 was also observed in the ganglionic 

cell layer (GCL) of the non-diseased human retinal sections suggesting that 

this protein may be important for this particular cell layer too (Figure 4.11 A). 
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Figure 4.11 Localisation of Armcx1 in Human retinal sections. Indirect 

immunofluorescence was performed on paraffin embedded retinal tissue of control (A) and 

AMD (B) diagnosed individuals; sections were co-stained with primary Armcx1 antibody 

(secondary Alexa 555, red) and RPE65 antibody (secondary Alexa 488, green) and cell nuclei 

were stained in blue shown on the merge images; the following layers are identified: ganglion 

cell layer (GCL), inner nuclear layer (INL), outer nuclear layer (ONL), outer/inner 

photoreceptor segment (ON/IS) two different magnifications were taken at 10x (upper panels) 

and 63x (lower panels) by a ZEISS LSM700 confocal microscopy; upper panels scale bar = 

100 μm, lower panels scale bar = 10 μm. 
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We also detected Armcx2 immunofluorescent staining in RPE65-positive cells 

in both control and AMD paraffin sections (Figure 4.12). In contrast to Armcx1, 

Armcx2 staining was specific to the RPE, with no staining observed in other 

cellular compartments in the retina. 
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Figure 4.12 Localisation of Armcx2 in Human retinal sections. Indirect 

immunofluorescence was performed on paraffin embedded retinal tissue from control (A) and 

AMD (B) diagnosed individuals; sections were co-stained with primary Armcx2 antibody 

(secondary Alexa 555, red) and RPE65 antibody (secondary Alexa 488, green) and cell nuclei 

were stained in blue shown on the merge images; the following layers are identified: ganglion 

cell layer (GCL), inner nuclear layer (INL), outer nuclear layer (ONL), outer/inner 

photoreceptor segment (ON/IS) two different magnifications were taken at 10x (upper panels) 

and 63x (lower panels) by a ZEISS LSM700 confocal microscopy; upper panels scale bar = 

100 μm, lower panels scale bar = 10 μm. 
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4.4 Discussion 

The Armcx family has been described as mitochondria-associated proteins in 

neurons (López-Doménech et al., 2012). Indeed, exogenous expression of 

Armcx1, 2, 3 and 6 in the ARPE-19 cells showed strong association with 

mitochondria. We fully validated the predicted Armcx MTS by N-terminal 

truncations of a conserved N-terminal region that included the MTS relevant 

basic amino acids (lysine and/or arginine) and was predicted to form alpha 

helices. Deletion of the putative MTS domain of Armcx proteins abolished 

mitochondrial targeting, with the mutant protein instead being distributed 

through the cytoplasm and nucleus.  

Exogenously expressed full length Armcx1 localised specifically to 

mitochondria in non-differentiated ARPE-19. Notably, all Armcx members 

except Armcx6 possess a NLS located downstream from the MTS. 

Occasionally, there were cells expressing Armcx1WT in the nucleus in addition 

to the mitochondrial localisation, which indicates a functional NLS, however it 

appears that the MTS is dominant. Furthermore, indeed, the appearance of 

the Armcx MTS mutants in the nucleus could be due to short translational 

product following the removal of the MTS, which possesses only the NLS. 

Nevertheless, Armcx MTS mutants have their TM domains interrupted by the 

N-termini deletion, they exhibited some plasma membrane localisation, 

suggesting Armcx proteins associate with TM proteins or the membrane in 

RPE cells. Importantly, this was not true only for Armcx1 MTS mutant 

expressed in differentiated cells where it revealed only nuclear localisation.    
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Exogenously expressed Armcx2 also co-localised with mitochondrial markers 

and caused mitochondrial aggregation in ARPE-19 cells, consistent with the 

mitochondrial aggregation shown to result from Armcx overexpression in 

neurons (López-Doménech et al., 2012). Notably, endogenous Armcx2 also 

showed strong nuclear alongside mitochondrial staining. However, this 

endogenous staining was never fully validated by siRNA in immunostaining 

analysis, whilst the same antibody delivered clear results in immunoblots. 

Subsequently, another Armcx2 antibody was validated for immunostaining 

analysis only.  

Full length Armcx3 expression in non-differentiated ARPE-19 showed multiple 

sub-cellular compartmentalisations. Notably, endogenously Armcx3 showed 

no nuclear staining in differentiated cells. However, this antibody was not 

validated by siRNA, thus cannot confirm its endogenous subcellular location. 

Importantly, Armcx3 has been previously shown to be located at different sub-

cellular sites in neurons (López-Doménech et al., 2012) and to interact with 

transcription factors (Mou et al., 2009) suggesting various biological functions. 

Alternative mRNA splicing could be the reason for differential localisation, 

where two or more translational products with the same function are produced, 

but with changes in the amino acid residues that result into different 

localisation targeting sequences (Yogev and Pines, 2011, Carrie and Whelan, 

2013, Bauer et al., 2015). However, differential splicing has not yet been 

explored for Armcx. Alternatively, maybe saturation of mitochondrial Armcx3 

had been reached following strong exogenous expression.  
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In our study we detected the expression of full length and mutant Armcx6 in 

the nucleus, despite the lack of a NLS, which suggests a potential recruitment 

of Armcx6 to the nucleus via another unknown mechanism. Moreover, 

endogenous Armcx6 also showed strong nuclear staining. One possible 

explanation of this “dual targeting” of Armcx6 could be due to a protein-protein 

interaction. It is well known that Arm repeats contribute to protein-protein 

interactions (see below), however no interactions of Armcx6 have been 

documented so far.  

All Armcx family members contain a C-terminal armadillo domain consisting of 

up to six repeats of a highly conserved 42-amino acid motif known to be 

important in protein- protein interactions (Hatzfeld, 1999, Mou et al., 2009). In 

2009 Mou et al have shown that Armcx3 binds Sox10 via its Arm repeats (Mou 

et al., 2009). Moreover, Armcx3 C-terminus which contains the arm repeats 

was shown to be responsible for the interaction of Armcx3 with Miro1 in 

mitochondria in a Ca2+ dependent manner. Therefore, the detection of 

exogenously expressed Armcx proteins in different parts of the cells could also 

be due to interactions with other sub-cellular proteins.  

All expressed Armcx-GFP constructs co-localised only with mitochondria in 

differentiated ARPE- 19, suggesting some importance for Armcx in the 

mitochondrial network of mature RPE. The mitochondria in differentiated 

APRE-19 appeared more elongated and dispersed than in non-differentiated 

cells. Dynamic changes of the mitochondrial shape have been reported during 

induced pluripotent stem cells reprogramming and differentiation. During 

reprogramming mitochondria appeared fragmented but become elongated in 
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the differentiated state (Seo et al., 2018). In this regards it is interesting that a 

previous study has shown that overexpression of Armcx3 stops the 

proliferation of progenitor neuronal cells and induces their differentiation (Mirra 

et al., 2016). Elsewhere, Armcx2 expression has been shown to play a role in 

the development of testicular cell differentiation (Smith et al., 2005). In respect 

to this, Armcx activity is regulated by non- canonical Wnt signalling (Serrat et 

al., 2013), which is also important for RPE maturation (Kim et al., 2015).  

Having expressed full length Armcx-GFP constructs and studied their 

mitochondrial association, we aimed to distinguish and focus on the members 

that showed the strongest mitochondrial phenotype in RPE. Armcx3 and 6 

showed heterogeneous localisation profiles in ARPE-19 and no strong 

mitochondrial phenotype, hence they were no longer investigated in this 

project. In contrast, we identified robust mitochondrial localisation for both 

over-expressed and endogenous Armcx1 and 2 that was dependent on their 

MTS. Importantly, Armcx1 and 2 localised to mitochondria in differentiated, as 

well as non-differentiated RPE, consistent with potential roles in regulating 

mitochondrial network in RPE. In agreement, Armcx1 and Armcx2 were found 

localised in the RPE layer of human retinal sections, further supporting a role 

of these proteins in this retinal layer.  

A mitochondrial clustering phenotype was associated with Armcx2 

overexpression. The role of Amcx1 and 2 in mitochondrial function is poorly 

understood, thus we aimed to further investigate this.  
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Furthermore, for the first time we showed Armcx1 and Armcx2 association with 

mitochondria in mature RPE cells. It must be noted here, due to loss of all 

highly differentiated ARPE-19 cell cultures during Covid-19 pandemic, we 

were unable to repeat, as well as to continue, some experiments that were 

initially planned to be done in mature RPE cells. 
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Chapter 5 Results: Effects of ARMCX1 and 

ARMCX2 knockdowns on 

mitochondria in RPE  

We rely on a limited knowledge about the function of Armcx proteins. Lopez-

Domenech et al have contributed to a better understanding of Armcx3 function, 

however their research was mainly restricted to neurones and did not look at 

potential functional differences of the other ARMCX family members. 

Moreover, another angle of research that has not been explored yet is whether 

Armcx have preserved their ancestral Armc10 function, or they evolved into 

new physiological roles. The function of Armc10 is described to be important 

for the neuronal development in the chicken spinal cord partially via inhibiting 

the canonical Wnt/b-catenin pathway, which is a major player in inducing 

proliferation of the dorsal spinal progenitor cells (Mirra et al., 2016). Moreover, 

Armc10 mRNA was found widely expressed in the nervous system during 

zebrafish early embryonic development (Liu et al., 2017). A recent study has 

found Armc10 to play a role in mitochondrial dynamics and to interact with and 

to be phosphorylated by AMPK, an important regulator of cellular energy 

homeostasis (Chen et al., 2019). In addition, Heo et al found in a large 

proteomic study that Armcx2, 3 and Armc10 form a cluster from a depolarized 

mitochondria-autophagosome synapse, which could suggest that they fulfil 

similar functions (Heo et al., 2019). Therefore, research thus far indicates a 

role for Armc10 in development of the nervous system and also to be 
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conserved in this aspect, and similarly to Armcx3 to be involved in 

mitochondrial dynamics and/or mitophagy in vitro.  

To this point, we showed Armcx1 and Armcx2 genes encode mitochondrial 

targeting proteins and their endogenous expression in ARPE-19 cells. Here, 

in this chapter we explored further the effects of Armcx1 and Armcx2 on 

mitochondria. In addition, we investigated whether the ancestral Armc10 from 

marsupial clade can rescue Armcx1 and Armcx2 functions.  

Exploring mitochondrial network and dynamics via fluorescence imaging has 

been widely used in research. Initially, quantification methods were only based 

on the appearance of mitochondria categorised as “fused”, “fragmented” and 

“intermediate” (Mitra et al., 2009). More recent approaches include software-

based analysis, which allow better assessment and quantitation of the 

dynamic mitochondrial network (Valente et al., 2017). However, some of these 

approaches require machine-learning practices and access to commercial 

software that are cost dependent. Among the open-source alternatives there 

are limitations based on the type of mitochondrial phenotype studied; for 

example, Mito-Morphology Image macro is designed to capture elliptical 

shapes only, however mitochondria exist also in elongated and tubular 

networks (Dagda et al., 2009); other applications such as MitoMap uses only 

three-dimensional datasets (Schneider et al., 2012), which are not always 

available. Recently, Valente et al developed the Mitochondrial Network 

Analysis tool (MiNa) adapted to the ImageJ platform and freely available for 

use online. MiNa is designed to distinguish both elongated/tubular and 

individual/fragmented mitochondria and quantify their numbers (Valente et al., 
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2017). Therefore, we used MiNa macro as an analytic tool to investigate the 

effect of Armcx1 and Armcx2 on the mitochondrial network in RPE cells.  

5.1 ARMCX1 and ARMCX2 have different effects on 

mitochondrial network  

5.1.1 ARMCX1 and ARMCX2 knockdown resulted in single, 

isolated mitochondrial network  

As shown in the previous chapter endogenous Armcx1 and Armcx2 were 

nearly exclusively localised to mitochondria in cultured ARPE-19 cells. 

Furthermore, ectopic expression of both genes as GFP fusions also induced 

morphological alterations of the mitochondrial network, which were particularly 

pronounced following expression of Armcx2-GFP. To investigate potential 

functions in maintaining a healthy and stable mitochondrial network, these 

were analysed following silencing of Armcx1 and Armcx2.   

In cells treated with non-targeting control siRNA mitochondria appeared 

mostly packed around the nucleus or if found at more peripheral areas, they 

resembled elongated tubular network (Figure 5.1, 5.2 upper panels). 

Interestingly, the mitochondrial network appeared less continuous and more 

fragmented in cells depleted of Armcx1 (Figure 5.1 lower panels). 
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Figure 5.1 The effect of Armcx1 knockdown on mitochondrial network in non-

differentiated ARPE-19. Non- differentiated ARPE-19 cells were transfected with a pools of 

non-targeting control siRNA (siRNA control – upper panels) or siRNA targeting Armcx1 

(siArmcx1 – lower panels); 72h after transfection, cells were stained with MitoTracker (red) for 

mitochondrial visualisation before methanol fixation; Armcx1 staining was by indirect 

immunofluorescence with primary antibody against Armcx1 (secondary antibody Alexa Fluor 

488, green); red boxes show zoomed areas for better visualisation. Images were taken by a 

ZEISS LSM700 confocal microscopy 63x oil objective; scale bar = 10 μm. 

Notably, only the cells that have completely lost Armcx1 showed this 

discontinuity of the mitochondrial network, whereas cells with some residual 

Armcx1 staining appeared to retain perinuclear mitochondria.  

Moreover, cells treated with siRNA against Armcx2 exhibited a strong 

mitochondrial phenotype, where mitochondria appeared rounded, as single 

mitochondria and lack the elongated network seen in control cells (Figure 5.2 

lower panels). However, in contrast to siArmcx1 phenotype, mitochondria 

appear more condensed and accompanied by a complete lack of filamentous 

characteristics within the cells. In addition, mitochondria in siArmcx2 
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transfected cells looked enlarged compared with those observed in Armcx1 

knockdown cells. 

 

Figure 5.2 The effect of Armcx2 knockdown on mitochondrial network in non-

differentiated ARPE-19. Non- differentiated ARPE-19 cells were transfected with pools of 

non-targeting control siRNA (siRNA control – upper panels) or of siRNA targeting Armcx2 

(siArmcx2 – lower panels); 72h after transfection, cells were stained with MitoTracker (red) for 

mitochondrial visualisation before methanol fixation; Armcx2 staining was by indirect 

immunofluorescence with primary antibody against Armcx2 (secondary antibody Alexa Fluor 

488, green); red boxes show zoomed areas for better visualisation. Images were taken by a 

ZEISS LSM700 confocal microscopy 63x oil objective; scale bar = 10 μm. 

Since Armcx1 and Armcx2 knockdowns exhibited two different mitochondrial 

phenotypes, this clearly indicated that they fulfil distinctive functions in ARPE-

19 cells. In accordance with these mitochondrial changes, we initially 

performed a more subjective quantification method by scoring cells based on 

a specific mitochondrial phenotype.  In this case we distinguished three types 

of mitochondria – small punctate mitochondria, more rounded and isolated and 

elongated/tubular (Figure 5.3). 
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The elongated mitochondrial network was observed mostly in the control cells 

and least detected in the Armcx2 knockdown cells. In cells treated with siRNA 

against Armcx1, mitochondria were mainly small and punctate resembling 

“beads-on-a-string” with very little elongated mitochondria. The large and 

round mitochondria were identified mainly in the cells transfected with siRNA 

against Arcmx2 (Figure 5.3). In the non-targeting control siRNA cells, we 

observed rarely small punctate and/or big and round mitochondria. 
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Figure 5.3 Quantification and graphical representation of the mitochondrial phenotypes 

induced upon Armcx1 and Armcx2 knockdowns. Cells were scored depending on the 

mitochondrial phenotype they have in control, siArmcx1 and siArmcx2 conditions. Between 

30-80 cells from two independent experiments were counted and the graph represents 

percentage of cells possessing specific mitochondrial phenotype (normal mitochondria, small 

punctate (“beads-on-a-string”-like) or big round mitochondria). 

Furthermore, we used a less subjective method of quantification of the 

mitochondrial phenotype caused by the lack of Armcx1 and Amrcx2 in APRE-

19 cells. According to the observed mitochondrial phenotype and the quality 

of images we have, we chose the MiNa macro toolset. In the knockdown 

treated cells, we analysed only those cells which clearly lacked endogenous 

staining and thus the silencing had worked.  Figure 5.4 shows the method of 

image processing and final morphological model prior quantitation analysis. 
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Image pre-processing steps are carried out to sharpen the quality of images 

and to subtract any noise that may present from the fluorescent labelling. 

 

Figure 5.4 Preparation for mitochondrial network feature analysis by ImageJ macro–

Mitochondrial Network Analysis (MiNA) toolset. In the MiNA workflow images from non-

targeting control siRNA (control siNT), siArmcx1 and siArmcx2 were pre-processed to improve 

quality before binarizing (not shown) and skeletonizing which is the final step before 

quantification; subsequently the descriptive parameters are calculated from the skeletonised 

image. The image preparation was strictly followed as described in Valente et al., 2017 

(Valente et al., 2017). MiNa is freely available at https://github.com/StuartLab. 

Following MiNa analysis, we observed an increase in the total, individual and 

mitochondrial networks in Armcx2 knockdown cells when compared to the 

control cells. There was not a significant change in the mitochondrial features 

of Armcx1 knockdown cells (Figure 5.5B). There was no change also in the 

mitochondrial branch length in cells lacking Armcx1, in contrast to Armcx2 

knockdown cells, where their length was decreased (Figure 5.5C). 

https://github.com/StuartLab
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Figure 5.5 Common mitochondrial network features recognised and analysed by MiNa. 

A) An example image with schematic representation of the types of mitochondrial features 

that the micro tool recognises – networks and individuals; Individuals are punctate (a single 

pixel in the skeletonized image), rods (unbranched features with two or more pixels), and 

round structures (which are reduced to rods or rarely as small networks); Networks are 

structures with at least a single node and three branches. The figure is adapted from Valente 

et al., 2017. B) Quantification analysis of the number (counts) of mitochondrial components 

(total, individual and networks) between control siRNA (noted with black circle), siArmcx1 

(noted with black squares) and siArmcx2 (noted with black triangle); 10 cells were analysed 

from each condition. C) Column graph representing quantification of the mean branch length 

(in μm) of mitochondrial structures in control siRNA, siArmcx1 and siArmcx2. 

Moreover, we looked closer at mitochondria and more particularly their length 

by conventional electron microscopy in cells lacking Armcx1 and Armcx2. We 

observed decreased mitochondrial lengths in cells treated with 

siArmcx1(Figure 5.6 siArmcx1), which was expected since we revealed more 

small punctate mitochondria in these cells by immunofluorescence analysis 

compared to the control cells. Consistent with our immunofluorescence-based 

observations, in Armcx2-depleted cells, mitochondria were less tubular and 

more rounded (Figure 5.6, siArmcx2). However, whereas mitochondria 
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appeared larger by immunofluorescent analysis in Armcx2 knockdown cells 

than those lacking Armcx1, by EM mitochondria in siArmcx2 measured slightly 

smaller (Figure 5.6 B). Overall, this could be due to the presence of more 

elongated mitochondria in Armcx1 knockdown cells than in Armcx2 

knockdown and/or incomplete knockdown in some siArmcx1 treated cells. 

 

Figure 5.6 Mitochondrial length in Armcx1 and Armcx2 knockdown. A) Electron 

microscopy micrograph of ARPE-19 cells treated with control siRNA (siNT), siArmcx1 or 

siArmcx2; arrow heads indicate small mitochondria; difference in the scale bar in siArmcx2 is 

due to images being taken at a higher magnification. B) Box plot show quantification of the 

mitochondrial length (μm) in control, siArmcx1 and siArmcx2; between 118 – 261 mitochondria 

were measured from 7 to 10 cells per condition; experiment is n=1; p values are indicated on 

the plot. 
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5.1.2 Mitochondrial mobility is affected differently by 

ARMCX1 and 2 knockdowns 

Mitochondria are dynamic organelles which travel to different sub-cellular 

locations to meet specific energy demands of the cell (Shen et al., 2018). Since 

we observed phenotypic changes in mitochondria upon silencing Armcx1 and 

Armcx2 in RPE cells, we next wanted to examine whether mitochondrial 

mobility was affected. To address this, we used live-cell imaging. Armcx1 and 

Armcx2 knockdown cells were transfected with mitochondrial-targeted DsRed 

plasmid and cells were recorded over a 10-min period (Figure 5.7). Individual 

mitochondria were tracked, and the overall velocity was calculated by using 

the Manual Tracking plugin for ImageJ. Mitochondrial movement was 

increased in cells lacking Armcx1 when compared to control cells. In support 

to this, previous data in our lab showed that Amrcx1 overexpression 

decreased mitochondrial motility in ARPE-19 cells (Figure 9.2 in Appendix). 

Interestingly, Armcx2 knockdown caused less mitochondrial mobility (Figure 

5.7), although previously Armcx2 overexpression had resulted in decreased 

movements (Figure 9.2 in Appendix). So far measurements have been 

conducted from a single experiment, thus further knockdowns are needed for 

firm conclusions. 



   

Page | 139  
 

 

Figure 5.7 Armcx1 and Armcx2 affect mitochondrial motility differently. A) Stills from 

time-lapse live cell fluorescent microscopy of ARPE-19 cells treated with non-targeting control 

siRNA (siNT), or siRNA targeting Armcx1 (siArmcx1) or Armcx2 (siArmcx2). 72 h after siRNA 

transfection, cells were co-transfected with 1 μg of MitoDsRed plasmid for mitochondrial 

visualisation in live cells; time lapse videos were taken after 24 h. Mitochondrial movements 

can be seen over time at 0 min, 5 min and 10 min in control, siArmcx1 and siArmcx2; scale 

bar = 10 μm; B) Box plot displays results from Manual Tracking plugin used to trace 

mitochondrial movements in time (overall velocity travelled expressed as μm per second). At 

least 3 mitochondria were counted per cell and overall cell count was between 15-30 per 

condition; n=1; p values are indicated on the plot. 
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5.2 Compensatory mechanism by marsupial ARMCX  

5.2.1 The rescue effects of marsupial ARMC10 over ARMCX1 

and ARMCX2 knockdown mitochondrial phenotypes 

Since we established such strong mitochondrial phenotypes when Armcx1 or 

Armcx2 were silenced, we were interested in revealing whether their ancestral 

gene marsupial Armc10 can rescue these phenotypes. This can indicate 

whether the Armc10 function is retained during evolution of the Armcx 

members in Eutheria or novel functions have emerged.  To study this, we 

expressed exogenously the full length of marsupial Armc10 fused to the C-

terminus of a EGFP carrying plasmid in Armcx1 and Armcx2 knockdown. 

Similarly, to Armcx-GFP, marsupial Armc10-GFP expression was found co-

localised to mitochondria in non-differentiated ARPE-19 cells (Figure 5.8 A). 

The ectopic expression of marsupial Armc10 appeared unable to rescue the 

“beads-on-a-string” mitochondrial phenotype caused by the lack of Armcx1 

based on the immunofluorescent analysis (Figure 5.8 B). In addition, MiNa 

analysis showed no significant differences among mitochondrial components 

between siArmcx1 treated cells and control siRNA expressing marsupial 

Armc10 (Figure 5.9), similarly to what we observed on the Armcx1 knockdown 

MiNa analysis (Figure 5.5). On the other hand, the exogenous expression of 

marsupial Armc10 in cells with reduced Armcx2 expression, did not exhibit the 

round and isolated mitochondria. In agreement to this, the numbers of 

individual and network mitochondria as well as the mean mitochondrial branch 

lengths were similar to the control based on MiNa analysis.  Unfortunately, due 

to insufficient images of these experiments we are unable to conclude the 
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presence or absence of rescuing effect by Armc10 of the mitochondrial 

phenotypes caused by siArmcx1 and siArmcx2. 
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Figure 5.8 The effect of exogenous marsupial ARMC10 expression in Armcx1 or 

Armcx2-depleted RPE cells. A) marsupial Armc10 co-localises with mitochondria in RPE 

cells. B) 72 h after siRNA transfection against Armcx1, cells were transfected with 1 μg of 

pEGFP-Armc10 marsupial plasmid; 24 h later cells were stained with MitoTracker (red) before 

methanol fixation; Armcx1 staining was done by indirect immunofluorescence with primary 

antibody against Armcx1 (secondary antibody Alexa Fluor 647, far red). C) similar steps were 

undertaken as in B), but siArmcx2 transfection and Armcx2 antibody staining were carried out 

instead. Images were taken by a ZEISS LSM700 confocal microscopy 63x oil objective; scale 

bar = 10 μm. 
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Therefore, marsupial Armc10 exhibit rescuing function over the knockdown 

effect of Armcx2 effect on mitochondrial morphology. However, further 

experiments and analysis are required in order to make firm conclusions. 

 

Figure 5.9 Quantification analysis of mitochondrial components by MiNa toolset. A) The 

number (counts) of mitochondrial components (total, individual and networks) between control 

siRNA (noted with black circle), siArmcx1 (noted with black squares) and siArmcx2 (noted with 

black triangle); 4 cells from siArmcx1 and 2 cells from siArmcx2 were analysed. B) Column 

graph representing quantification of the mean branch length (in μm) of mitochondrial 

structures in control siRNA, siArmcx1 and siArmcx2. 
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5.3 Discussion 

In this chapter we have firmly established that Armcx1 and Armcx2 are 

involved in the regulation of the mitochondrial network in RPE cells. Following 

Armcx1 knockdown we found on immunostaining analysis that mitochondria 

were more fragmented and exhibited a “beads-on-a-string” like-phenotype 

with less tubular network. This statement was supported with smaller 

mitochondria in length which were observed on the EM analysis in Armcx1 

depleted cells. Although, we were able to distinguish an objective difference in 

the mitochondrial phenotype (small punctate/”beads-on-a-string”) when 

Armcx1 is absent in RPE cells, MiNa analysis was unable to show differences 

in the mitochondrial components between control and knockdown cells. 

Notably, MiNa toolset has limitations which may apply in our analysis to some 

extent, such as, structures that are small and in very close proximity might be 

merged into a bigger structure (Valente et al., 2017). Indeed, in Armcx1 

knockdown cells, single mitochondria are located close to each other, based 

on the immunostaining analysis. Importantly, fragmented mitochondria have 

been widely associated with fluctuations in mitochondrial membrane potential 

and ROS production, processes that leads to mitochondrial fission and 

subsequent mitophagy (Lee and Yoon, 2014, Breckwoldt et al., 2014, Cho et 

al., 2017).   

Furthermore, Armcx1 knockdown led to increased mitochondrial movement, 

whereas overexpression resulted in decreased mitochondrial movements in 

cultured RPE cells. Previously, Armcx3 was found to interact with the 

Miro/Trak2 complex and to regulate mitochondrial trafficking in neurones 
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(López-Doménech et al., 2012), therefore, Armcx1 could also be involved in 

mitochondrial dynamics in RPE.   

As a result of Armcx2 knockdown in RPE cells, mitochondria appeared big, 

round, and isolated and with no longer elongated and tubular phenotype. In 

accordance, MiNa analysis showed a significant increase in the number of 

individual mitochondria and a decrease in their length, which supports the 

single and isolated mitochondrial phenotype observed on the immunostaining 

analysis. This was also supported by decreased mitochondrial length in 

Armcx2 depleted cells on EM analysis. In respect of mitochondrial mobility, the 

absence of Armcx2 resulted in less mobile mitochondrial when compared to 

the control cells. However, when overexpressed Armcx2 also led to a 

decrease in mitochondrial movements. Comparably to what we observe for 

Armcx2 in RPE cells, Armcx3 overexpression and downregulation showed 

reduced mitochondrial mobility in neurones and as discussed above, Armcx3 

interacts with the Miro/Trak2 complex (López-Doménech et al., 2012). The 

loss of function of Miro/Trak2 complex was previously associated with 

decreased mitochondrial movements (Saotome et al., 2008, Brickley and 

Stephenson, 2011). This confirms Armcx3 as an important assisting protein in 

the mitochondrial tethering complex and thus mitochondrial transport. Thus, 

Armcx2 may also be involved, similarly to Armcx3 in neurones, in a complex 

structure that support mitochondrial transport in RPE. In respect to 

overexpression findings, this indicates further the involvement of Armcx2 in 

mitochondrial mobility, presumably having a dominant negative effect on 

recruitment and/or regulation of other proteins. Another possible explanation 
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may involve the aggregation of mitochondria upon overexpressing Armcx2 

resulting in less mobile mitochondria. Moreover, Armcx2 was found to interact 

with vimentin (Goehler et al., 2004), an important cytoskeleton component that 

reduces mitochondrial motility (Sripathi et al., 2016). 

Moreover, Ca2+ concentration in mitochondria has been shown to be very 

important in the formation of the mitochondrial tethering complex. Studies in 

neurons show that low Ca2+ tend to increase mitochondrial mobility, whereas 

increased Ca2+ levels in mitochondrial matrix result in the arrest of 

mitochondrial transport (Chang et al., 2011, Zheng et al., 2019). Notably, 

Lopez-Domenech et al revealed that the interaction of Armcx3 with Mito/Trak2 

requires low Ca2+ concentration and the elevated Ca2+ resulted in reduced 

interaction (López-Doménech et al., 2012).  

Importantly, the large and round mitochondrial phenotype in Armcx2 

knockdown cells, was associated with swollen mitochondria following a 

treatment with an oxidative stress inducer that allows permeability transition 

pore opening and Ca2+ induced mitochondrial swelling (Leonard et al., 2015). 

The link between swollen mitochondria and increased Ca2+ levels would also 

agree with the decreased mitochondrial motility which is a result of elevated 

Ca2+ concentration as discussed above. Therefore, establishing major 

differences between Armcx1 and Armcx2 in mitochondrial network in RPE, we 

can assume that both proteins act via a different mechanism(s) and/or through 

Ca2+ concentration and/or via contacts with other assistant proteins with 

separate functions. In addition, here, in this project we looked into potential 

rescuing effect of the ancestral Armc10 from marsupial, the closest 
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mammalian clade lacking Armcx. Although, we are unable to make firm 

conclusions, it appears that Armcx1 and Armcx2 differ in respect to retaining 

Armc10 function. Armcx2 seems to have preserved Armc10 function through 

evolution, in contrast Armcx1 appears to have lost its ancestral function and/or 

gained a new one.      

Furthermore, the accumulation of mitochondrial Ca2+ and expected swelling 

as well as ROS production are found to act synergistically in the induction of 

cell death (Lemasters et al., 2009). Mitochondrial fragmentation is generally 

accepted as a stress response following which mitochondrial fission and/or 

mitophagy had occurred (Miyazono et al., 2018). Thus, this led us to next 

investigate whether Armcx1 and Armcx2 are involved in mitochondrial 

degradation in RPE cells. 
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Chapter 6 Results: Mitophagy regulation by 

ARMCX in RPE 

As discussed in more detail in chapter 1, mitophagy is a selective autophagic 

mechanism of eliminating aged and/or damaged mitochondria via specific 

selection and engulfment of mitochondria for subsequent lysosomal 

degradation (Hyttinen et al., 2018, Ma et al., 2020). Any failure to maintain 

functional mitochondrial turnover results in accumulation of dysfunction 

mitochondria which is linked to accelerated aging and aging-related diseases 

including AMD (Sridevi Gurubaran et al., 2020). Upon severe damage in 

mammalian cells, mitophagy is mediated via the PINK1-Parkin pathway, the 

most studied mitophagy related mechanism so far (Ma et al., 2020). There are 

toxic chemicals such as CCCP that are commonly used to trigger mitophagy. 

They are able to cross the inner mitochondrial membrane (IMM) and increase 

the proton permeability leading to disruption of the electron transport chain 

and thus impairment of oxidative phosphorylation. As a result, mitochondrial 

removal is prompted (Park et al., 2018). Nevertheless, proton ionophores are 

widely used, they embrace several limitations such as affecting the 

protonophoric activity of other membranous organelles – plasma membrane, 

lysosomes resulting into general cellular stress and eventually to cell death 

(Palikaras et al., 2018).   

In addition, antibiotics are also used to induce mitophagy. Antimycin A and 

oligomycin act via different mechanisms and are generally used in a 

combination to enhance mitochondrial damage. The former antibiotic blocks 
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parts of the respiratory chain complex promoting excessive generation of 

mitochondrial ROS. However, it is shown that antimycin A stabilises the 

mitochondrial membrane potential by activating the ATP synthase. Here, the 

usage of oligomycin becomes valuable as it selectively blocks the ATP 

synthase enzyme resulting in mitochondrial depolarisation and subsequent 

mitophagy initiation (Georgakopoulos et al., 2017, Palikaras et al., 2018, 

Killackey et al., 2020). Indeed, CCCP has been widely used to trigger Parkin-

dependent mitochondrial degradation. Briefly, the process involves PINK1 

stabilisation on the outer-mitochondrial membrane, which is degraded under 

normal conditions, and subsequently recruits Parkin form the cytosol to 

mitochondria. Located at mitochondria, Parkin then ubiquitinates several 

substrates which in turn initiates degradation of mitochondrial outer proteins 

and mitophagy (Ham et al., 2020). 

Furthermore, CCCP treatment was previously shown to be successful in 

inducing mitophagic flux in ARPE-19 cells (Devi et al., 2019). We therefore 

used CCCP-induced mitochondrial depolarisation as a mitophagy inducer in 

this project. 

Since, mitochondrial fragmentation and fission are described as a prerequisite 

for mitophagy (Pi et al., 2013, Li et al., 2018) next we wanted to determine 

whether Armcx1 and Armcx2 play a role in mitophagy in ARPE-19 cells. 
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6.1 ARMCX1 and ARMCX2 localisation during mitophagy in 

RPE 

6.1.1 ARMCX1 co-localises with mitochondria in non-

differentiated and differentiated ARPE-19 during CCCP 

treatment  

We first assessed the effect of mitochondrial degradation-inducing agent 

CCCP on the mitochondrial morphology in non-differentiated and 

differentiated ARPE-19. Simultaneously, we also investigated the endogenous 

Armcx1 sub-cellular co-localisation upon CCCP treatment in non-differentiated 

and differentiated ARPE-19. The outer mitochondrial membrane marker 

Tom20 was used to label mitochondria. Treatment of non-differentiated and 

differentiated ARPE-19 with CCCP resulted in increased mitochondrial 

fragmentation (Figure 6.1 A, B). Moreover, less mitochondrial staining was 

observed in non-differentiated and to a lesser extent in differentiated cells 

upon CCCP treatment. However, differentiated cells revealed stronger 

mitochondrial fragmentation following CCCP, than non-differentiated cell. 

Mitochondria in non-differentiated cells retained some of the perinuclear 

mitochondria, whereas in differentiated RPE cells, mitochondrial networks 

appeared completely destructed (Figure 6.1 A, B).  

In addition, we also investigated endogenous Armcx1 in response to CCCP 

treatment. Armcx1 remained associated with the mitochondrial outer 

membrane marker Tom20 in both non-differentiated and differentiated ARPE-

19 and mimicked Tom20 staining following CCCP treatment (Figure 6.1A, C). 
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Figure 6.1 Armcx1 remained associated with Tom20 even after inducing mitochondrial 

degradation in non-differentiated and differentiated ARPE-19. AREP-19 cells were 

treated with 20 μM CCCP or DMSO (control) for 24h prior to methanol fixation and dual 

immunostaining with Armcx1 (secondary Alexa Fluor 488) and Tom20 (secondary Alexa Fluor 

555) antibodies. Images were taken by a ZEISS LSM700 confocal microscopy 63x oil 

objective; merge images include Hoechst staining indicating the nucleus. A) Non-differentiated 

cells B) Cells differentiated for >20 weeks. Scale bar = 10 μm. 
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6.1.2 ARMCX2 co-localises partially with mitochondria in 

non-differentiated ARPE-19 during CCCP treatment  

Armcx2 remains associated with the mitochondrial marker Tom20 in non-

differentiated after treatment with CCCP (Figure 6.2). Reduced mitochondrial 

staining based on the Tom20 signal was observed following CCCP treatment. 

However, Arcmx2 staining appeared relatively unchanged. Notably, these 

observations are based on epifluorescence microscopy and need to be 

verified on a confocal microscopy. Unfortunately, we were unable to test 

Armcx2 expression in CCCP-treated differentiated ARPE-19 due to the fact 

that Armcx2 antibody validation was achieved at a later stage than Armcx1 

and then a further obstacle was the subsequent loss of cells that had been 

differentiated for >20 weeks during the Covid-19 pandemic.      

Overall, these results indicate that Armcx1 and Armcx2 are attached to 

fragmented mitochondria during CCCP treatment. 
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Figure 6.2 Armcx2 remained associated with Tom20 even after inducing mitochondrial 

degradation in non-differentiated ARPE-19. Non-differentiated ARPE-19 cells were treated 

with 20 μM CCCP or DMSO (control) for 24h prior methanol fixation and dual immunostaining 

with Armcx2 (secondary Alexa Fluor 488) and Tom20 (secondary Alexa Fluor 555) antibodies. 

Images were taken by a Zeiss Axioskop 2 63x oil objective; merge images include Hoechst 

staining indicating the nucleus; scale bar = 10 μm 

6.2 ARMCX1 and ARMCX2 effects on Parkin activity upon 

mitophagy induction 

6.2.1 CCCP treatment induces recruitment of Parkin to 

mitochondria in RPE cells  

Next, we wanted to analyse mitophagy more directly in ARPE-19 cells by 

tracking exogenously expressed Parkin. First, we assessed mitophagy by 

expressing mCherry-Parkin and detecting its activation (its recruitment to 

mitochondria) upon CCCP treatment in ARPE-19 cells. We tested two different 

time points 3 and 6 h of CCCP treatment with the aim to establish moderate 

mitochondrial degradation, so that both weakening and exacerbation could be 

distinguished following manipulation of Armcx1 and Armcx2. In control cells, 
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Parkin signal was diffuse and distributed across the entire cytoplasm. Upon 

mitochondrial depolarization with CCCP treatment, Parkin translocated to the 

mitochondrial membrane as identified by co-localisation with the mitochondrial 

marker Tom20. High resolution images using a confocal microscope are 

required for better analysis of the results.  

Parkin puncta represent mitochondria tagged for removal. Thus, their 

quantification can be used as a direct measure for mitophagy (Thai et al., 

2019). There was a significant increase of Parkin puncta formation following 3 

and 6 h of CCCP treatment as expected (Figure 6.3). We decided to work with 

a 3 h CCCP incubation for further experiments due to the clear Parkin 

activation and moderate mitochondrial degradation.  
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Figure 6.3 MCherry-Parkin activation following CCCP treatment in ARPE-19 cells. A) 

ARPE-19 cells were transfected with 1 μg of mChery-Parkin 24 h prior treatment with DMSO 

or 20 μM CCCP for 3 or 6 h. Following the treatment, cells were fixed in methanol and 

subsequently indirect immunostaining was carried out with Tom20 (secondary Alexa Fluor 

488) antibody; images were taken by a Zeiss Axioskop 2 63x oil objective; merge images do 

not include nuclear staining; Scale bar = 10 μm. B) mChery-Parkin puncta were quantified 

from 15 cells in 1 experiment; p values are presented on the plot. 
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6.2.2 The effect of ARMCX1 or ARMCX2 knockdown on 

Parkin activation in CCCP-treated cells 

In order to investigate whether Armcx1/2 are involved in Parkin-dependent 

CCCP-induced mitophagy, parkin puncta formation was quantified in 

Armcx1/Armcx2 knockdown cells.  

Similarly, to the above experiment, we investigated mitophagy by expressing 

mCherry-Parkin and observing its translocation from cytoplasm to 

mitochondria following 3 h of CCCP treatment in cells lacking Armcx1/Armcx2. 

Quantification of mCherry-Parkin translocation and thus parkin activation was 

performed by counting manually the parkin puncta and the overall number 

from each cell was plotted on a scatter dot plot (Figure 6.4 B, Figure 6.5 B).   

Armcx1 knockdown on its own did not induce Parkin activation in the control 

(DMSO) treatment based on the lack of Parkin puncta and their co-localisation 

with mitochondria, the latter being identified with the Tom20 marker (Figure 

6.4). However, once mitophagy was induced by CCCP treatment, we 

established an increase Parkin activation in Armcx1 knockdown cells. In 

addition, we observed a strong aggregated mitochondrial phenotype in some 

cells, as determined by Tom20 staining (Figure 6.4 A yellow arrow). 

Comparably, Armcx2 knockdown did not induce mitochondrial removal in the 

control DMSO treated cells (Figure 6.5 A). Moreover, even following 

mitochondrial depolarization with CCCP, Parkin puncta numbers were not 

increased in cells lacking Armcx2 (Figure 6.5 B).  
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Overall, lack of Armcx1 enhanced drug induced but not baseline mitophagy. 

In contrast, Armcx2 knockdown did not significantly increase Parkin activation, 

indicating different functions for Armcx1 and Armcx2 in Parkin-dependent 

mitophagy. 
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Figure 6.4 Armcx1 knockdown effect on Parkin activation upon CCCP treatment in 

ARPE-19 cells. A) cells were transfected with a pool of non-targeting siRNA (siNT) or siRNA 

targeting Armcx1 (siArmcx1) 72h prior to transfection with 1 μg of mChery-Parkin. 24 h later 

cells were treated with 20 μM CCCP or DMSO (control) for 3 h, fixed in methanol and 

immunostained with Armcx1 (secondary Alexa Fluor 488) and Tom20 (secondary Alexa Fluor 

647) antibodies. Images were taken with a Zeiss Axioskop 2 63x oil objective; merge images 

include Hoechst staining indicating the nucleus; Scale bar = 10 μm. B) mChery-Parkin puncta 

were quantified from 8-12 cells in 1 experiment; p values are presented on the plot.  
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Figure 6.5 Armcx2 knockdown effect on Parkin activation upon CCCP treatment. A) 

cells were transfected with non-targeting siRNA (siNT) or siRNA targeting Armcx2 (siArmcx2) 

72h prior to transfection with 1 μg of mChery-Parkin. 24 h later cells were treated with 20 μM 

CCCP or DMSO (control) for 3 h, fixed in methanol and immunostained with Armcx2 

(secondary Alexa Fluor 488) and Tom20 (secondary Alexa Fluor 647) antibodies. Images 

were taken with a Zeiss Axioskop 2 63x oil objective; merge images include Hoechst staining 

indicating the nucleus; Scale bar = 10 μm. B) mChery-Parkin puncta were quantified from 5-

14 cells in 1 experiment; p values are presented on the plot. 
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6.2.3 The effect of exogenous expression of ARMCX1, 2 or 

marsupial Armc10 on Parkin activation in CCCP-

treated cells 

To further assess the role of Armcx1/Armcx2 in Parkin activation upon CCCP-

induced mitochondrial degradation, plasmid constructs carrying 

Armcx1/Armcx2 or marsupial Armc10 were co-transfected with mCherry-

Parkin. We also included marsupial Armc10 in this experiment to further 

observe whether Armcx1 and Armcx2 have retained the function in Parkin 

activation from their ancestor.  

The ectopic expression of Armcx1 and Armcx2, as well as marsupial Armc10 

did not induce Parkin activation in control (DMSO) treated cells (Figure 6.6 A, 

B). Following CCCP treatment, Parkin activation was increased in non-

transfected, Armcx1 and Armcx2-overexpressed cells compared to the control 

(DMSO) cells. Moreover, overexpression of all Armcx tested led to a decrease 

in CCCP-induced Parkin activation, with Armcx1 reducing only weakly and 

Armcx2 more strongly. In contrast, Armc10 expression blocked it altogether. 

Armcx1 overexpression resulted in a different number of Parkin puncta 

formation with some cells exhibiting more condensed Parkin signal. However, 

there were cells with overexpressed Armcx2 that lacked Parkin activation upon 

CCCP treatment.  

Overall, Armcx1 knockdown increased Parkin activation, whereas Armcx1 

overexpression reduced it, clearly indicating a role of Armcx1 in Parkin 

dependent mitophagy in RPE cells. Although, Armcx2 knockdown did not 
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change the number of Parkin puncta formation, Armcx2 ectopic expression 

decreased Parkin activation in RPE cells, also suggesting an important role in 

this process. Furthermore, marsupial Armc10 appeared to halt completely 

Parkin activation upon CCCP treatment, suggesting that Armcx1 and Armcx2 

may have lost some ancestral function and/or instead gained new functions. 
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Figure 6.6 The effect of exogenous Armcx and marsupial Armc10 expression over 

Parkin activation in CCCP treatment. A) ARPE-19 cells were co-transfected with 0.1 μg of 

mChery-Parkin and 0.9 μg of Armcx/Armc10 24 h prior CCCP or DMSO (control) treatment 

for 3 h. Cells were subsequently fixed in methanol and imaged with a Zeiss Axioskop 2 63x 

oil objective; merge images include Hoechst staining indicating the nucleus; Scale bar = 10 

μm. B) mChery-Parkin puncta were quantified from 11-15 cells in 1 experiment; p values are 

presented as *p<0.05, **p<0.01, ***p<0.001. 
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6.3 ARMCX1 and ARMCX2 affect differently endogenous 

LAMP2, an important regulator of autophagy  

Having investigated whether Armcx1/Armcx2 are involved in the Parkin 

activation process, we also wondered whether they play a role in later stages 

of mitochondrial degradation, such as the final lysosomal digestion stage. We 

investigated the regulation of the lysosomal membrane-associated protein 2 

(Lamp2), an important component of the lysosomal membranes and regulator 

of autophagy (Cui et al., 2020) following Armcx1 and Armcx2 knockdown and 

overexpression.   

Interestingly, when we knocked down Armcx1, endogenous Lamp2 protein 

levels were significantly increased based on Western blot analysis (Figure 6.7 

A). Subsequently, we looked into whether Armcx2 and marsupial Armc10 

could rescue effects of Armcx1 depletion on Lamp2 expression. Exogenous 

Armcx2 was able to return Lamp2 to its basal levels in the Armcx1 knockdown 

cells, but Lamp2 levels remained increased following expression of marsupial 

Armc10 (Figure 6.7 B). 

In contrast, endogenous Lamp2 was significantly downregulated in Armcx2 

knockdown by Western blot analysis. Exogenous Armcx1 expression was 

unable to rescue Lamp2 phenotype and instead Lamp2 remained significantly 

reduced when compared to the control lane (Figure 6.7 C).  Notably, marsupial 

Armc10 expression efficiently restored Lamp2 levels in Armcx2-silenced cells 

(Figure 6.7 C). Moreover, we also investigated Lamp2 levels upon Armcx1, 

Armcx2 and marsupial Armc10 exogenous expression. Endogenous Lamp2 
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expression was significantly reduced when exogenous Armcx1, Armcx2 and 

Armc10 were present (Figure 6.7 D).  

Overall, we revealed another function of Armcx1 and Armcx2 where they 

appear to show diversity. Overexpression of either protein resulted in an 

apparent reduction in Lamp2 protein. However, whereas Lamp2 was 

increased in Armcx1-depleted cells, loss of Armcx2 reduced Lamp2, 

suggesting different functions in the regulation of Lamp2 expression, an 

important factor in the degradative capacity of the lysosome and therefore 

degradation of damaged cellular organelles. 
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Figure 6.7 Endogenous Lamp2 expression affected differently by Armcx1 and Armcx2. 

Sub-confluent ARPE-19 cells were transfected with a pool of non-targeting siRNA (siNT) or 

siRNA targeting Armcx1 (A and B) or Amrcx2 (C). 72 h post-transfection cells were transfected 

with 1 μg of Armcx1/Armcx2 or Armc10-GFP plasmids (B and C) and on the following day cell 

lysates were prepared and analysed by Western blot. D) ARPE-19 cells were transfected with 

1 μg of empty GFP plasmid/Armcx1/Armcx2 or Armc10-GFP plasmids and 24 h later cell 

lysates were prepared and analysed by Western blot. Densitometry quantifications of 2 

independent experiments are shown below each blot, with statistical significance established 

by unpaired t-test (***p<0.001; **p<0.01; *p<0.05; ns – non-significant). 

6.4 Discussion 

Armcx1 strongly co-localised with mitochondria in both non-differentiated and 

differentiated ARPE-19 upon the induction of mitochondrial degradation using 

CCCP treatment. CCCP treatment is reported to reduce the number of 

mitochondria (Wang and Klionsky, 2011, Zilocchi et al., 2018). As expected, 

mitochondrial staining with Tom20 was decreased in non-differentiated ARPE-

19 cells following treatment with CCCP. However, this should be supported 

with protein levels of mitochondrial markers on Western blot analysis. In 

contrast, mitochondrial staining was not reduced in differentiated ARPE-19 
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cells following CCCP treatment suggesting that differentiated cells might take 

longer to fully eliminate damaged mitochondria than non-differentiated cells, 

which would cause accumulation of dysfunctional mitochondria. In addition, 

mitochondrial fragmentation appeared more severe in differentiated ARPE-19. 

As seen in other post-mitotic cell types, this could be due to differentiated cells 

being more susceptible to mitochondrial damage having higher energy 

demands (Doxaki and Palikaras, 2020).  

As postmitotic cells, differentiated RPE cells are well known to accumulate 

waste materials such as lipids and oxidized proteins as a result of their 

prolonged life span and higher energy demand. In contrast, frequently 

proliferating non-differentiated cells with short life span do not accumulate 

large amounts of waste products, likely due in part to dilution during cell 

division, and therefore can easily degrade damaged cellular products (Terman 

et al., 2010). Therefore, RPE cells need mechanisms in place to efficiently 

process damaged particles, which would otherwise delay and/or prevent the 

process of degradation and removal (Brown et al., 2019). With age, some 

material seems to escape clearance mechanisms and aged RPE cells were 

found to be more susceptible to oxidate stress, with reduced mitophagy and 

accumulation of damaged mitochondrial DNA (Diot et al., 2016, Gouras et al., 

2016).    

Although better quality imaging is required to make conclusions, while the 

mitochondrial Tom20 marker was reduced upon mitophagy induction, no 

decrease in Armcx2 staining was observed. Armcx2 was identified as an outer 

mitochondrial membrane protein in a wide proximity proteomic study in HeLa 
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cells (Heo et al., 2019). Moreover, immunogold-EM images of Armcx3 

overexpressed in HEK293 cells, suggest that its localisation is restricted to the 

outer mitochondrial membrane and specifically to areas in close contact to 

other organelles (López-Doménech et al., 2012). This is in line with emerging 

evidence that shows a multi-organelle relationship between mitochondria, 

lysosomes and ER that governs mitochondrial dynamics (Friedman et al., 

2011, Wong et al., 2018, Sugiura et al., 2014).  

Our data suggests that Armcx1 and Armcx2 expression can affect Parkin-

dependent mitophagy following mitochondrial depolarisation in RPE cells. We 

uncovered a role for Armcx proteins in the regulation of Parkin activation and 

recruitment to puncta at mitochondria. Armcx1 depletion/overexpression 

increased/reduced Parkin puncta respectively in mitophagy-induced cells, 

indicating a regulatory role for Armcx1 in Parkin-mediated mitochondrial 

degradation.  Ectopic expression of Armcx2 similarly reduced or even 

abolished Parkin activation in some cells.  This could, however, be due to loss 

of mitochondria in these cells resulting from a combination of the severe 

mitochondrial aggregation phenotype observed with Armcx2 overexpression, 

in addition to effects of CCCP treatment. Further experiments including Tom20 

staining are needed in order to draw any conclusions. In contrast to Armcx1 

however, when Armcx2 was silenced Parkin puncta number did not change 

upon CCCP treatment, suggesting that although overexpressed protein can, 

to some extent, arrest Parkin activation upon CCCP treatment, endogenous 

Armcx2 may not play an regulatory role in mitophagy, but further experiments 

and higher cell numbers are needed to make a firm conclusion. Importantly, 
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the ectopic expression of marsupial Armc10 completely blocked Parkin 

activation following mitophagy induction, suggesting an important function for 

Armc10 in Parkin translocation from the cytoplasm to mitochondria. The first 

indication that Armcx/Armc10 might be involved in the process of Parkin-

dependent mitochondrial degradation came from a large proteomic study in 

HeLa cells that identified human Armc10, Armcx2 and Armcx3 as Parkin 

substrates (Heo et al., 2019). Here, our data provides further evidence that 

Armcx members and their ancestor Armc10 from marsupial species are 

involved with the Parkin-dependent mitophagy mechanism. However, the 

exact mechanism(s) through which Armcx/Armc10 might regulate Parkin-

dependent mitophagy is still at its very early stage of understanding.  

In this chapter functional diversities between Armcx1 and Armcx2 continue to 

emerge, also in respect to whether they are a result of divergent evolution 

towards additional functions of their ancestral Armc10 or they have been 

divided into distinct descendant proteins. We have uncovered a novel role for 

Armcx proteins in the late lysosomal degradation pathways. As mentioned 

above, Armcx2, Armcx3 and Armc10 have recently been linked to Parkin-

dependent mitophagy (Heo et al., 2019). Depletion of Armcx1 enhanced the 

expression of Lamp2, whereas Armcx2 knockdown suppressed the lysosomal 

membrane protein in ARPE-19 cells. The overexpression of Armcx1 resulted 

in a decrease Lamp2 expression, suggesting Armcx1 as an important 

regulator of this lysosome-associated protein. Importantly, exogenous 

expression of Armcx2 in Armcx1 depleted cells, rescued Lamp2 upregulation, 

suggesting that Armcx2 share similar function with Armcx1 over the regulation 
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of Lamp2. However, whereas Armcx1 depletion increased both Parkin puncta 

and Lamp2 protein, this was not the case when Armcx2 was depleted. Indeed, 

Lamp2 was reduced in cells lacking Armcx2, suggesting that if anything, 

endogenous Armcx2 may have an opposing effect from Armcx1. Consistent 

with divergent functions, ectopic Armcx1 was unable to rescue Lamp2 

decrease, indicating that Armcx1 have either lost a function that Armcx2 

possesses or Armcx2 have acquired a new one. Moreover, since no effect was 

observed on Parkin puncta formation in Armcx2-depleted cells, it is possible 

that Armcx2 is involved in a Parkin-independent mechanism of Lamp2 

regulation, possibly by acting as a dominant negative and/or deregulating 

other interacting molecules. Similarly, marsupial Arcm10 expression produced 

comparable response to Armcx2 overexpression, consistent with a similar 

function for Armcx2 to that of its ancestor. Lamp2 plays important roles in 

lysosomal function and autophagy and interestingly, Lamp2 deficiency was 

found to accelerate RPE dysfunction and the accumulation of extracellular 

deposits that are a hallmark of AMD (Notomi et al., 2019).   

Functionally, this data supports the evolutionary analysis indicating that Armcx 

are paralogues that occurred after a duplication event of their ancestral gene 

Arcm10, exhibiting different sequence compositions and functions. 
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Chapter 7 General Discussion and Future 

Perspectives 

7.1 Molecular functions of ARMCX1 and ARMCX2 

Among Armcx family members, Armcx3 is the most widely studied one. 

Armcx3 has been found to localise to the outer mitochondrial membrane in 

mouse neurons and to interact with and mediate the transport of Sox10 

transcription factor from the nucleus to the mitochondria (Mou et al., 2009).  

Armcx3 also causes mitochondrial aggregation and affects mitochondrial 

dynamics and trafficking via interaction with the Kinesin/Miro/Trak2 complex 

in hippocampal neurons (López-Doménech et al., 2012). These findings are in 

line with observations that Armadillo domains are involved in regulating 

vesicular traffic between the ER and Golgi apparatus (An et al., 2009), strongly 

suggesting that Armcx family are involved in sub-cellular organelle trafficking 

mechanisms.  

In our study we showed strong association of both exogenously expressed 

and endogenous Armcx1 and Armcx2 with mitochondria in ARPE-19 cells. As 

has previously been shown for Armcx3, we also observed a mitochondrial 

aggregation in response to Armcx2 overexpression. Moreover, both Armcx1 

and Armcx2 knockdown resulted in fragmented mitochondria and affected 

mitochondrial mobility in ARPE-19 cells. Since Armcx3 interacts with 

Miro/Trak2 proteins, which, in complex with kinesin mediate mitochondrial 

traffic, Armcx1 and Armcx2 may also be involved in modulating mitochondrial 
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dynamics in ARPE-19 cells through interaction with the Miro-1/Trak2 complex. 

However, Armcx3-mediated mitochondrial aggregation was independent of 

Miro1, but a similar mitochondrial aggregation phenotype has been observed 

following overexpression of Mitofusin-1 (Mfn1), an important mediator of 

mitochondrial fusion (Santel and Fuller, 2001), suggesting that Armcx proteins 

may act through Mfn1 to mediated mitochondrial aggregation.  It would be 

interesting to evaluate both of these potential interactions via co-

immunoprecipitation analysis. Continuous coordinated fusion and fission 

events form a highly dynamic mitochondrial network that is important for 

maintaining mitochondrial abundance, quality and function. Effects on the 

mitochondrial fission machinery could also explain the influence of Armcx1 and 

Armcx2 on the mitochondrial network. Dynamin-related protein (Drp-1) is a 

major regulator of mitochondrial fission (Tian et al., 2018). It has been shown 

that Cyclin C interacts with and increases the activity of Drp-1, thus resulting 

in mitochondrial hyperfission network (Ganesan et al., 2019). Furthermore, 

phosphorylation of Drp-1 by AMPK results in mitochondrial fragmentation via 

Drp-1 recruitment (Toyama et al., 2016). Importantly, Armc10 was shown to 

be phosphorylated by AMPK and involved in regulating mitochondrial 

dynamics in HEK293 cells (Chen et al., 2019). Therefore, it would be 

interesting to see whether there is a regulatory effect of Armcx1/2 on Drp-1 

function. In addition, since Armcx1 and Armcx2 appear to affect mitochondrial 

dynamics, it will be important to evaluate whether both proteins play a role in 

mitochondrial respiration, mitochondrial DNA number and Ca2+ homeostasis, 

all of which can be important in mitochondrial dynamics (Santel and Fuller, 

2001).      



   

Page | 172  
 

Mitochondrial fission contributes to mitochondrial degradation and is a 

prerequisite for ubiquitin-mediated mitophagy (Ma et al., 2020). Armcx2 and 

Armcx3 were identified as Parkin targets in a large proximity proteomic study, 

strongly suggestive of a role in mitophagy (Heo et al., 2019). In our study, 

knockdown of Armcx1 in ARPE-19 increased the number of fragmented 

mitochondria, suggesting mitophagy induction.  We also observed that Armcx1 

and Armcx2 affected Parkin activation following mitochondrial depolarisation. 

Parkin activation was increased in Armcx1 knockdown cells upon 

mitochondrial depolarisation, and Parkin activation was decreased when 

Armcx1 was overexpressed. Notably, Armcx2 overexpression also decreased 

Parkin activation, but Armcx2 depletion did not change the activation levels of 

this ubiquitin ligase. Notably, Armcx1 was upsent from the published parkin 

proximity data set (Heo et al., 2019). This may reflect the incomplete coverage 

of such proteomic approaches due to technical limitations. Alternatively, this 

could be due to the very narrow strategy used in their study and is highly likely 

that their list of interactions is not complete. Alternatively, Armcx1 may not be 

a target of Parkin but may instead restrict Parkin activity in a looser, more 

indirect way. Taken together our data strongly showed that Armcx1 was 

involved in Parkin activation, but a formal demonstration of direct interaction 

or Parkin-dependent ubiquitination of Armcx proteins is required for a more 

detailed mechanistic insight.  

Furthermore, we showed for the first time that Armcx1 and Armcx2 played a 

role in a functionally connected downstream pathway, namely lysosomal 

degradation. Specifically, we found that Lamp2 was significantly upregulated 

upon Armcx1 knockdown. In sharp contrast, Armcx2 depletion led to 
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decreased levels of this lysosomal marker. Lamp2 deficiency leads to the 

development of Danon’s disease, characterised clinically with cardiomyopathy 

and is associated with accumulation of undigested, autophagic material in the 

myocytes (Nishino et al., 2000, Liu et al., 2020). Under conditions of 

cellular/metabolic stress, including CCCP-induced mitophagy, the 

transcription factor EB (TFEB) translocates to the nucleus and activates 

transcription of the Coordinated Lysosome Expression and Regulation 

(CLEAR) network (Ivankovic et al., 2016). Parkin/PINK1 signalling can induce 

TFEB nuclear translocation and activation of the CLEAR network resulting in 

upregulation of lysosome and autophagy proteins (Ivankovic et al., 2016). 

Regulation of Parkin by Armcx proteins is therefore likely to underly effects on 

Lamp2 expression. As well as mitophagy, CCCP treatment can also stimulate 

mitochondrial repair mechanisms through the formation of mitochondrial-

derived vesicles (MDVs) (McLelland et al., 2014). Damaged mitochondrial 

membrane can bud away from mitochondria into MDVs that go on to fuse with 

lysosomes for degradation. This process is also dependent on Parkin, 

suggesting that Armcx may be regulating multiple Parkin-dependent 

mitochondrial quality control mechanisms (Brown et al., 2019). Intriguingly, 

Lamp2 was found recently to be dispensable for PINK1/Parkin-mediated 

mitophagy in HeLa cells (Liu et al., 2020), suggesting that the effect of 

Armcx1/Armcx2 over Lamp2 is either downstream, or independent of effects 

on PINK1/Parkin. Therefore, it is possible that Armcx1 and Amrcx2 regulate 

Parkin-dependent mitophagy differently and this regulatory process could be 

dependent or independent of Lamp2. 
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However, additional experiments looking at the immunostaining levels of 

Lamp2 as well as immuno-EM analysis would be beneficial in supporting the 

regulatory function of Armcx1/2 of Lamp2. Further experiments are needed to 

better understand how Armcx1 and Armcx2 are involved in Parkin-dependent 

mitophagy. For instance, this could include looking at aggregation of PINK1 

protein on the OMM. Aggregated PINK1 at the OMM recruits Parkin to the 

mitochondria, eliciting the PINK1/Parkin complex formation that triggers 

mitophagy (Parzych and Klionsky, 2014). Additionally, it would be informative 

to determine how Armcx1/2 expression levels affect TFEB nuclear 

translocation and the subsequent activation of CLEAR.  The autophagosome 

marker LC3 should also be measured both by Western blot and 

immunofluorescence analysis upon Armcx1 and Armcx2 knockdown, which 

will further indicate the role of these proteins in mitochondrial degradation. In 

cells depleted of Armcx1 Parkin formed puncta at the mitochondria, suggesting 

enhanced mitophagy. Increased LC3 colocalisation with mitochondria by 

fluorescence microscopy, or lipidation by western blot, would provide further 

evidence of mitophagy. Lipidation of LC3, by addition of 

phosphatidylethanolamine (PE) is a marker of autophagy and can be detected 

by western blot due to the increased migration rate of lapidated LC3 on a gel 

(Parzych and Klionsky, 2014). In addition, it would be interesting to investigate 

whether Armcx1/Armcx2 cause any changes in the mitochondrial membrane 

potential upon CCCP treatment, as this is an important factor of driving further 

mitochondrial degradation.   

A direct link has been described between mitochondrial dynamics and 

mitophagy, where upon bioenergetic stress and/or oxidative stress mediators 
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from the mitochondrial dynamic machinery are activated (Ma et al., 2020). 

However, a recent study revealed that Drp-1-mediated mitochondrial fission 

was important in the progression of reperfusion injury in neurones, but 

independent of PINK1/Parkin mitophagy flux (Anzell et al., 2021), suggesting 

that mitochondrial dynamics and mitophagy might not always be integrated. 

Therefore, from our data Armcx1 and Armcx2 appear to be involved in the 

regulation of mitochondrial dynamic and/or degradation, however the exact 

mechanism(s) still remain to be elucidated.      

7.2 Oxidative and metabolic stress in RPE and potential regulation by 

ARMCX  

Accumulating evidence indicates that mitochondrial damage in the RPE is 

involved in the degeneration of the macula and AMD development (Feher et 

al., 2006, Terluk et al., 2015). Indeed, a recent study looked at genetic variants 

associated in human fetal RPE in conditions linked to AMD and found 

hundreds of loci which are associated with mitochondria oxidation and 

increased lipid biogenesis (Liu et al., 2019). Since, Armcx proteins have been 

described as mitochondria-associated proteins (López-Doménech et al., 

2012) and our lab has previously published selectively expressed genes in 

differentiated RPE cells among which was Armcx6 (Turowski et al., 2004), this 

provides a strong rational for understanding the role of the Armcx family in 

regulating the mitochondrial network in the RPE. Furthermore, Armcx3 was 

shown to be regulated by Wnt5a signalling pathway in epithelial cells (Serrat 

et al., 2013), a signalling cascade which is also important for RPE 

differentiation (Kim et al., 2015).   
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Currently, there is lack of understanding of the role of Armcx proteins in 

regulating RPE differentiation and/or function. In the present study we have 

confirmed that the expression of Armcx members is indeed important for the 

differentiation of RPE cells cultured in vitro. Additional evidence indicating the 

role of Armcx in RPE comes from the report that Armcx3 is downregulated in 

RPE-choroid samples from early AMD patients. Differentially expressed genes 

between AMD and age-matched normal individuals in RPE-choroid samples 

include Armcx3. Notably, while expression was high in the RPE-choroid, the 

authors did not find any Armcx expression in the retina samples, indicating 

that Armcx are important proteins specifically for the RPE layer (Newman et 

al., 2012). In agreement, our study showed Armcx1 and Armcx2 immuno 

staining localised in the RPE layer of human control and AMD patient eyes, 

further supporting the hypothesis that Armcx are important for the RPE cells. 

However, this needs to be supported with further immunohistochemistry 

analysis of more AMD donor eyes as in this study we were limited to just one 

eye.  

Accumulation of ROS production inside mitochondria due to oxidative stress 

causes mitochondrial dysfunction and has been implicated in general aging-

related disease including AMD (Srivastava and Kumar, 2015).  Since the RPE 

mostly relies on oxidative phosphorylation to generate ATP, maintaining a 

functional population of mitochondria is critically important for RPE cells and 

mitochondrial degradation must be kept in check to avoid depletion of 

mitochondrial numbers. As discussed above our data suggests an important 

role for Armcx1 and Armcx2 in mediating mitochondrial degradation in non-

differentiated ARPE-19 cells. Furthermore, Armcx2 overexpression resulted in 
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a strong mitochondrial aggregation phenotype, which resembles a similar 

phenotype to that observed in ARPE-19 cells after exposure to oxidative stress 

conditions with tert-butyl-hydroperoxide (Stripathi et al., 2016). Prohibitin was 

previously indicated as a mediator of the aggregated mitochondrial phenotype 

upon oxidative stress in ARPE-19 cells via interaction with mitochondrial 

trafficking components such as actin and vimentin. In the same study vimentin 

was found to reduce mitochondrial mobility (Goehler et al., 2004) and 

interestingly, has also been reported to interact with Armcx2 (Stripathi et al., 

2016). Notably, in our study we identified reduced mitochondrial movement in 

Armcx2-depleted ARPE-19 cells; loss of interaction with Armcx2 may enhance 

the function of vimentin in reducing mitochondrial mobility. As discussed 

above, it appears that Armcx members are involved in mitochondrial dynamics 

in ARPE-19 cells. However, further research is needed in order to understand 

the role of Armcx in RPE function. Importantly, all experiments related to 

investigating the role of Armcx in RPE need to be performed in differentiated 

ARPE-19 and also to be supported by another RPE cell model, such as 

primary porcine RPE or iPS-derived RPE. In these systems the effect of Armcx 

overexpression can be observed in respect to some of the main RPE structural 

characteristics, such as tight junction formation, RPE65 levels and 

phagocytotic function. Importantly, adenoviral delivery of shRNA against 

Armcx1 and 2 needs to be optimised as an alternative method of manipulating 

post-mitotic RPE cells. Furthermore, it would be of interest to analyse Armcx1 

and Armcx2 expression levels in a mouse model with dysfunctional RPE such 

as the Ccl2/Cx3crl double knockout (CCDKO) mouse line that is described 

with retinal degeneration features (Luhmann et al., 2012) and more recently, 
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a lasered mouse model of retinal degeneration leaving the abnormal apical-

basal RPE surfaces and Bruch’s membrane thickening (Ibbett et al., 2019).  

7.3 Eutherian ARMCX constitute a family with non-

overlapping functions   

The Armcx gene family has been described to have arisen by 

retrotransposition from the Arm-containing gene Armc10 located on 

chromosome 7 exclusive to all vertebrates, and by subsequent tandem 

duplication events have occupied specifically the X chromosome of Eutherian 

mammals (López-Doménech et al., 2012). With the assumption of Armcx as 

retrotransposed genes, and thus dependent largely on the regulatory 

sequences of the incorporation site, they were suggested to be generally 

regulated and share related physiological functions and similar expression 

levels (López-Doménech et al., 2012). Generally, due to the high sequence 

similarities among redundant genes have been described as are a result of 

gene duplications (Wagner, 1996, Nowak et al., 1997, Coveney et al., 2008), 

and indeed Armcx/Armc10 members were indicated to be redundant 

(Coveney et al., 2008). However, important mechanisms in genome evolution 

and the acquisition of novel functions are strongly believed to be due to gene 

duplications (Wang et al., 2013). Moreover, the gene encoding Armc10 

contains multiple exons, whereas Armcx coding sequences are held by a 

single exon (Simonin et al., 2004), suggesting that Armc10 function has been 

split into Armcx members.  

Notably, there is still lack of evidence and understanding whether the 

emergence of Armcx family from Armc10 constitutes divergent evolution 
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towards additional functions or if the functions of Armc10 have been spread 

across the additional Armcx genes to allow more robust control in the more 

complex clade. Eutheria is a lineage in which the neocortex underwent 

significant enlargement, and a well-developed placenta was established 

(Puelles, 2001). Thus, the emergence of the Armcx cluster has been 

hypothesised to be linked to the development of a more complex nervous 

system in the Eutherian brain (López-Doménech et al., 2012).     

In the present study we confirmed that the Armcx gene members, present only 

in Eutherians, are evolutionary descendent proteins of Armc10 gene and that 

the closest mammalian clade Marsupial crucially only possesses the Armc10 

gene, indicating this as the last ancestor living before the expansion of Armcx 

family. From the phylogenetic analysis we observed that Armcx1, 2, 3 and 6 

appear to be clustered as a separate sub-family from Armcx4 and 5, which are 

more closely related to GASP members. This was in agreement with the 

sequence analysis of Armcx/GAPSs, where Armcx4 and Armcx5 lacked the 

conserved MTS and TMD characteristics for Armc10/Armcx and showed more 

relation to GASP members. Importantly, we validated the conserved MTS in 

Armcx1, 2, 3 and 6 experimentally by mutational analysis of exogenously 

expressed Armcx-GFP fusion proteins, in which we observed complete loss of 

mitochondrial association once the sequence within the N-terminus was 

deleted. Furthermore, Armcx4 and 5 did only not show differences in their 

sequences, but also were differentially expressed in RPE differentiation in 

vitro, suggesting that Armcx members fulfil separate functions in these cells. 

In support of this, we observed that Armcx1 and Armcx2 affected mitochondrial 

motility and CCCP-induced mitophagy differently, probably by interacting with 
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different proteins in the mitochondrial trafficking machinery and/or participate 

in separate functions. Furthermore, Armcx1 and Armcx2 showed opposite 

regulation over Lamp2 expression further indicating that Armcx proteins do not 

perform the same functions. Upon Armcx1 depletion, Lamp2 expression 

appeared significantly upregulated, which phenotype was rescued by 

exogenous Armcx2. However, when Armcx2 was depleted, Lamp2 levels were 

decreased and Armcx1 overexpression was unable to rescue them.  

Moreover, experiments where exogenous marsupial Armc10 was expressed 

were conducted in order to evaluate whether Armc10 can rescue 

Armcx1/Armcx2 induced phenotypes. Therefore, this will indicate whether 

Armc10 function has been retained during evolution of the Armcx members in 

Eutheria or novel functions have emerged. These experiments were 

performed where strong phenotypes were observed by Armcx1/Armcx2. 

Importantly, when marsupial Armc10 was exogenously expressed in Armcx1 

knockdown cells, Lamp2 levels were not rescued, suggesting that Armcx1 

might have gained a new function upon evolution, which importantly Armcx2 

possesses too. Importantly, Armcx2 appeared to have retained its function in 

regulating Lamp2 from its ancestral Armc10, as exogenous Armc10 was able 

to rescue Lamp2 expression upon Armcx2 depletion. In support to this, the 

mitochondrial phenotype upon Armcx2 knockdown was also rescued by the 

expression of marsupial Armc10, although further imaging and quantitation is 

needed for a firm conclusion. This was, however, not true for Armcx1, where 

marsupial Armc10 was unable to recover the mitochondrial phenotype caused 

by the lack of Armcx1, further indicating that Armcx1 have gained a new 

function, different from its ancestor. We aimed to prepare siRNA resistant 



   

Page | 181  
 

plasmids for Armcx phenotype rescuing experiments as positive controls and 

to exclude any off-target effects of siRNA against Armcx1 and Armcx2. 

However, this was not achieved due to insufficient time.  Furthermore, 

consistent with divergent functions, Armcx1 deficiency led to an increased 

Parkin puncta number, whereas Armcx2 depletion resulted in no change. 

Importantly, when marsupial Armc10 was overexpressed, Parkin activation 

was completely suppressed, but both Armcx1 and Armcx2 proteins were still 

able, however to less extent to activate Parkin. This suggests that regarding 

Parkin activation, Armcx1 and Armcx2 have gained new functions and/or lost 

one from their ancestral Armc10. Notably, further independent experiments 

are required to make firm conclusions. Notably, it would be worth investigating 

if Armc10 is able to rescue the upregulation of Parkin activation when Armcx1 

is depleted.     

Overall, this data strongly indicates that the emergence of Armcx has evolved 

in Eutheria did not occur to make redundant proteins, but rather represents 

divergent evolution towards novel functional proteins. Moreover, Armcx 

expansion can also be explained as a result of “asymmetrical evolution”, where 

similar genes after tandem duplication can generate substantially novel genes 

(Holland et al., 2017).    

In conclusion, Armcx protein function has until now mostly been analysed in 

neurons, where Armcx3 is involved in axonal mitochondrial traffic (Lopez-

Domenech et al.,2012). Here, with this work we confirmed that Armcx genes 

encode for mitochondrial targeting proteins. We show association with 

mitochondria of Armcx1, 2 and a clear indication of regulation of mitochondrial 

dynamics, mitochondrial degradation and thus mitochondrial homeostasis in 
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ARPE-19 cells. In addition, we show that Armcx members emerged during the 

early evolution of Eutheria to fulfil separate functions which are essential to 

meet the needs of the more complex clade.    
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Appendix 

Table 0.1 Armcx/Armc10 protein sequences 

Protein names NCBI Accession number 

Armcx1 NP_057692.1 

Armcx2 NP_808818.1 

Armcx3 NP_057691.1 

Armcx4 NP_001243084.2 

Armcx5 NP_001161951.1 

Armcx6 NP_001171697.1 

Armc10 (Human) NP_001154481.1 

GASP1 NP_001171656.1 

GASP2 NP_001171803.1 

GASP3 NP_001135999.1 

Armc10 (Marsupial) XP_007504121.1 

Armc10 (Mouse) NP_080310.1 

Armc10 (Teleost fish) XP_009296248.1 
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Figure 0.1 Armcx-GFP constructs. Representation of Armcx1-3 and 6 constructs fused to 

GFP tag; MTS targeting sequence is labelled in yellow including the number of amino acids 

that spans. 
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Figure 0.2 Armcx overexpression affects mitochondrial motility. ARPE-19 cells were co-

transfected with 0.1 ug of Armcx plasmid DNA and 1 ug of MitoDsRed plasmid for 24 h 

incubation. 10 minutes time-lapse images were taken by Nikon fluorescence microscopy with 

1 min interval. The Histogram displays results of Manual Traking plugin used to monitor 

mitochondrial motility (mean distance travelled in uM min-1). Error bars represent 

bootstrapped SEM values. Individual mitochondria were tracked for each ARMCX (n=3, 3 

videos per sample). A Kruskal-Wallis test showed significant difference between all Armcx 

proteins and MitoDsRed control. The data is courtesy of Alice Kirby, a Master student at 

Institute of Ophthalmology, UCL in 2014. 

 

 


