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Abstract 

 

Peroxisomes are oxidative subcellular organelles present in the majority of 

eukaryotic cells, with key functions in lipid metabolism, reactive oxygen species 

(ROS) homeostasis, and production of ether phospholipids (myelin lipids). 

Modulation of peroxisome number in the cell through coordinated proliferation 

and degradation is crucial for supporting these functions, with peroxisomes 

rapidly responding to environmental changes in order to maintain cell vitality. As 

a result, patients with defects in peroxisome proliferation present with a range of 

symptoms and severity, with vision/hearing loss, neurological defects, seizures, 

and organ dysfunction being common in peroxisome biogenesis disorders. 

To proliferate, peroxisomes follow a multi-step process of growth and division, 

whereby (i) the peroxisome membrane is elongated, (ii) this elongation is 

constricted at several points to produce a ‘beads on a string’ morphology, and (iii) 

the membrane undergoes scission at these constriction points to produce new 

peroxisomes. This process requires extensive remodelling of the peroxisomal 

membrane, through the action of dedicated division machinery. Our knowledge 

of the key processes underlying the regulation of this membrane remodelling and 

the contribution of alterations to membrane dynamics to health and disease are 

still not well understood. 

In this thesis, a literature review is presented describing knowns and unknowns 

in the peroxisome field, with particular focus on the role peroxisome membrane 

dynamics play in maintaining peroxisome function, and the role of these dynamics 

in human health and disease.  

Results chapters begin first by investigating alterations to peroxisomal membrane 

dynamics in response to the mitochondrial respiratory chain inhibitor rotenone, to 

understand the resistance of peroxisomes to mitochondria-derived ROS. 

Surprisingly, alterations to the peroxisome compartment are due to the 

microtubule-destabilising ability of rotenone, and peroxisomes are unaffected by 

mitochondrial ROS, despite this not being the case vice versa. The implication of 

these findings in understanding the peroxisome-mitochondria redox relationship 

are discussed, in addition to highlighting the importance of investigating 
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peroxisome membrane dynamics in in cellulo models of disease. Second, 

alterations to peroxisomal membrane dynamics in response to lack of division 

protein MFF are investigated. It is revealed that despite completely normal 

biochemical parameters, there are more underlying alterations to the 

peroxisomes than hyper-elongation, and that MFF has a crucial role in the 

maturation of peroxisomes. In addition, these findings suggest that peroxisomal 

import complex protein PEX14 may play a role in peroxisomal membrane 

dynamics, by stabilising elongated peroxisomal tubules through interaction with 

the cytoskeleton. Third, an interdisciplinary, combined experimental-modelling 

approach is used to characterise alterations to peroxisomal membrane dynamics, 

using peroxisomes with a block in division (loss of function of MFF), and 

peroxisomes with altered membrane dynamics (elongation through expression of 

Rho GTPase MIRO1), as case studies. The key cellular processes underlying the 

regulation of peroxisome growth and division are highlighted, and findings from 

this chapter provide a proof-of-concept that this interdisciplinary approach is 

useful not only for characterisation and understanding mechanisms of membrane 

dynamics, but as a prediction tool to help suggest future therapeutics. 

Finally, a discussion of the key findings of this thesis and their implications is 

presented, highlighting the real importance of studying peroxisome membrane 

dynamics through interdisciplinary approaches such as the ones employed here. 
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1.1  Peroxisomes 

1.1.1 Overview 

Peroxisomes are ubiquitous, single-membrane bound organelles with a wide 

variety of functions, including lipid metabolism, maintenance of reactive oxygen 

species (ROS), and production of ether phospholipids. They are responsive, 

highly dynamic, crucial for proper cell function, and are therefore hugely important 

in health and disease. A thorough understanding of not only the peroxisome’s 

many functions, but the actual maintenance of the peroxisomal population is work 

which, in the future, will allow for better therapeutic intervention for peroxisomal 

and peroxisome-related disorders. 

This thesis explores the dynamics of the peroxisome membrane; literature review 

and results particularly focussing on mammalian cells, with some discussion on 

different aspects of peroxisome dynamics in other cell types and organisms. The 

introduction will cover the formation of the peroxisome lipid bilayer including its 

integral membrane proteins (sections 1.1.3-1.1.4), and the remodelling of the 

peroxisomal membrane during the maintenance of peroxisome number (sections 

1.1.5-1.1.7) and motility (section 1.1.8). The peroxisome membrane plays a 

crucial role in compartmentalising the organelle from the rest of the cell in order 

to carry out its many functions, which are summarised in section 1.1.9. A common 

theme of this thesis is the interaction of peroxisomes with the mitochondria, 

including in maintenance of ROS (Chapter 2), and the sharing of  division proteins 

(Chapter 3). An overview of peroxisome-mitochondria interaction is discussed in 

section 1.1.10. Finally, the importance of peroxisomes and peroxisomal 

membrane dynamics in human health and disease is presented in section 1.1.11. 

1.1.2 History 

Peroxisomes were first described as ‘microbodies’ in mouse kidney proximal 

tubule cells in 1954, in a PhD thesis by Swedish doctoral student Johannes 

Rhodin (Rhodin 1954). The characterisation of peroxisomes as an organelle 

came through the work of Christian De Duve and others, who, through 

sedimentation assays, identified many of the key peroxisomal enzymes (De Duve 

and Baudhuin 1966). Since then, our understanding of peroxisome function, 
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maintenance, and characteristics has improved in leaps and bounds, but much 

still remains to be discovered. 

1.1.3 The Peroxisomal Membrane 

The initial building blocks of all organelles are membrane lipids. The lipid 

composition of biological membranes affects the functioning of membrane-

associated activities, the integrity of the organelles themselves, carries different 

properties to enable dynamic processes, and acts to compartmentalise cellular 

functions. This compartmentalisation is especially important for the peroxisomes; 

allowing them to function as ROS-scavengers to reduce oxidative stress to the 

rest of the cell (Schrader and Fahimi 2006a; Fransen et al. 2012). The 

peroxisomal membrane is also highly dynamic, with deformation of the 

membrane occurring during the growth and division process of peroxisome 

proliferation (see section 1.1.5.2). The properties of the membrane that facilitate 

this process and the extent that peroxisomal proteins deform the peroxisomal 

membrane biophysical properties remain to be discovered.  

Lipids making up organelle membranes are typically, in order of cellular 

abundance: phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylinositol (PI), phosphatidylserine (PS), sphingomyelin (SM), 

cardiolipin (CL), phosphatidic acid (PA) and phosphatidylglycerol (PG) (Vance 

2015). Other lipids present include cholesterol and glycosphingolipids, both 

typically enriched in the plasma membrane compared to other organelles (Vance 

2015). 

Phospholipid biosynthesis requires the precursors diacylglycerol (DAG), and 

cytidine diphosphate DAG (CDP-DAG), synthesised from PA (Yang et al. 2018). 

DAG and CDP-DAG are made either on the ER membrane or on both the ER 

and mitochondrial membranes, respectively, through the action of PA-

phosphatase-1 and CDP-DAG synthase. CDP-DAG is used as a substrate for 

production of PI and PS on the ER membrane, or PG on the mitochondrial 

membrane. PS can also be transferred to mitochondria, where it can be 

decarboxylated by PS decarboxylase to produce mitochondrial PE (Shiao et al. 

1995). DAG is important in the Kennedy pathway (Gibellini and Smith 2010) on 

the ER membrane, to produce PE and PC de novo from CDP-ethanolamine and 

CDP-choline, respectively. Further PC can be made from the methylation of PE. 
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PC can then form the basis for SM, where a family of SM synthases on the Golgi 

or plasma membrane transfer a phosphocholine headgroup from PC to ceramide, 

producing SM in addition to DAG (Marggraf et al. 1981; Huitema et al. 2004). 

Finally, CL is produced on the mitochondrial inner membrane, requiring the 

addition of another phosphatidyl residue from CDP-DAG to PG, catalysed by CL 

synthase 1 in humans (Chen et al. 2006). 

The phospholipid composition of peroxisomes in mammalian cells was 

discovered through isolation of rat liver peroxisomes with two-dimensional thin-

layer chromatography (Hardeman et al. 1990), obtaining the following 

phospholipid composition: PC 56.4%, PE 27.5%, plasmalogen PE 2.1%, PS 3%, 

PI 4.7%, SM 3.7%, other 2.6% (not including cardiolipin). 

How then do these lipids get to the peroxisome? The vast majority of peroxisomal 

lipids are synthesised in the ER. Several PMPs have been suggested to be 

targeted to the ER and inserted to peroxisomes through a vesicular pathway (see 

section 1.1.4.2), and peroxisomes can be formed de novo from the ER (see 

section 1.1.5.1). This may play a role in supplying phospholipids to the 

peroxisome. Indeed, through targeting of the E. coli PS decarboxylase to the 

peroxisomal membrane in yeast cells lacking the enzyme, it was shown that PS 

is efficiently transferred to the peroxisomes from the ER to be converted into PE, 

and that synthesised PE can transfer back to the ER from peroxisomes 

(Raychaudhuri and Prinz 2008). However, this ER to peroxisome PS transport 

still occurred under conditions of disturbed ER vesicular transport, suggesting a 

non-vesicular pathway for phospholipid transfer from the ER to peroxisomes. This 

was further shown by the conversion of PS to PE in vitro following mixing PS-

containing microsomes with purified PS decarboxylase-containing peroxisomes, 

removing the possibility for a vesicular pathway (Raychaudhuri and Prinz 2008). 

While PS is not the most abundant peroxisomal membrane phospholipid 

(Hardeman et al. 1990), it is likely that due to the high efficiency of transfer and 

close apposition of their membranes, the majority of phospholipid transfer to the 

peroxisome will follow this non-vesicular pathway. 

Therefore, as can be expected, the phospholipid profile of the peroxisome largely 

resembles that of the ER. It is also similar to that of mitochondria, except for the 

absence of cardiolipin. Cardiolipin is supposedly specific to mitochondria, with the 
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presence of cardiolipin in non-mitochondrial fractions attributed to contamination 

(Vance 2015). Interestingly, the peroxisomal phospholipid composition does 

seem to include cardiolipin in yeast, shown by two separate studies (Zinser et al. 

1991; Wriesnegger et al. 2007). As there may be a de novo pathway of 

peroxisome biogenesis from mitochondria under certain conditions (Sugiura et al. 

2017) (see section 1.1.5.1), this may play a role in supplying membrane lipid 

including cardiolipin to the peroxisome in yeast. However, deletion of cardiolipin 

synthase in Saccharomyces cerevisiae has no effect on peroxisome biogenesis 

and abundance (Kawałek et al. 2016), suggesting either cardiolipin itself or de 

novo synthesis from mitochondria is not needed to maintain peroxisomes in yeast. 

The lack of cardiolipin in mammalian peroxisomes possibly suggests that the de 

novo synthesis of peroxisomes in mammalian cells from mitochondria only occurs 

under certain conditions, or that mitochondrial-derived pre-peroxisomal vesicles 

are devoid of cardiolipin. How the phospholipid profile differs between an 

established population of peroxisomes and newly-formed peroxisomes formed 

from pre-peroxisomal vesicles could shed some light on this. 

The phospholipid composition of the membrane can affect not only membrane 

properties, but also affect protein interaction with organelles (Bigay and Antonny 

2012). The distribution of charged lipids such as PS and PI(4,5)P2 in the 

membrane affects membrane electrostatics, in turn affecting the targeting of 

proteins with charged residues (Yeung et al. 2008). For example, changes in 

levels of PS or PI(4,5)P2 in the phagosomal membrane during maturation, directs 

different G proteins with positively charged residues to the membrane 

(Magalhaes and Glogauer 2010). Indeed, variations in the tail charge of tail-

anchored (TA) proteins affects their organelle localisation, with a high charge 

clearly promoting a peroxisomal localisation (Costello et al. 2017a). It was shown 

that this high charge promotes PEX19 interaction (required for TA protein 

membrane insertion), and loss of charge causes mistargeting to the mitochondria. 

It is possible that the membrane phospholipid composition plays a role in this, 

with the percentage of mitochondrial PS and PI being relatively low and 

preferentially orienting to the inner membrane space (Horvath and Daum 2013). 

This possibly increases the membrane charge facing the cytosol, reducing 

mistargeting of tail-anchored peroxisomal proteins to the mitochondria. 



 
 

25 
 

Membrane phospholipids also affect organelle shape via mechanical properties, 

causing changes in membrane tension, elasticity, bending and curvature 

(Janmey and Kinnunen 2006). Conical shaped lipids promote negative curvature 

(e.g. PE and DAG), inverted conical shaped lipids (e.g. PI variants) promote 

positive curvature, and cylindrical shaped lipids prefer flat membrane structures 

(e.g. PC and SM) (Janmey and Kinnunen 2006). The overall ratio of lipids in the 

peroxisome membrane will then affect peroxisome shape and morphology, 

regardless of external factors. It is then possible that the membrane phospholipid 

composition alters locally in specific areas of the peroxisome as a prerequisite to 

peroxisome elongation, for example. 

The peroxisomal membrane itself is a fascinating yet relatively understudied area 

of peroxisome biology. It is highly likely that the composition not only affects 

biophysical properties of the peroxisome, but that these biophysical properties 

are altered under various conditions; growth and division, de novo biosynthesis, 

intracellular conditions and cell stress may all have an effect. This in turn can then 

have further consequences on protein interaction and function at the peroxisomal 

membrane. An in-depth analysis of peroxisomal membrane composition, 

biophysical properties and alterations under various conditions is certainly 

needed in the future. 

1.1.4 Peroxisomal Membrane Proteins 

The phospholipid/protein ratio in purified rat liver peroxisomes has been reported 

to have values ranging from 36 to 153 nmol.mg-1 (Donaldson et al. 1972; 

Appelkvist et al. 1981; Fujiki et al. 1982; Hardeman et al. 1990), of which ~26% 

appear to be membrane proteins (Hardeman et al. 1990). Peroxisomal 

membrane proteins (PMPs) are typically indispensable for peroxisome function, 

with loss of PMPs contributing to devastating conditions in humans (see section 

1.1.11), mainly due to their roles in controlling the import and export of 

peroxisomal matrix enzymes (Walter and Erdmann 2019), and the import of fatty 

acid substrates by the membrane-bound ATP-binding cassette transporters, 

subfamily D (ABCDs) (Baker et al. 2015) (Figure 1.1C). 
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1.1.4.1 Control of matrix protein import by PMPs 

Peroxisomal matrix proteins are synthesised on free, rather than membrane-

bound ribosomes (Goldman and Blobel 1978). Shuttling receptors PEX5 (either 

short (PEX5(S)) or long (PEX5(L)) isoform) or PEX5(L) with PEX7 bind cargo in 

the cytosol harbouring a peroxisomal targeting signal (PTS). PTS type 1 (typically 

the C-terminal tripeptide SKL) and type 2 (typically the loose consensus N-

terminal nonapeptide RLXXXXX(Q/H)L), are recognised by PEX5 and PEX7, 

respectively (Braverman et al. 1998). Following cargo binding, the receptor 

proteins dock to the peroxisomal membrane via PMPs PEX14 and PEX13, 

releasing their cargo into the peroxisomal lumen (Schell-Steven et al. 2005). 

Monoubiquitination by PEX2, PEX10 and PEX12 enables receptor protein 

recycling back to the cytosol through the action of the PEX1 and PEX6 hexamer 

anchored to the membrane by PMP PEX26 (Platta et al. 2005) (Figure 1.1C). 

1.1.4.2 PMP peroxisomal targeting and membrane insertion 

How PMPs target and insert into the peroxisomal membrane is a relatively well-

studied area of peroxisome biology, although is still somewhat uncharacterised, 

with several unknowns and apparent conflictions. Many disorders associated with 

loss of peroxisomal function typically still harbour peroxisome ‘ghosts’, 

peroxisomes incapable of matrix protein import but still with an intact membrane 

(Santos et al. 1988). Therefore, the sorting of PMPs to the peroxisome appears 

to require separate components to those involved in matrix import. The 

exceptions to this rule appear to be in loss of the peroxins PEX3, PEX16, and 

PEX19, in which peroxisomes are absent, but can be formed de novo following 

expression of the missing protein (Honsho et al. 1998; Matsuzono et al. 1999; 

South and Gould 1999; Shimozawa et al. 2000). This de novo formation in the 

absence of pre-existing peroxisomes appears to be primarily an ER-derived 

pathway (see section 1.1.5.1). In general, the insertion of a particular PMP into 

the peroxisomal membrane follows one of two pathways, directly via PEX19, or 

indirectly via other subcellular organelles (Kim and Hettema 2015; Mayerhofer 

2016). 

Direct PMP insertion to existing peroxisomal membranes 

As with matrix proteins, proteins destined for the peroxisomal membrane also 

appear to be synthesised on cytosolic ribosomes and sorted post-translationally 
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to the peroxisome (Suzuki et al. 1987). The classical pathway for targeting and 

insertion of PMPs to the peroxisomal membrane involves recognition and 

shuttling by cytosolic PEX19, which upon binding facilitates insertion of the PMP 

in the peroxisome membrane (Sacksteder et al. 2000) (Figure 1.1C). Recognition 

by PEX19 is via a peroxisome membrane protein targeting signal (mPTS) on the 

PMP (Jones et al. 2001, 2004), consisting of a motif of at least 11 basic and 

hydrophobic amino acids (Rottensteiner et al. 2004; Halbach et al. 2005), with no 

apparent preference for mPTS localisation on the protein. TA proteins, i.e. those 

with a single transmembrane domain in close apposition to the C-terminal tail, 

also interact with PEX19 for membrane insertion (Costello et al. 2017a). 

Interestingly, reduction in only TA protein tail charge is sufficient for mistargeting 

of peroxisome proteins to the mitochondria and the ER, with the peroxisomal 

isoform of ER-localised protein FALDH differing only in having a more positively 

charged C-terminal tail (Costello et al. 2017a). While it is unknown if the mPTS 

motif was altered in this study, PEX19 contains a hydrophobic domain, of which 

mutations disturb PMP binding (Schueller et al. 2010; Chen et al. 2014b). 

Therefore, it is possible that the mPTS combined with tail charge and TMD 

hydrophobicity of PMPs facilitates PEX19 binding and subsequent insertion into 

the membrane, with alterations in this affecting PEX19 binding and causing 

mistargeting to other organelles. The exact relationship between TA protein 

properties, PEX19 binding and insertion into the membrane is still unclear. 

Contrasting a simple cytosol-peroxisome shuttle model for PEX19, recently 

Pex19p has been suggested to be involved in TA insertion into the mitochondrial 

membrane in budding yeast, demonstrated by a reduction in the mitochondrial 

pool of dual-localised peroxisome-mitochondria proteins Fis1p and Gem1p after 

deletion of Pex19p (Cichocki et al. 2018), although this was not observed for 

mammalian FIS1 (Delille and Schrader 2008). In addition, farnesylated PEX19 is 

required for the insertion of newly synthesised lipid droplet/ER protein UBXD8 

into the ER membrane (Schrul and Kopito 2016), with farnesylation of PEX19 not 

required for the restoration of peroxisomes in PEX19 deficient cells (Vastiau et al. 

2006), but required for PMP binding (Rucktäschel et al. 2009). It is therefore likely 

that other factors such as post-translational modifications of PEX19 can influence 

PMP binding, targeting and localisation. 
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The PEX19-PMP complex has the capability to interact and dock with integral 

PMP PEX3 at the peroxisomal membrane (Fang et al. 2004), with PMP bound 

PEX19 having a higher affinity for PEX3 than PEX19 alone (Pinto et al. 2006). 

PEX3 may facilitate PMP insertion upon binding to the PEX19-PMP complex by 

perturbing the lipid bilayer, as the C-terminal cytosolic domain can strongly 

associate with membrane lipids in vitro, possibly altering membrane properties 

(Pinto et al. 2009). The final peroxin indispensable for formation of an intact 

peroxisomal membrane in mammalian cells is PEX16, which can act as a 

receptor for a PEX19-PEX3 complex, inserting it into the peroxisomal membrane 

(Matsuzaki and Fujiki 2008) (Figure 1.1C). Therefore, as PEX19-dependent 

PEX3 import requires PEX16 at the membrane, and PEX19-dependent PEX16 

import should require PEX3 at the membrane, it would appear that in order to 

build a complete peroxisome, it is required to start with either PEX3 or PEX16 

already at the membrane. Therefore, this would suggest that in order to form 

peroxisomes de novo, PMPs – or at the minimum either PEX3 or PEX16 – must 

be targeted and inserted into membranes via an alternative pathway. 

Indirect PMP insertion via other organelles 

Several PMPs have been observed at the ER membrane, with only a small subset 

shown under endogenous conditions in mammalian cells, including PEX13 and 

PMP70 (Geuze et al. 2003). For yeast, particularly Saccharomyces cerevisiae, 

many more PMPs may be trafficked to peroxisomes via the ER under 

endogenous levels of expression (van der Zand et al. 2010), although this 

observation does not appear consistent with the mislocalisation of PMPs to the 

cytosol, not the ER, in S. cerevisiae cells devoid of Pex3p or Pex19p (Hettema et 

al. 2000). As previously mentioned, either PEX3 or PEX16 should be required in 

the peroxisomal membrane in order to import PMPs via the PEX19-dependent 

pathway. Indeed, both PEX16 and PEX3 in mammalian cells have been 

implicated in shuttling of PMPs to the peroxisome via the ER and mitochondria, 

respectively (Sugiura et al. 2017; Schrader and Pellegrini 2017) (Figure 1.1A, C). 

In mammalian cells lacking peroxisomes due to loss of PEX19 or PEX3, 

expressed PEX16 is mislocalised solely at the ER membrane, and a low 

percentage is found in the ER of wild-type COS-7 cells when expressed (Kim et 

al. 2006). In wild-type COS-7 cells, expressed ER-bound PEX16 was shown by 

pulse-chase experiments to move to peroxisomes dependent on its mPTS, and 
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also rescue the lack of peroxisomes in PEX16-deficient cells. The PEX16 at the 

ER membrane had the ability to recruit other PMPs to the ER, including PEX3 

(Kim et al. 2006), presumably through PEX19 interacting with PEX16. Finally, 

Kim et al. also showed a heterogeneous population of peroxisomes using 

photoactivatable GFP-SKL; mature peroxisomes (labelled by the first round of 

photoactivation) continued to import GFP-SKL (increasing in fluorescence in a 

second round of photoactivation), but a subset of peroxisomes were only labelled 

in the second round, implying de novo formation (Kim et al. 2006). It may then 

therefore be possible for PMPs to enter peroxisomes indirectly, via the ER, 

instead of PEX19 shuttling directly from free ribosomes. Indeed, ER-targeted 

PEX3 (which in contrast to yeast Pex3p, does not target to the ER under 

overexpression in mammalian cells), appears to be inserted into the membrane 

of pre-existing peroxisomes at a similar rate to PEX16, although slower than 

PEX3 and PMP34, which are not known to be inserted via the ER (Aranovich et 

al. 2014). However, while PEX16 can recruit PEX3 (Matsuzaki and Fujiki 2008), 

which should then be enough to insert the rest of the PMPs, targeting PEX3 to 

the ER membrane is not sufficient to complement PEX16 deficient cells 

(Aranovich et al. 2014). This suggests that the role that PEX16 plays in PMP 

recruitment possibly through de novo peroxisome biogenesis is more than that of 

just PEX3 recruitment, and possibly plays a role in the formations of the pre-

peroxisomal vesicles themselves. 

If PEX3 does not follow an ER-derived pathway but is still required to form 

peroxisomes de novo, how then does PEX3 contribute to de novo peroxisome 

biogenesis and PMP import? Suguira et al. provided evidence that PEX3 is first 

inserted into the mitochondrial membrane, along with PEX14 before budding off 

in mitochondrial-derived vesicles (MDVs) in peroxisome-deficient cells (Sugiura 

et al. 2017) (Figure 1.1A). These MDVs were positive for peroxisomal membrane 

and matrix proteins PMP70 and catalase, suggesting that they mature into 

functional peroxisomes. Interestingly, PEX16-containing pre-peroxisomal 

vesicles from the ER appear to fuse directly with PEX3/14-containing MDVs, 

which would build a PEX3 and PEX16 positive vesicle then capable of importing 

PMPs via PEX19. While previously identifying that MDV transport to the 

peroxisomes with an unknown function required the vesicle cargo sorting protein 

VPS35 (Neuspiel et al. 2008; Braschi et al. 2010), the authors showed that the 
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MDVs involved in PMP import were independent of VPS35 (Sugiura et al. 2017), 

suggesting functionally independent MDV subtypes. 

It is therefore likely that no individual PMP is preferentially constrained to a single 

pathway, and in fact that environmental conditions, the presence of functional 

peroxisomes, or requirements of the cell, influence the trafficking of PMPs to the 

peroxisome either through the PEX19 or ER pathway. As peroxisomes both in 

mammals and yeast primarily appear to regulate their number through growth 

and division over de novo synthesis (see section 1.1.5), it could be expected that 

the PEX19 pathway is the predominant way in which the peroxisomal membrane 

is supplied with membrane proteins. 

Figure 1.1: An overview of the regulation of peroxisomal membrane dynamics. (A) 
Peroxisome proliferation (section 1.1.5) through the control of transcriptional regulation, 
the growth and division process, and de novo peroxisome biogenesis. (B) The 
degradation of peroxisomes through the recruitment of the phagophore membrane 
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(section 1.1.7). (C) Peroxisomal membrane proteins (PMPs) (section 1.1.4) control the 
import of matrix enzymes and substrates, and the insertion of the PMPs themselves. (D) 
The motility and dynamics of the peroxisome as a whole are primarily controlled by 
microtubule-binding factors (section 1.1.8). (E) Quality control proteins maintain 
peroxisomal dynamics, extracting or degrading damaged or accumulated proteins 
(section 1.1.6). 

1.1.5 Peroxisome Proliferation 

1.1.5.1 De Novo Formation 

Peroxisomes are highly responsive organelles, which, in addition to constantly 

proliferating and degrading to maintain a stable basal peroxisome number, need 

to be able to rapidly increase in number in response to certain environmental 

conditions. This may be particularly important in those cell types that are sensitive 

to oxidative stress, such as inner-ear hair cells and primary auditory neurons 

(Delmaghani et al. 2015). 

Proliferation by biogenesis of peroxisomes can form through a de novo pathway 

in the absence of a population of functional peroxisomes, or through growth and 

division of existing peroxisomes. In the current model of de novo synthesis, PMPs 

are initially inserted into the ER or mitochondria, and exit the organelle membrane 

generating “pre-peroxisomal” vesicles, which fuse with other pre-peroxisomal 

vesicles or directly with mature peroxisomes (Farré et al. 2019)  (Figure 1.1A). 

As discussed previously (see section 1.1.4), some peroxisomal membrane 

proteins may take an ER-derived pathway prior to insertion into the peroxisomal 

membrane. In addition to PEX16 and PEX19 acting in budding off vesicles from 

the ER in order to target sorted PMPs to the peroxisome, these ER-derived pre-

peroxisomes could also play a role in peroxisome biogenesis through de novo 

formation of peroxisomes under certain physiological conditions. The 

mitochondria also appear to play a role in peroxisome de novo formation and 

PMP supply, with mitochondria-derived pre-peroxisomal vesicles containing 

PEX3 and PEX14 being formed in a PEX19-dependent manner (Sugiura et al. 

2017). Although currently not shown, the fusion of these pre-peroxisomal vesicles, 

with the presence of major components of the peroxisomal membrane protein 

insertion and matrix protein import machinery should, therefore, be enough to 

mature into fully functional, metabolically active peroxisomes. 
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While this process has been extensively studied in yeast (Jansen and van der 

Klei 2019), there are many unknowns, including precise roles of PEX3 and 

PEX19 in peroxisome de novo biogenesis and PMP sorting, the mechanism of 

pre-peroxisomal fusion and maturation, and the role of other organelles in 

addition to the ER. 

1.1.5.2 Growth and Division 

The peroxisomal growth and division pathway, maintaining basal peroxisome 

intracellular number and regulating their dynamics, can be described by three 

major steps (Schrader et al. 2016b); (i) membrane deformation to form an 

elongated peroxisomal tubule from the peroxisome ‘mother’, (ii) constriction of 

the peroxisomal elongation at localised points along the tubule, and (iii) scission 

of the peroxisomal membrane at constriction sites to release ‘daughter’ 

peroxisomes (Figure 1.1A). This process is tightly regulated, requiring several 

dedicated division proteins and relying on interplay with other organelles and the 

cytoskeleton (Costello and Schrader 2018). 

The initiation of peroxisome elongation requires the peroxin PEX11β. PEX11β 

shows a strong association with membrane lipids, with its N-terminal amphipathic 

helices being sufficient to oligomerise, localise at specific sites on the membrane 

and cause deformation (Opaliński et al. 2011; Bonekamp et al. 2013a; Yoshida 

et al. 2015; Su et al. 2018). PEX11β oligomerisation and peroxisome elongation 

can be induced through supplementation with docosahexaenoic acid (DHA) 

(Itoyama et al. 2012), suggesting DHA plays a role in peroxisome proliferation in 

collaboration with PEX11β. The concentration of PEX11β at the peroxisomal 

membrane appears to correlate with peroxisome area, and it can be found on all 

actively-importing peroxisomes (Galiani et al. 2016). Therefore, it may be 

possible that there is a trigger for peroxisome proliferation induced by PEX11β 

when the peroxisome reaches a certain size. When the peroxisome reaches this 

size, the increased concentration of PEX11β on the membrane could initiate 

proliferation, or it is also possible that at a certain size the curvature properties of 

the membrane may then reach optimal conditions for deformation by PEX11β. 

Following membrane elongation, constriction and fission of the physical 

membrane must occur to form ‘daughter’ peroxisomes (Figure 1.1A). This is 

achieved through the action of the GTPase dynamin-related protein 1 (DRP1). 
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DRP1 oligomerises at constriction sites, facilitated by direct interaction with 

recruitment factors mitochondrial fission 1 (FIS1) and mitochondrial fission factor 

(MFF) (Yoon et al. 2003; Koch et al. 2005; Otera et al. 2010; Liu and Chan 2015). 

FIS1 and MFF interact with PEX11β on the peroxisomal membrane (Kobayashi 

et al. 2007; Koch and Brocard 2012). A third recruitment factor, ganglioside-

induced differentiation-associated protein (GDAP1), can also mediate 

peroxisomal division in a DRP1-dependent manner (Huber et al. 2013), although 

a direct GDAP1-DRP1 interaction has not been shown. PEX11β itself can also 

interact with DRP1 and activate it due to its GTPase activating activity (Williams 

et al. 2015). DRP1 then forms oligomeric helices to induce constriction and fission 

of the peroxisomal membrane, reducing the diameter of the DRP1 helix to deform 

the membrane and finally pinch off new peroxisomes (Li and Gould 2003; Motley 

et al. 2008; Mears et al. 2011). This process requires a large amount of GTP, and 

it has been shown using the unicellular algae Cyanidioschyzon merolae that the 

GTP generator DYNAMO1 forms a complex with DRP1 to locally supply DRP1 

with GTP and increase the magnitude of the constricting force (Imoto et al. 2018).  

The peroxisomal membrane protein acyl-CoA binding domain containing protein 

5 (ACBD5) facilitates physical tethering of the peroxisome to the ER (Costello et 

al. 2017b; Hua et al. 2017) (Figure 1.1A), likely supplying membrane lipids to the 

peroxisome to facilitate membrane expansion for peroxisome growth and division. 

Lipid supply from the ER may also work in combination with pulling forces from 

the cytoskeleton to mediate peroxisome proliferation, utilising the adaptor for 

microtubule-based motility mitochondrial Rho GTPase 1 (MIRO1) (Castro et al. 

2018). Further evidence for the role of the cytoskeleton in peroxisome 

proliferation through growth and division is shown by the peroxisome response 

to microtubule-destabilising drugs. In addition to altering peroxisomal dynamics 

through disrupting their cellular localisation and inducing clustering (see section 

1.1.8; Chapter 2), microtubule-destabilising drugs also induce peroxisomal 

elongation (Schrader et al. 1996; Wiemer et al. 1997). How and why elongation 

is triggered following depolymerisation of microtubules is unknown. 

Whether de novo or through growth and division, the primary way in which 

peroxisomes increase in number under physiological conditions is still 

controversial (Agrawal and Subramani 2016). In order to maintain peroxisome 
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number, increasing peroxisome abundance when required is likely performed 

through the coordinated interplay between the two pathways. Further work 

remains to elucidate whether the different mechanisms are required under 

different conditions, as growth and division appears more prominent under basal 

conditions, particularly in yeast (Motley and Hettema 2007; Hettema et al. 2014). 

When this balance of peroxisome biogenesis against degradation is disturbed, 

peroxisome homeostasis is disrupted, causing further cellular consequences 

(see section 1.1.11). 

1.1.5.3 Transcriptional Regulation 

Transcriptional regulators mediate peroxisome proliferation by inducing the 

transcription of genes involved in peroxisome biogenesis and function, commonly 

through the peroxisome proliferator-activated receptors (PPARs) (Ma et al. 2008; 

Schrader et al. 2012) (Figure 1.1A).  

Three PPAR subtypes have been described, PPARα, PPARβ/δ and PPARγ. 

These subtypes vary in tissue specificity and response to activation and are 

activated by peroxisome proliferators, typically fatty acids or fibrates (Schrader et 

al. 2012). Following activation by ligand binding, the PPAR translocates to the 

nucleus to up-regulate expression of target genes by interacting with Retinoid X 

Receptor-α (RXRα), binding to a peroxisome proliferator response element 

(PPRE) in the promoter region, and causing co-activators and co-repressors to 

be exchanged in order to induce gene expression (Berger and Moller 2002; 

Rakhshandehroo et al. 2010). The PPARs can be activated when needed 

according to cellular demand or environmental conditions; for example, PPARα 

stimulates the proliferation of peroxisomes in hypoxic conditions. Following 

hypoxia, PPARα localises to the nucleus, and peroxisomal proteins known to be 

under PPARα transcriptional control are upregulated, accompanied by an 

increase in peroxisomal abundance (Laurenti et al. 2011). 

In addition to PPAR transcriptional control, other pathways have also been shown 

to play a role in the regulation of peroxisome proliferation, although with unknown 

mechanisms independent of the PPARs. For example, the transcriptional 

coactivator PGC-1α is also a coordinator of peroxisome biogenesis (Bagattin et 

al. 2010), and overexpression increases peroxisomal and mitochondrial activity 

(Huang et al. 2017). PGC-1α expression is sufficient to increase peroxisome 
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abundance, and following exposure to cold conditions, peroxisomes proliferate in 

a PGC-1α-dependent manner, although despite being a PPARγ coactivator, the 

effect was PPAR-independent (Bagattin et al. 2010). In addition, a high-

throughput screening identified novel compounds that induce peroxisome 

proliferation independent of PPAR (Sexton et al. 2010). It still remains to be 

clarified what the exact role of the PPARs are in peroxisome proliferation, as well 

as their target genes and activation under specific conditions. In addition, 

peroxisome regulation through PPAR-independent mechanism such as PGC-1α 

remains to be elucidated, such as the unknown transcription factor facilitating 

PGC-1α transcriptional control.  

1.1.6 Quality Control 

Functional peroxisomes rely on coordination between many membrane and 

matrix proteins, loss of which can be devastating (see section 1.1.11). Therefore, 

multiple quality control mechanisms have evolved to stabilise, correct or rescue 

peroxisomal protein dysfunction in order to ensure cell survival (Figure 1.1E). 

Quality control mechanisms can act on proteins destined for the peroxisome 

before insertion into the membrane, if, for example, misfolding occurs prior to 

peroxisomal localisation. Peroxisomes carry the capacity to import fully folded 

proteins across the peroxisomal membrane, suggesting that the quality control of 

the misfolding of these proteins likely occurs in the cytosol. For example, the heat 

shock protein (proteins typically involved in stabilisation of newly synthesised 

proteins) HSP70 has been shown to associate with proteins being imported into 

the peroxisomal matrix, increase in levels during peroxisome proliferation, and 

interact with PEX5 (Walton et al. 1994; Harano et al. 2001). The cytosolic 

chaperonin T-complex protein-1 ring complex (TRiC) also has been shown to 

have the ability to form a complex with PMPs (Pause et al. 1997). The action of 

PEX5 in translocation of matrix proteins across the matrix also likely involves a 

chaperone activity (Freitas et al. 2011). Similarly, the PMP import receptor PEX19 

binds to newly synthesised PMPs, and can also act as a chaperone (Jones et al. 

2004). 

Once inside the peroxisomal matrix, high ROS levels lead to an increased risk of 

damaged, oxidised and misfolded proteins (Fransen et al. 2012). Proteases in 
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the peroxisomal matrix likely degrade these damaged proteins. The peroxisomal 

protease Lon peptidase 2 (LONP2) is involved in degradation of peroxisomes 

through degrading β-oxidation enzymes (Yokota et al. 2008; Okumoto et al. 2011) 

(see section 1.1.7.1) and can work cooperatively with the protease trypsin domain 

containing protein 1 (Tysnd1) in the peroxisomal matrix (Okumoto et al. 2011). 

PMPs themselves once inserted into the peroxisomal membrane are also subject 

to quality control mechanisms. Ubiquitination of the import receptor PEX5 is 

typically a mechanism for enabling recycling of the import receptor (see section 

1.1.4.2). However, when recycling of PEX5 is impaired, the Receptor 

Accumulation and Degradation in the Absence of Recycling (RADAR) system 

polyubiquinates PEX5, thus likely targeting it for degradation by the Ubiquitin 

Proteasome System (UPS) (Kiel et al. 2005). This correlates with a decrease in 

PEX5 in patients lacking a component of the receptor recycling complex (Dodt 

and Gould 1996). This process likely also affects other PMPs, as the turnover of 

several PMPs can be extended by inhibition of the UPS (Huybrechts et al. 2009).  

The yeast AAA ATPase mitochondrial sorting of proteins 1 (Msp1p) identifies and 

extracts excess tail-anchored membrane proteins on the mitochondrial and 

peroxisomal membrane. The human homologue ATPase family AAA domain-

containing protein 1 (ATAD1) has been shown to have conserved function and 

also dual mitochondrial-peroxisomal localisation (Chen et al. 2014a; Weir et al. 

2017). 

Some PMPs appear to be sorted to the ER prior to peroxisomal de novo 

biogenesis, or PMP supply to mature peroxisomes (see section 1.1.4.2). The ER-

associated degradation (ERAD) pathway is a quality control system for ER 

membrane proteins; ubiquitinated ERAD substrates are extracted from the ER 

membrane, triggering the Unfolded Protein Response (UPR), enhancing protein 

folding and degradation (Hwang and Qi 2018). Therefore, it is possible that the 

ERAD system also plays a role in quality control of ER-sorted peroxisomal 

proteins. 

Finally, the mitochondrial protein Bcl-2 homologous antagonist/killer (BAK) is 

capable of targeting to peroxisomes (Hosoi et al. 2017). When localised to 

peroxisomes, an increase in cytosolic peroxisomal matrix proteins, including 
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catalase, was observed. BAK can, therefore, increase the membrane 

permeability of peroxisomes, possibly to balance cellular redox signalling.  

Quality control mechanisms like the ones mentioned above certainly help to 

maintain peroxisome and cell viability. In addition to basal mechanisms, certain 

mechanisms kick into action under dangerous conditions. For example, 

peroxisomes are large contributors of ROS to the intracellular environment. 

Under high ROS levels, peroxisomal degradation is induced, likely to counter 

these high ROS levels. These are discussed in section 1.1.7.2. 

1.1.7 Peroxisome Degradation 

1.1.7.1 Basal Mechanisms 

Selective Autophagy (Pexophagy) 

As previously mentioned, maintaining a constant peroxisome number is 

performed through a combination of peroxisome proliferation by biogenesis, and 

peroxisome degradation. A constant basal level of peroxisome degradation 

ensures this stable number, but peroxisome degradation is also triggered under 

certain conditions (see section 1.1.7.2). The primary way in which peroxisomes 

are degraded is via autophagy, the removal and recycling of organelles by the 

cell. 

General autophagy (Khaminets et al. 2016) is described as formation and 

elongation of the phagophore, sequestration of cargo and phagophore closure 

preceding maturation into the autophagosome, and autophagosome-lysosome 

fusion, promoting cargo degradation by lysosome hydrolases. Peroxisome-

specific selective autophagy is denoted pexophagy (Eberhart and Kovacs 2018) 

(Figure 1.1B). 

The precise mechanism of initiation of pexophagy in mammalian cells appears 

somewhat unclear, varying between cell types and under certain conditions. 

Expression of autophagy receptors neighbour of breast cancer type 1 

susceptibility protein 1 gene protein 1 (NBR1) and sequestosome 1 (SQSTM1) 

induce peroxisome clustering and degradation (Deosaran et al. 2013). Both 

contain a ubiquitin-associated domain to bind to ubiquitinated targets on the 

peroxisomal membrane, and a phagophore-resident protein microtubule-
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associated proteins 1A/1B light chain 3B (LC3) interacting region (LIR), enabling 

the receptors to bring the phagophore membrane in close apposition to the 

peroxisomes to facilitate engulfment and subsequent degradation (Kirkin et al. 

2009). Indeed, artificial overexpression of peroxisomal proteins PMP34 and 

PEX3 mono-ubiquitinated at their cytosol-facing C terminus has been shown to 

trigger pexophagy in an SQSTM1-dependent manner (Kim et al. 2008). NBR1 

may also localise to peroxisomes independently of ubiquitin via its J domain, 

which enables direct binding to the peroxisomal lipid bilayer (Deosaran et al. 

2013). 

RING-finger E3 ubiquitin ligase PEX2 is typically involved in the PEX5 import 

cycle but also plays a role in basal pexophagy; overexpression triggers NBR1-

dependent loss of peroxisome abundance (Sargent et al. 2016). Inhibition of the 

autophagy-inhibiting protein complex mammalian target of rapamycin complex 1 

(mTORC1) increases PEX2 levels (Sargent et al. 2016), with activated mTORC1 

possibly increasing the degradation of PEX2 by the proteasome to prevent 

unintended pexophagy. A fraction of the mitochondrial deubiquitylase ubiquitin-

specific-processing protease 30 (USP30) is also localised to peroxisomes 

(Marcassa et al. 2018). USP30 could possibly suppress pexophagy by reversing 

the activity of PEX2 and deubiquitinating peroxisomal membrane proteins before 

they are targeted by NBR1/SQSTM1. Knockdown of USP30 in this study 

increased pexophagy rate but had no effect on peroxisome abundance, 

suggesting that peroxisome biogenesis was also increased (Marcassa et al. 

2018). However, peroxisome abundance has recently been shown to be reduced 

with USP30 knockdown in another study (Riccio et al. 2019). 

Loss of the AAA ATPase complex (PEX1, PEX6, PEX26) leads to an increase in 

ubiquitinated PEX5 at the peroxisomal membrane, where it can be recognised by 

NBR1 to attract the phagophore (Law et al. 2017). Mono-ubiquitinated PEX5 has 

been shown to trigger pexophagy in SV40 large T-antigen-transformed MEFs, 

although interestingly without requiring NBR1 and SQSTM1 (Nordgren et al. 

2015).  

Overexpression of PEX3 induces NBR1-mediated pexophagy, although without 

a direct PEX3-NBR1 interaction (Yamashita et al. 2014). This may suggest PEX3 

plays a role in facilitating the ubiquitination of other peroxisomal membrane 
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proteins to recruit NBR1. In addition, the expression of an N-terminal fragment of 

PEX3 is sufficient to cause extensive peroxisome degradation (Soukupova et al. 

1999) (see Chapter 3). 

PEX14 has also been shown to interact with LC3-II in vivo, despite a lack of LIR 

domain for classical LC3 binding (Jiang et al. 2014), suggesting the presence of 

PEX14 can also attract the phagophore membrane to facilitate pexophagy. The 

tankyrases TNKS and TNKS2 are also associated with PEX14 through a TNKS 

binding motif and have a peroxisomal localisation (Li et al. 2017). Overexpression 

of TNKS/TNKS2 reduced the number of peroxisomes, however, this is 

independent of ubiquitin, NBR1 and SQSTM1 (Li et al. 2017), suggesting an 

alternate pathway. This could possibly include autophagy-related protein 9 

(ATG9), which delivers lipids to the forming phagosome (Mercer et al. 2018) and 

also associates with TNKS/TNKS2 (Li et al. 2017). 

Finally, the yeast autophagy protein Atg37p, required for phagophore formation 

during pexophagy, is a homologue of human ACBD5, required for tethering 

peroxisomes to the ER, facilitating membrane expansion (see section 1.1.5.2). 

ACBD5 was reported to be essential for pexophagy (Nazarko et al. 2014), 

however, no further evidence has since been described (Yagita et al. 2017; 

Ferdinandusse et al. 2017). 

Therefore, there are many pathways in the cell with the capacity to initiate 

pexophagy at basal conditions. Many involve ubiquitination, however, there are 

possible alternative pathways for pexophagy. In mammalian liver cells, it was 

suggested that 70-80% of peroxisomes are degraded by pexophagy, based on 

the degradation of peroxisomes following proliferation from treatment with DEHP 

(Iwata et al. 2006). The other 20-30% are likely degraded by other degradation 

pathways. 

ALOX15-mediated autolysis 

In the recovery period from peroxisome proliferation, a population of peroxisomes 

show disruption of the peroxisomal membrane, and the peroxisomal crystalline 

cores were seen free in EM (Fahimi 1973). ALOX15 binds to organelle 

membranes, disturbs their structure and releases their contents, resulting in 

degradation of the organelle (van Leyen et al. 1998). It has been shown that 
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ALOX15 can localise to peroxisomes and ALOX15 inhibitors can rescue 

peroxisomal membrane disturbance (Yokota et al. 2001). Therefore, it is likely 

that ALOX-15 mediated autolysis is another pathway of peroxisomal degradation.  

LONP2 proteolysis 

LONP1 is a major protease located in the mitochondrial matrix, degrading 

proteins that get damaged from ROS generated by the mitochondrial respiratory 

chain (Bota and Davies 2002). While peroxisomal ROS is tightly controlled 

(Schrader and Fahimi 2006a; Fransen et al. 2012), peroxisomal proteins can still 

be damaged by un-reduced H2O2. Therefore, it is no surprise that there is a 

peroxisomal isoform of LONP1, denoted LONP2 (Kikuchi et al. 2004). Using the 

DEHP recovery assay to investigate peroxisome degradation in mammalian liver 

cells, LONP2 increases after recovery from DEHP, while peroxisomes are being 

removed (Yokota et al. 2008), suggesting that LONP2 does indeed play a role in 

peroxisome degradation. It is possible that LONP2 degradation of peroxisomal 

matrix proteins can lead to degradation of the peroxisome as a whole; however, 

no study has shown LONP2 expression or knockdown altering peroxisome 

abundance. Whether LONP2 proteolysis is an alternative pathway in its own right 

or a contributor to protein removal during peroxisome degradation through other 

pathways remains to be seen. 

1.1.7.2 Pexophagy-Initiating Conditions 

Peroxisomal degradation by pexophagy can be initiated and carried out by a 

number of pathways, the majority using ubiquitinated proteins as a flag. Several 

physiological conditions induce peroxisome degradation by pexophagy utilising 

these pathways, including high ROS levels, various types of starvation, and 

reduced oxygen levels.  

ROS Levels 

Peroxisomal degradation can be influenced by ROS levels. mTORC1 is an 

autophagy regulator, with activated mTORC1 preventing autophagy (Rabanal-

Ruiz et al. 2017). Several mTORC1 inhibitors are supposed to be peroxisomally 

localised proteins, and their activation represses mTORC1 to initiate autophagy 

(Zhang et al. 2013). The kinase ataxia telangiectasia mutated kinase (ATM) is 

activated under conditions of increased peroxisomal ROS; it not only activates 

peroxisomal mTORC1 inhibitors to initiate general autophagy (Alexander et al. 
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2010; Zhang et al. 2015), but also phosphorylates PEX5 at S141, promoting 

ubiquitination at K209 by the E3 ubiquitin ligases PEX2,10 and 12 (Zhang et al. 

2015). PEX5 ubiquitinated at K209 is subsequently recognised by SQSTM1 in 

order to promote pexophagy (Zhang et al. 2015). Noise overexposure induces 

oxidative stress and peroxisomal degradation (Delmaghani et al. 2015; Defourny 

et al. 2019). This peroxisomal degradation is mediated by peroxisomal-localised 

pejvakin, which contains an LIR domain for LC3 binding and recruitment of the 

phagophore to peroxisomes. 

Starvation 

Under nutrient-starved conditions, NBR1 localises to peroxisomes and has been 

shown to interact with SQSTM1 and PEX14, with decreased NBR1 expression 

leading to decreased LC3 recruitment to peroxisomes (Jiang et al. 2014). Under 

nutrient starvation PEX14 has been shown to interact with LC3 itself (Hara-Kuge 

and Fujiki 2008), suggesting that NBR1 may play a role in facilitating PEX14-LC3 

interaction to drive pexophagy under these conditions as well as through direct 

recruitment with its LIR domain. Catalase knockdown under serum-depleted 

conditions reduced peroxisome number, increased ROS levels and increased the 

association of NBR1 with PMP70 (Lee et al. 2018). Treatment with N-acetyl-

cysteine to reduce the ROS levels produced under catalase inhibition rescued 

the increased pexophagy under nutrient starvation and catalase knockdown (Lee 

et al. 2018); suggesting ROS again plays a role in pexophagy under starvation 

conditions. In amino acid starvation induction of pexophagy, PEX2 has been 

shown to be upregulated in earlier starvation timepoints and to ubiquitinate PEX5 

and PMP70, recruiting NBR1 to peroxisomes (Sargent et al. 2016). It is unknown 

if the ubiquitination of PEX5 by PEX2 under amino-acid starvation is linked to the 

ubiquitination of PEX5 following phosphorylation by ATM under periods of 

increased ROS. Pexophagy under amino-acid starvation conditions can be 

prevented by expression of USP30, counteracting ubiquitination by PEX2 (Riccio 

et al. 2019). Interestingly, loss of TNKS/TNKS2 prevented pexophagy under 

amino-acid starvation conditions (Li et al. 2017), showing again the importance 

of ubiquitin-independent pathways. 
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Hypoxia 

The cell’s adaptive response to hypoxia is mediated by transcription factors HIF-

1α and HIF-2α, typically flagged under normoxia by the E3 ubiquitin ligase 

component VHL to be degraded by the proteasome, but stabilised under 

conditions of low oxygen (Ohh et al. 2000). The numbers of peroxisomes were 

reduced in mice deficient in VHL alone (simulating hypoxia) and both VHL and 

HIF-1α (Walter et al. 2014). The decrease in peroxisome abundance was caused 

by an increase in HIF-2α mediated pexophagy, as double VHL and HIF-2α 

knockout mice showed no change in peroxisome abundance (Walter et al. 2014). 

The decrease in peroxisome number was associated with a decrease in NBR1 

and SQSTM1 and could be rescued in VHL knockout mice with the treatment of 

autophagy inhibitor 3-MA, despite the presence of clustered NBR1 and SQSTM1 

at peroxisomes (Walter et al. 2014). The mode-of-action of HIF-2α at 

peroxisomes remains to be elucidated; it possibly induces ubiquitination of a PMP 

to attract NBR1/SQSTM1, or it induces post-translational modification of NBR1 if 

it directly binds to the peroxisome membrane via its J domain. Interestingly, 

hypoxia has also been linked to peroxisome proliferation via PPARα (Laurenti et 

al. 2011) (see section 1.1.5.3), leading to the possibility that peroxisome 

proliferation is triggered to counteract peroxisome degradation in hypoxic 

conditions. 

1.1.8 Peroxisome Motility 

Peroxisomes are highly motile (Schrader et al. 2003), with peroxisome 

distribution being important for the cell cycle (Asare et al. 2017), and during 

development in neurons; peroxisomes accumulate in the axon during postnatal 

development but are absent in mature projection neurons (Arnold and Holtzman 

1978; Kassmann et al. 2011). Despite this, much of the mechanisms for 

peroxisome motility are not well understood. 

It was initially shown that peroxisomes in mammalian cells have a direct 

association with the microtubule network (Rapp et al. 1996; Schrader et al. 1996; 

Wiemer et al. 1997), regulating their intracellular dynamics and motility. 

Microtubule destabilising drugs lead to clustering and elongation of the 

peroxisomal compartment, disturb peroxisome cellular distribution and impair 

peroxisome motility (Rapp et al. 1996; Schrader et al. 1996; Wiemer et al. 1997; 
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Thiemann et al. 2000; Passmore et al. 2017) (see Chapter 2). Defects in patients 

affecting the microtubular network have been shown to also affect peroxisomal 

dynamics. For example, a defect in microtubule-severing protein spastin, which 

leads to lower cellular levels of acetylated α-tubulin, causes impaired peroxisomal 

trafficking (Fan et al. 2014; Wali et al. 2016). Interference with the microtubule 

network via the microtubule-binding protein tau also alters proper localisation of 

peroxisomes (Stamer et al. 2002). Several studies have investigated peroxisomal 

movements in more detail, showing that peroxisomes can move bidirectionally 

along microtubules, and typically exhibit short oscillatory movements (0.05-0.2 

µm.s-1) or more rare (5-10%) long range, microtubule-dependent movements 

(>0.24 µm.s-1) (Rapp et al. 1996; Wiemer et al. 1997; Schrader et al. 2000; Bharti 

et al. 2011; Fan et al. 2014; Castro et al. 2018; Wang et al. 2018). These 

movements are highly energy-dependent; depletion of ATP and GTP or changes 

in the intracellular calcium pool causes impaired peroxisome motility (Huber et al. 

1997). 

As peroxisomal motility is bidirectional, utilising the microtubule network, it can 

be expected that the microtubule motors kinesin and dynein (minus- and plus-

end motors respectively) are involved in peroxisomal trafficking. Indeed, several 

studies have linked microtubule-interacting molecular motors and adaptors to the 

motility of peroxisomes (Figure 1.1D).  The kinesin family member KifC3 can 

interact with peroxisomal membrane protein PEX1, and knockdown of KifC3 

induces perinuclear clustering (Dietrich et al. 2013). Overexpression of the 

dynactin subunit dynamitin, inhibiting dynein-based motility, inhibits the 

movement of peroxisomes and reduces their ability to recover an even cellular 

distribution after treatment with microtubule destabilising drugs (Schrader et al. 

2000). The MIRO1 Ras GTPase was recently identified as an adaptor for 

microtubule-based motility (Castro et al. 2018). In addition, three distinct splice 

variants of MIRO1 (MIRO1-var2, MIRO1-var3 and MIRO1-var4) were identified 

(Okumoto et al. 2018) MIRO1-var2 and MIRO1-var4 are localised to peroxisomes, 

and play a role in the longer-range movement. MIRO1 forms a motility complex 

with the trafficking kinesin proteins TRAK1 and TRAK2, and both dynein and 

kinesin themselves (Wang and Schwarz 2009). 
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Microtubule-dependent peroxisomal motility possibly involves PEX14, as 

peroxisome motility may be impaired in cells deficient in PEX14 (Bharti et al. 2011; 

Castro et al. 2018; Okumoto et al. 2018). PEX14 has been shown to interact with 

tubulin via direct binding mediated by its N-terminal domain (Bharti et al. 2011), 

suggesting it plays a role as a membrane anchor for microtubules. In addition, 

knockdown of PEX14 disturbs highly elongated peroxisomal tubules in MFF-

deficient cells, further suggesting that it stabilises these tubules via microtubule 

binding (see Chapter 3). 

Expression of peroxisome-ER tethering protein ACBD5 inhibits proper 

peroxisomal motility (Costello et al. 2017b; Wang et al. 2018). It is likely that 

ACBD5 plays a role in the coordination of peroxisome motility, by releasing 

peroxisomes from the ER to facilitate movement along microtubules. 

It is clear that peroxisome motility is a tightly regulated process, involving the 

coordinated interplay of peroxisomal membrane proteins, adaptors and motors in 

order to maintain an even distribution of peroxisomes in the cell but with the 

capability to perform directed long-range movement when required. Proper 

peroxisome motility is important for cellular function and involved in health and 

disease (see section 1.1.11). Therefore, elucidating the finer details of 

peroxisome motility and dynamics will be important future work. 

1.1.9 Peroxisome Functions 

1.1.9.1 Overview 

Previous sections have described various aspects of peroxisomal dynamics; 

peroxisome number, morphology, and motility. These dynamics help to maintain 

the peroxisomes, allowing them to carry out their many functions inside the cell, 

including fatty acid oxidation, reactive oxygen species homeostasis, and the 

production of ether-linked phospholipids, bile acid intermediates and 

docosahaexanoic acid. These functions and more are discussed further here, 

and the consequences of loss-of-function of peroxisomes and peroxisomal 

proteins are discussed in section 1.1.11. 
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1.1.9.2 Fatty Acid Oxidation 

A major function of the peroxisome is the degradation of fatty acids (Figure 1.2A). 

In Zellweger patients, those lacking functional peroxisomes,  very long-chain fatty 

acids (VLCFAs) accumulate in plasma (Brown et al. 1982). The oxidation of 

VLCFAs by peroxisomes prevents this accumulation, which can lead to ER stress 

and lipoapoptosis in adrenoleukodystrophy (van de Beek et al. 2017). 

Peroxisomes can catalyse the oxidation of those fatty acids that cannot be broken 

down in mitochondria, including C24:0 and C26:0 VLCFAs, the branched-chain 

fatty acid pristanic acid, and the long-chain dicarboxylic acids (Wanders et al. 

2016). Peroxisomes also cooperate with mitochondria for the degradation of fatty 

acids; both organelles can oxidise the long-chain fatty acids palmitic acid, linoleic 

acid and linolenic acid. Substrates for β-oxidation are activated to form fatty acyl-

CoAs by long-chain acyl-CoA synthetases (ACSLs), or very long-chain acyl-CoA 

synthetase (VLACS) (Mashek et al. 2017). The fatty acids then enter the 

peroxisome via the membrane-bound ABCD proteins (Baker et al. 2015). 

β-oxidation is the chain shortening of acyl-CoA esters (Poirier et al. 2006), with 

each cycle releasing two carbon atoms. Acyl-CoA oxidase (ACOX) enzymes 

catalyse the initial step, desaturating acyl-CoAs to 2-trans-enoyl-CoAs, and also 

resulting in the production of ROS (see section 1.1.9.3). The peroxisomal 

multifunctional enzymes L- and D-bifunctional protein (LBP and DBP) hydrate 2-

trans-enoyl-CoAs to 3-hydroxyacyl-CoAs, then subsequently dehydrogenate this 

to 3-ketoacyl-CoAs. Finally, the thiolytic cleavage of 3-ketoacyl-CoA to acyl-CoA 

by 3-ketoacyl-CoA thiolases releases two carbons as acetyl-CoA. Transfer of 

chain-shortened lipids and β-oxidation products out of the peroxisome and to the 

mitochondria for use in energy production is provided through short- and medium-

chain carnitine acyltransferases and acyl-CoA thioesterases in a complementary 

system (Westin et al. 2008). 

Bile Acid Synthesis 

β-oxidation in peroxisomes also plays a role in the production of primary bile acids 

(Ferdinandusse et al. 2009b) (Figure 1.2A). The C24 bile acids cholic acid and 

chenodeoxycholic acid are produced by β-oxidation of the C27 fatty acids di- and 

trihydroxycholestanoic acid (DHCA and THCA), converting the bile acid’s CoA-

esters to glycine or taurine esters by bile acid-CoA: aminoacid transferase 
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(BAAT), which also produces propionic acid as a by-product. The β-oxidation of 

C27 bile acid intermediates is crucial to reducing toxicity, as mature C24-bile 

acids are significantly less cytotoxic than DHCA and THCA (Ferdinandusse et al. 

2009a). 

Docosahexaenoic Acid Production 

Peroxisomal β-oxidation is also required for the formation of docosahexaenoic 

acid (DHA) (Figure 1.2A). DHA is an omega-3 poly-unsaturated (C22:6) fatty acid 

(PUFA), generated from β-oxidation of newly imported C24:6-CoA, requiring both 

ACOX1 and DBP (Su et al. 2001). DHA is important for brain and retinal 

development and function (Anderson et al. 1990), highlighting the importance of 

β-oxidation not only in the breakdown of fatty acids to reduce toxicity and aid the 

mitochondria in acetyl-CoA production, but also in the production of other crucial 

metabolites. 

Phytanic Acid Oxidation 

In addition to the β-oxidation of fatty acids, peroxisomes also carry out α-oxidation, 

primarily of phytanic acid (Wanders et al. 2011) (Figure 1.2A). Phytanic acid is a 

3-methyl fatty acid, obtained from the diet only, and the methyl group at the 

3-position prohibits β-oxidation. Therefore, activated phytanic acid (phytanoyl-

CoA) can undergo one round of α-oxidation, consisting of hydroxylation by 

phytanoyl-CoA 2-hydroxylase, cleavage to pristanal, and the conversion of 

pristanal to pristanic acid. Pristanic acid can then undergo β-oxidation. 

Phytanic acid can not only be α-oxidised in order to pass into the β-oxidation 

pathway, but also ω-oxidised (Komen et al. 2005). In this pathway, phytanic acid 

is hydroxylated at the ω-end, which is then converted to an aldehyde and 

dehydrogenated by cytochrome P450 enzymes to form a carboxyl group, 

producing phytanedioic acid. Phytanedioic acid can be degraded by β-oxidation 

at the ω-end. ω-oxidation of phytanic acid is likely key for reducing phytanic acid 

levels in Adult Refsum Disease (ARD) patients, which have a deficiency in α-

oxidation primarily through mutation of phytanoyl-CoA 2-hydroxylase (Jansen et 

al. 1997). 
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Figure 1.2: An overview of the main peroxisomal metabolic substrates and 
products. (A) Fatty acid degradation and ROS homeostasis (see sections 1.1.9.2 and 
1.1.9.3). (B) The production of lipid precursors to be passed to the ER (see section 
1.1.9.4). 

1.1.9.3 Reactive Oxygen and Nitrogen Species Homeostasis 

Several peroxisomal enzymes are oxidases, producing reactive oxygen species 

(ROS) as a by-product in the form of hydrogen peroxide (H2O2) (Schrader and 

Fahimi 2004) (Figure 1.2A). For example, during β-oxidation the reoxidation of 

reduced FAD (flavin adenine dinucleotide) to oxidised FAD in the activity of ACOX 

enzymes generates H2O2. A few exceptions produce other reactive species, for 

example xanthine oxidase and the inducible nitric oxide synthase can produce 

superoxide (O2·−) and the reactive nitrogen species (RNS) nitric oxide (NO·) in 

addition to H2O2 (Zhang et al. 1998; Stolz et al. 2002; Galbusera et al. 2006). 

ROS and RNS species can also readily react; O2·− can react with NO· to form 

peroxynitrite (ONOO-), and H2O2 can be decomposed to produce hydroxyl 

radicals (OH·) (Fransen et al. 2012). This build-up of ROS/RNS can lead to 

protein modifications and the inactivation of peroxisomal enzymes, and 

disturbance of the peroxisomal membrane through lipid peroxidation (Fransen et 

al. 2012). 
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Therefore, in order to reduce highly damaging build-up of ROS/RNS, 

peroxisomes contain various scavenging/detoxification enzymes (Walker et al. 

2018) (Figure 1.2A). Several enzymes catalyse the metabolism of H2O2; 

peroxiredoxin 5 (PRDX5) (Walbrecq et al. 2015), also involved in the breakdown 

of ONOO- (Trujillo et al. 2007), catalase, which can detoxify H2O2 either by 

conversion into oxygen and water, or reducing H2O2 into water via an electron 

donor (Sepasi Tehrani and Moosavi-Movahedi 2018); and peroxisomal 

glutathione peroxidase, converting H2O2 into water via oxidation of GSH (reduced 

glutathione) to GSSG (glutathione disulphide) (Singh et al. 1994; Djordjević 2004). 

The breakdown of O2·− requires the peroxisomal superoxide dismutases, which 

rapidly convert O2·− to the more manageable H2O2 (Keller et al. 1991). Other 

peroxisome-localised enzymes to reduce damaging oxidative metabolites include 

the epoxide hydrolase 2 (EPHX2) and glutathione S-transferase kappa (GSTK1) 

(Fransen et al. 2012). In addition, peroxisomes are involved in the synthesis of 

plasmalogens (see section 1.1.9.4), which carry antioxidant properties. 

While at high concentrations reactive species can damage cellular proteins and 

membranes, at low concentrations they have the capacity to act as important 

intracellular signalling molecules (Walker et al. 2018). This is especially evident 

for H2O2, which has been shown as important for many cellular functions including 

cell proliferation, differentiation, migration, microbial defence in the phagosome, 

and the regulation of protein function through targeted oxidative inactivation 

(Rhee 2006). Therefore, in maintaining ROS and RNS homeostasis, 

peroxisomes are important organelles not only for detoxification, but also in 

crucial cell signalling. 

1.1.9.4 Ether Phospholipid Biosynthesis 

Ether-linked lipids are glycerophospholipids with an ether-linked alkyl chain 

attached to the glycerol backbone at position sn-1 instead of the classical ester-

linked chain. Plasmalogens (Nagan and Zoeller 2001) make up the majority of 

ether-linked lipids and are those that show a cis double bond on the alkyl chain 

adjacent to the ether bond, and typically appear with an ethanolamine head group 

(plasmanylethanolamine). 

Ether lipid levels are reduced in peroxisome-deficient patients (Heymans et al. 

1983), suggesting a role of peroxisomes in their synthesis. Ether phospholipid 
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synthesis begins in the peroxisome through the production of dihydroxyacetone 

phosphate (DHAP) from glycerol-3-phosphate (G3P) (Wanders et al. 2016) 

(Figure 1.2B). G3P likely enters the peroxisome with the help of channel forming 

peroxisomal membrane protein PXMP2 (PMP22) (Rokka et al. 2009; Antonenkov 

and Hiltunen 2012). Acyl-CoA from fatty acid synthase-mediated de novo 

lipogenesis is then either used by the enzyme dihydroxyacetone phosphate 

acyltransferase (DHAPAT)  to produce acyl-DHAP, or is reduced to a fatty alcohol 

by fatty acyl-CoA reductase on the peroxisomal membrane and used in the next 

step to form alkyl-DHAP by alkyl-DHAP synthase (Dean and Lodhi 2018), using 

a fatty alcohol generated by fatty acyl-CoA reductase (FAR1). Acyl-DHAP and 

alkyl-DHAP are both ether phospholipid precursors, and can be reduced to 1-acyl 

G3P (lysophosphatidic acid) or the ether-linked analogue 1-O-alkyl G3P (AGP), 

respectively (LaBelle and Hajra 1974). The final steps in the conversion to ether 

phospholipids take place in the ER, with lysophosphatidic acid forming a basis 

for diacylglycerol (DAG) used for production of diacyl phospholipids in the 

Kennedy pathway (see section 1.1.3) (Gibellini and Smith 2010), and AGP 

forming the basis for the ether-linked lipids, following acylation, removal of the 

phosphate group, and attachment of the head group by phosphotransferases 

(Figure 1.2B). To make the plasmalogen form of ether-linked lipids, the cis double 

bond on the alkyl chain is created by plasmanylethanolamine desaturases 

(Nagan and Zoeller 2001). 

Plasmalogens have many important roles. Their physical properties allow for the 

formation of non-bilayer structures, possibly resulting in increased membrane ion 

leakage and promotion of membrane fusion (Glaser and Gross 1994). The alkyl 

chain double bond appears to be important to convey an antioxidant property to 

protect the cell from ROS (Zoeller et al. 1999). These structural and protective 

roles likely explain the high presence of plasmalogens in multilamellar 

membranes with high risk of exposure to oxidative stress, such as myelin (Luoma 

et al. 2015), and sarcolemma (Post et al. 1988). They may also play roles in 

storage of polyunsaturated fatty acids, release of arachidonic acid, and cell 

signalling (Nagan and Zoeller 2001). 
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1.1.9.5 Anti-viral signalling 

Peroxisomes are not only metabolic organelles, and one of the most recent 

discoveries of a peroxisomal function is that of anti-viral defence, primarily 

through the discovery of a peroxisomal localisation of tail-anchored membrane 

protein mitochondrial antiviral signalling (MAVS) (Dixit et al. 2010). Following viral 

infection, the RIG-I-like Receptor (RLR) family of proteins detect viral RNA, and 

induce a signalling pathway that triggers expression of Type I interferons and 

other antiviral genes (Loo et al. 2011). This expression of host defence genes 

requires MAVS as an adaptor protein for the RLR (Xu et al. 2005; Meylan et al. 

2005; Kawai et al. 2005). Peroxisomal-localised MAVS has been confirmed to be 

a site of signal transduction for anti-viral defence, and it was revealed that the 

peroxisomal localisation is required for rapid induction of antiviral genes, at a 

faster rate than mitochondrial MAVS (Dixit et al. 2010), implying different 

signalling cascades at the different organelles. Infection from viruses has been 

shown multiple times to affect peroxisomes (Wong et al. 2018; Cook et al. 2019), 

possibly as a way to subvert the peroxisomal role in the cell’s antiviral defence. 

Cells infected with human immunodeficiency virus (HIV) show altered expression 

of microRNAs, decreasing expression of peroxisomal proteins and reducing 

peroxisome number (Xu et al. 2017). Similarly, human cytomegalovirus (HCMV)-

encoded viral mitochondria-localised inhibitor of apoptosis (vMIA), has been 

shown to localise to peroxisomes (Magalhães et al. 2016), inducing peroxisome 

fragmentation and inhibiting the peroxisomal-dependent antiviral signalling 

pathway. HCMV infection also induces upregulation of the peroxisomal proteome 

(Jean Beltran et al. 2018). Herpes simplex virus 1 also targets peroxisomal MAVS 

as a way to dampen the immediate early antiviral response (Zheng and Su 2017). 

Therefore, the protective role of peroxisomes is not limited to ROS or VLCFA 

scavenging, but also in combatting viral infection in the immune response. This 

also leads to the possibility of peroxisomes as targets for anti-viral therapies in 

the future.  

1.1.9.6 Further Roles 

In addition to those listed in detail above, several other roles for peroxisomes 

have been demonstrated. Peroxisomes have been shown to contain a number of 

enzymes involved in cholesterol biosynthesis (Faust and Kovacs 2014), 
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converting acetyl-CoA from VLCFA oxidation to mevalonate (requiring 

acetoacetyl thiolase), and then to farnesyl diphosphate (FPP) with the 

mevalonate kinases (Figure 1.2A). FPP is a sterol precursor and is converted to 

cholesterol in the ER. Peroxisomes may also be involved in cholesterol shuttling 

from lysosomes to the ER (Chu et al. 2015; Xiao et al. 2019). The degradation of 

several amino acids can also take place in the peroxisome; including a range of 

D-amino acids by the enzymes D-amino acid oxidase and D-aspartate oxidase, 

and L-pipecolic acid by L-pipecolic acid oxidase (Wanders et al. 2016). Other 

metabolic pathways include, but are not limited to; metabolism of glyoxylate to 

glycine (Fodor et al. 2012), polyamines (Beard et al. 1985), sarcosine (Reuber et 

al. 1997), purines such as xanthine (Yeldandi et al. 1996), all-trans-retinol and 3-

keto-C19/C21-steroids (Matsunaga et al. 2008), and prostaglandins (Diczfalusy et 

al. 1991), all of which it is extremely important to regulate to maintain cellular 

function. 

1.1.10 The Peroxisome-Mitochondria Connection 

1.1.10.1 Peroxisome-Organelle Interaction 

In recent years, the field of organelle-organelle communication and membrane 

contact sites has grown massively, with the peroxisome being no exception 

(Schrader et al. 2019). While it has long been known that peroxisomes interact 

with other organelles, the physical tethering proteins were unknown, but have 

now recently began to be identified. For example, ER-peroxisome membrane 

contact sites are now much more well understood, with the ER-resident VAPs 

interacting with peroxisomal ACBD4 and ACBD5 to regulate lipid exchange 

(Costello et al. 2017b, c; Hua et al. 2017), and cholesterol transport from the ER 

to the peroxisome being facilitated by binding of extended synaptotagmin (E-Syts) 

on the ER membrane to peroxisomal lipid PI(4,5)P2 (Xiao et al. 2019). Other 

peroxisome-organelle contact sites and proteins, including peroxisome-lysosome 

(Chu et al. 2015; Hu et al. 2018) and peroxisome-lipid droplet (Chang et al. 2019), 

have also been identified and characterised. In this thesis, the cooperation and 

interplay of peroxisomes and mitochondria are probed in more detail, including 

the response of peroxisomes to mitochondrial-derived ROS (see Chapter 2), and 

the extent to which shared peroxisome-mitochondrial proteins affect peroxisomal 

membrane dynamics (see Chapter 3; Chapter 4). Therefore, an overview of 
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current “knowns” and “unknowns” of this peroxisome-mitochondria connection is 

presented below. 

1.1.10.2 Peroxisome-Mitochondria Functional Cooperation 

As previously mentioned, peroxisomes work closely with mitochondria in the 

degradation of fatty acids and ATP generation, with peroxisomes chain-

shortening those VLCFAs unable to be degraded by the mitochondria by β-

oxidation before shuttling them to the mitochondria for the production of acetyl-

CoA for use in the tricarboxylic acid (TCA) cycle (see section 1.1.9.2). In addition 

to this, peroxisomes and mitochondria also functionally cooperate in other 

metabolic pathways (Fransen et al. 2017) (Figure 1.3). Mitochondria are major 

producers of ROS, of which both mitochondria and peroxisomes contain several 

catalytic enzymes to reduce the levels of (see section 1.1.9.3). In the production 

of primary bile acids, peroxisomal enzymes catalyse the β-oxidation of the C27 

fatty acids DHCA and THCA (see section 1.1.9.2). Both DHCA and THCA are 

formed in the mitochondria by mitochondrial cytochrome P450, before being 

passed to the peroxisomes following activation by ER bile acid-CoA ligase 

(Russell 2003). During the hydroxylation step of phytanic acid α-oxidation in 

peroxisomes, catalysed by phytanoyl-CoA 2-hydroxylase, the hydroxylation of 

phytanoyl-CoA is driven by 2-oxoglutarate, and produces succinate as a by-

product (McDonough et al. 2005). In the TCA cycle in mitochondria, 2-

oxoglutarate is produced, which can enter peroxisomes and be converted to 

succinate to aid in α-oxidation. Succinate can then re-enter the mitochondria for 

further use in the TCA cycle. Glyoxylate metabolism also requires peroxisome-

mitochondria cooperation; the breakdown of glyoxylate produces both glycine 

and pyruvate (Wang et al. 2013b), both of which are metabolised in mitochondria. 

Peroxisomes have been implicated in the regulation of mitochondria-dependent 

apoptosis, as peroxisome deficiency through PEX3 or PEX5 depletion induces 

mitochondrial fragmentation, and thus cytochrome c release into the cytosol 

(Tanaka et al. 2019). However, as peroxisomes and mitochondria share 

components of their division machinery, possibly competitively, it may be likely 

that without peroxisomes, this division machinery is overly targeted to the 

mitochondria in order to induce this fragmentation. Finally, as previously 

discussed (see section 1.1.4), the mitochondria have been implicated in 
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peroxisome membrane protein supply, contributing to peroxisomal de novo 

biogenesis (Sugiura et al. 2017). 

Figure 1.3: An overview of peroxisome-mitochondria functional cooperation. 
Peroxisomes (PO) and mitochondria (MITO) exchange several factors (see section 
1.1.10.2), including fatty acids for degradation, key metabolites for their functions, and 
proteins involved in organelle dynamics. 

1.1.10.3 Peroxisome-Mitochondria Physical Contact 

Peroxisomes and mitochondria share many membrane proteins (Costello et al. 

2018); including those involved in organelle division (FIS1, MFF, DRP1) (see 

section 1.1.5.2), organelle motility (MIRO1) (see section 1.1.8), and anti-viral 

signalling (MAVS) (see  section 1.1.9.5). Despite this, and frequent observation 

of mitochondria in close apposition to peroxisomes in electron micrographs 

(Fransen et al. 2017), physical tethering proteins for peroxisome-mitochondria 

membrane interactions are far less characterised. In yeast, contact site proteins 

have been identified in mitochondrial Fzo1p and PMP Pex34p (Shai et al. 2018), 

linking peroxisomal β-oxidation with mitochondrial ATP generation. Pex11p has 

also been implicated in peroxisome-mitochondria contact in yeast, through its role 

in interacting with the mitochondria-ER tethering complex ERMES, where 

peroxisomes have been found to localise to upon Pex11p expression (Cohen et 

al. 2014; Mattiazzi Ušaj et al. 2015). While PEX11β in mammalian cells has not 
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yet been identified as a peroxisome-mitochondrial tethering protein, it was 

identified as co-regulated with enzymes involved in mitochondrial ATP 

generation/respiration, and expression of PEX11β increases peroxisome-

mitochondria interaction through induction of peroxisomal membrane protrusions 

(Kustatscher et al. 2019). In addition, knockout of PEX11β leads to mistargeting 

of peroxisomal matrix and membrane proteins to the mitochondria, possibly to 

the inner-membrane space (Lismont et al. 2019a), suggesting PEX11β may play 

a role in preventing the mitochondrial localization of peroxisomal proteins. 

Towards the identification of mammalian tethering proteins, steroid biosynthesis 

in mouse Leydig tumour cells requires peroxisome-mitochondria interaction, 

which appears to be dependent on the dual targeted membrane protein ACBD2 

(Fan et al. 2016). As peroxisome-mitochondria functional cooperation is so 

crucial for cell metabolism (see section 1.1.10.2), it will be important for future 

research to further identify tethering components, and identify the roles that they 

play in maintaining cell function. 

1.1.11 The Role of Peroxisomes in Health and Disease 

Due to the their vast array of metabolic functions (see section 1.1.9), peroxisomes 

play crucial roles in health and disease, with a range of symptoms and severity 

(Waterham et al. 2016). Disorders of peroxisomal function are commonly grouped 

into either peroxisomal enzyme deficiencies (PEDs) or peroxisome biogenesis 

disorders (PBDs); the most common of which are discussed here. In addition, 

several newly discovered disorders comprising of those with a defect in 

peroxisomal dynamics are discussed. 

1.1.11.1 Peroxisomal Enzyme Deficiencies 

PEDs include the loss of PMPs important for peroxisome metabolism in addition 

to peroxisomal matrix enzymes. The most common PED is X-linked 

adrenoleukodystrophy (X-ALD), a deficiency of the VLCFA transporter ABCD1 

(Kemp et al. 2012). As a result, peroxisomal β-oxidation is severely impaired, and 

patients typically present with brain abnormalities including neuronal 

degeneration and demyelination and white matter inflammation, loss of cognitive 

function, peripheral neuropathy and myelopathy, ultimately resulting in loss of 

mobility, speech, cognitive function, and death within a few years. These 

symptoms are some of the classical hallmarks of a peroxisomal disorder, and 
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other PEDs due to a defect in various enzymes involved in β-oxidation have 

similar clinical presentations, including those arising from mutations in ACOX1 

and DBP (see section 1.1.9.2). In addition to β-oxidation defects, a loss of 

phytanoyl-CoA 2-hydroxylase (catalysing the first step in α-oxidation (see section 

1.1.9.2)), leads to adult Refsum disease (Wanders et al. 2006). In contrast to 

defects of β-oxidation, adult Refsum disease is typically less severe and carries 

a better prognosis; with loss of sight, smell, and hearing, neuropathy, and ataxia 

being the hallmarks. PEDs affecting ether lipid biosynthesis (see section 1.1.9.4) 

result in rhizomelic chondriodysplasia punctata (RCDP) types 2-4, from mutations 

in key enzymes of the peroxisomal ether phospholipid pathway DHAPAT, alkyl-

DHAP synthase, and FAR1, respectively. Due to the marked decrease in crucial 

ether-linked phospholipids such as plasmalogens, patients often present with 

severe symptoms, including arthrogryposis, hypotonia, dwarfism and rhizomelia, 

and stippled bone and cartilage calcification (chondriodysplasia punctata) 

(Braverman and Moser 2012). Finally, other PEDs include loss of catalase-

dependent H2O2 metabolism in acatalasemia, glyoxylate metabolism in primary 

hyperoxaluria type 1, and loss of bile acid synthesis with specific enzyme 

deficiencies. 

1.1.11.2 Peroxisome Biogenesis Disorders 

In contrast to the PEDs, PBDs represent mutations in any one of the human PEX 

genes, resulting in either a reduction of peroxisomal import, the presence of 

dysfunctional, import-incompetent, peroxisomal remnants (or “ghosts”), or a 

complete loss of peroxisomal structures. As with PEDs, PBD patients’ clinical 

presentations are broad, ranging from extensive neurological problems in 

neonates to slowly-progressing degenerative disease (Braverman et al. 2016). 

Two subtypes represent the PBDs: (i) the Zellweger spectrum disorders (ZSDs), 

denoted infantile Refsum disease, neonatal ALD, and Zellweger syndrome in 

order of increasing severity (with considerable overlap in symptoms), and 

(ii) RCDP types 1 and 5 (Argyriou et al. 2016). ZSDs arise from mutations in 

integral PMPs, for example loss of one of the three indispensable PMPs for 

peroxisome membrane assembly (PEX3, PEX16, PEX19; see section 1.1.4), and 

are typically on the more severe end of the spectrum, due to the complete lack of 

peroxisomes. The most common disease-causing PMP mutations are in PEX1 or 
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PEX6, parts of the PEX5 and PEX7 recycling complex (see section 1.1.4), and 

are found mutated in over three-quarters of PBD patients (Waterham and 

Ebberink 2012). RCDP type 1 is a consequence of mutations in PTS2 receptor 

PEX7, and due to the role of PEX7 in importing crucial matrix enzymes of the 

ether-linked lipid biosynthesis pathway, show near identical symptoms as those 

of RCDP type 2-4 discussed previously (Braverman et al. 1993). Similarly, RCDP 

type 5 arises from mutations in PEX5L, a co-receptor for PTS2 import (Barøy et 

al. 2015). 

1.1.11.3 Disorders of peroxisomal dynamics 

While peroxisome dynamics also appear disturbed in PED or PBD patients (e.g. 

peroxisomes are less abundant in ACOX1 deficiency and can be rescued with 

treatment with DHA (Itoyama et al. 2012)), a relatively new group of peroxisomal 

disorders are those that arise from dysfunction in proteins involved in 

maintenance of peroxisomal membrane dynamics (see section 1.1.5.2). The 

peroxin PEX11β, and the shared peroxisomal-mitochondrial proteins MFF, 

GDAP1 and DRP1 have all been associated with disease (Waterham et al. 2007; 

Shamseldin et al. 2012; Ebberink et al. 2012; Huber et al. 2013). These patients 

show mitochondrial and peroxisomal elongation (due to a block in organelle 

fission) and present with typical symptoms of mitochondrial and peroxisomal 

disorders (including microcephaly, neuropathy, hypotonia, retinal dystrophy etc.), 

however, display no consistent abnormality in peroxisomal (or mitochondrial) 

metabolism (Waterham et al. 2007; Shamseldin et al. 2012; Ebberink et al. 2012; 

Koch et al. 2016; Nasca et al. 2018) (see Chapter 3). It is therefore important to 

fully understand peroxisomal membrane dynamics and the role that it plays in 

cellular processes and their links to disease, for example peroxisomal elongation, 

proliferation and dynamics affecting cell fate (Asare et al. 2017), and carrying 

protection to the auditory system against noise-induced ROS (Delmaghani et al. 

2015). A thorough understanding of the role of membrane dynamics in disease, 

combined with a detailed characterisation of the key processes underlying 

peroxisomal membrane dynamics to maintain protective functions, will pave the 

way for future therapeutics and the way in which they are approached. 
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1.2 Thesis Overview 

1.2.1 Aims and Objectives 

As previously discussed, the dynamics of the peroxisomal compartment 

encompasses not only motility, but also the maintenance of peroxisome number 

and morphology. How these dynamics relate to peroxisomal function, and vice 

versa, is still a relatively new field. How does altering the membrane dynamics of 

the peroxisomal compartment contribute to the cellular pathophysiology in 

disorders of peroxisome dynamics? To what extent are peroxisomal membrane 

alterations a cause or a consequence of cellular alterations? Which cellular 

processes are most altered in these conditions, and what should we target in 

order to rescue alterations of peroxisome membrane dynamics? 

Through an interdisciplinary, combined experimental-modelling approach, this 

thesis will explore these questions, aiming to further elucidate the role that 

peroxisomal membrane dynamics have in health and disease. 

1.2.2 Results Chapters 

To address the above questions/aims, this thesis consists of three distinct results 

chapters, finally culminating in a brief discussion chapter, helping to explain how 

peroxisome dynamics and peroxisomal alterations contribute to cellular 

pathophysiology. 

Chapter 2 explores the response of the peroxisomal membrane to stress, by 

looking at how induced alterations to another organelle – the mitochondrion – 

have consequential effects on peroxisomal morphology. Chapter 3 takes this 

peroxisome-mitochondrion interplay further, by investigating the role that the 

dual-localised division protein MFF has in maintaining peroxisomal membrane 

dynamics, and the further, unexpected, peroxisomal alterations that arise in 

patients with a defect in these dynamics. 

Throughout these studies, the overall picture of how peroxisomal dynamics are 

altered has become clearer. In Chapter 4, a biophysical, mathematical model is 

presented of peroxisomal membrane dynamics. This model takes into account 

alterations of the peroxisomal compartment in terms of morphological changes, 

as well as peroxisome number.  
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Finally, the conclusion in Chapter 5 discusses how the previous results chapters 

come together into a coherent story and evaluate this interdisciplinary approach 

to organelle biology. 
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Chapter 2 ROS and Peroxisomal Membrane 

Dynamics 
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2.1 Introduction 

As previously discussed (see section 1.1.9.3), peroxisomes are crucial players in 

the maintenance of ROS levels inside the cell, acting as both a source and a sink 

of ROS, and cooperating extensively with the mitochondria for ROS homeostasis 

(see section 1.1.10.2). ROS are generated in mitochondria primarily through the 

generation of ATP. The main mitochondrial ROS is O2·−, produced primarily 

through the action of complex I (NADH CoenzymeQ1 reductase) in the 

mitochondrial respiratory chain, with the flavin mononucleotide prosthetic group 

in the active site carrying out the reduction of O2 (Hirst et al. 2008). 

This redox-sensitive relationship between peroxisomes and the mitochondria 

may have impact on age-related and degenerative disorders (Titorenko and 

Terlecky 2011; Fransen et al. 2013; Nordgren and Fransen 2014). A reduction in 

peroxisomal catalase is linked to ageing in mammalian cells, and results in 

functionally impaired mitochondria (Koepke et al. 2008; Ivashchenko et al. 2011), 

likely a result of increased cellular H2O2 levels (Walton and Pizzitelli 2012). 

It is known that mitochondria are responsive to ROS alterations in peroxisomes; 

generation of excess ROS in peroxisomes using peroxisome-localised KillerRed 

perturbs mitochondrial redox balance, not seen with cytosolic KillerRed 

(Ivashchenko et al. 2011; Wang et al. 2013a). Peroxisomes have also been 

shown to be somewhat resistant to oxidative stress generated elsewhere in the 

cell, not responding to KillerRed unless inside of the peroxisomes themselves 

(Ivashchenko et al. 2011). However, how peroxisomes respond to oxidative 

stress in the mitochondria is largely unknown. Several drugs that target 

mitochondria induce mitochondrial ROS, including the mitochondria respiratory 

chain inhibitor rotenone (Barrientos and Moraes 1999), widely used to produce 

Parkinson’s-like symptoms in animal and cellular models (Betarbet et al. 2000; 

Alam and Schmidt 2002; Mounsey and Teismann 2011). Inhibition of complex I 

with rotenone is likely to increase mitochondrial ROS levels by resulting in a 

backup of electrons onto the flavin mononucleotide group, producing more O2·− 

(Votyakova and Reynolds 2008). 

It has previously been reported that rotenone has an effect on peroxisomes, 

inducing elongation and clustering, and that this may be independent of the ROS 

produced by rotenone (Pinho 2010). It was also noted that rotenone induced 
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microtubule depolymerisation. However, the precise mechanism whereby 

rotenone induces peroxisome alteration is still unclear. Similarly, rotenone 

appears to induce mitochondrial morphological alterations (Pinho 2010), but it is 

unknown if this is through the same alterations to the intracellular environment 

that affect peroxisomes. Revealing these mechanisms will shed further light into 

the complex ROS-sensitive relationship between peroxisomes and mitochondria, 

in addition to providing valuable insight into the manner in which rotenone affects 

the intracellular environment. 

2.2 Materials and Methods 

2.2.1 Antibodies 

Antibodies were used as follows: rabbit polyclonal antibody against PEX14 

(1:1400, kindly provided by D. Crane, Griffith University, Brisbane, Australia) 

(Nguyen et al. 2006; Grant et al. 2013), mouse monoclonal antibodies against α-

tubulin (Sigma, T9026) and acetylated α-tubulin (Sigma, T6793) (both used at 

1:200 for immunofluorescence, 1:1000 for immunoblotting), and TOM20 (1:200 

for immunofluorescence) (BD Transduction Laboratories, San Diego, USA; 

612278). Secondary anti-IgG antibodies against rabbit (Alexa 488, 

1:500; A21206) and mouse (Alexa 488, 1:400, A21202 and Alexa 594, 

1:1000, A21203) were obtained from Molecular Probes (as part of Invitrogen Life 

Technologies, Eugene, USA). Anti-mouse IgG antibodies conjugated to HRP 

(1:5000, 170-6516) were obtained from Bio-Rad (Munich, Germany). The 

specificity of all antibodies has been validated in several previous studies. 

2.2.2 Cell Culture and Drug Treatment 

COS-7 cells (African green monkey kidney cells; ATCC CRL-1651) were cultured 

in DMEM, high glucose (4.5 g/L) supplemented with 10% FBS, penicillin and 

streptomycin (all from Life Technologies) at 37 °C with 5% CO2 and 95% humidity 

(HERACell 240i CO2 incubator). Cells were seeded onto glass coverslips (Fisher 

Scientific, 19 mm Ø, 0.13–0.17 mm thickness) at a defined density 

(1 × 105 cells/mL). 24 h after seeding, the culture medium was aspirated, and 

cells were treated for different time intervals (3, 6 and 24 h) with a range of 

concentrations of rotenone (Sigma, R8875) (100 nM, 1 µM, 10 µM, 100 µM, 
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1 mM). For pre-treatment with the microtubule-stabilising drug paclitaxel (taxol) 

(Sigma, T7402), cells were first incubated with 20 µM paclitaxel for 6 h before the 

addition of rotenone. For pre-treatment with the antioxidant N-acetyl cysteine 

(NAC) (Sigma, A7250), cells were first incubated with 10 mM NAC for 1 h before 

the addition of rotenone. Stock concentrations of 100 mM rotenone and 2 mM 

paclitaxel were prepared in dimethyl sulfoxide (DMSO) (Sigma, D8418) and 

dilutions prepared in culture medium. A stock concentration of 100 mM NAC was 

prepared always fresh in culture medium, and diluted in culture medium following 

pH neutralisation and sterilisation by filtration of the stock. 

2.2.3 Immunofluorescence and Microscopy 

Cells grown on glass coverslips were washed twice with phosphate-buffered 

saline (PBS). Cells to be stained with organelle markers (e.g. PEX14 or TOM20) 

were fixed using 4% paraformaldehyde, pH 7.4 for 20 min at room temperature 

as previously described (Bonekamp et al. 2013b) as peroxisome morphology is 

sensitive to alcoholic fixation (Schrader et al. 1995). Cells to be stained with 

cytoskeletal markers (e.g. α-tubulin or acetylated α-tubulin) were fixed with ice-

cold methanol for 15 min at −20 °C. Following fixation, cells were washed 3 times 

in PBS, membranes were permeabilised with 0.2% (w/v) Triton X-100 for 10 min 

at room temperature (permeabilisation was omitted for methanol-fixed cells), 

washed again three times in PBS and blocked with 2% (w/v) bovine serum 

albumin (BSA) for 10 min at room temperature. Cells were then incubated for 1 h 

with primary antibodies diluted in PBS, washed three times in PBS and incubated 

for 1 h with secondary antibodies diluted in PBS. In controls, where the primary 

antibodies were omitted, no staining reactions were observed. To mount 

coverslips on slides, cells were washed three times in PBS, dipped in dH2O and 

mounted (after removal of excess water) in Mowiol 4-88 containing n-propyl 

galate as an anti-fading (Bonekamp et al. 2013b). Cell imaging was performed 

using an Olympus IX81 microscope with an UPlanSApo 100x/1.40 Oil objective 

(Olympus Optical, Hamburg, Germany), eGFP ET filter set (470/40 Et Bandpass 

filter, Beamsplitter T495 LPXR and 525/50 ET Bandpass filter [Chroma 

Technology GmbH, Olching, Germany]), TxRed HC Filter Set (562/40 BrightLine 

HC Beamsplitter HC BS 593, 624/40 BrightLine HC [Semrock, Rochester, USA]). 

Images were taken with a CoolSNAP HQ2 CCD camera (150–300 ms exposure, 
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gain 3, bin 1, gamma 1) and MetaMorph 7 (Molecular Devices, USA) was used 

to adjust for contrast and brightness. 

2.2.4 Gel Electrophoresis and Immunoblotting 

Following drug treatment, cells were trypsinised, washed in PBS and centrifuged 

at 500×g for 3 min. Cell pellets were lysed [25 mM Tris–HCl, pH 8.0, 150 mM 

NaCl, 0.5% (w/v) sodium deoxycholate, 1.5 mM Triton X-100 and a protease-

inhibitor mix (Roche Diagnostics)] and protein concentrations were determined 

using the Bradford assay (Bradford 1976) (Bio-Rad Protein Assay Dye Reagent 

Concentrate, 5000006). Equal amounts of protein were separated by SDS-PAGE 

on 12.5% polyacrylamide gels, transferred to nitrocellulose membrane 

(Amersham Bioscience, Arlington Heights, IL, USA) using a semi-dry apparatus 

(Trans-Blot SD, Bio-rad) and analysed by immunoblotting using the 

corresponding primary antibodies and horseradish peroxidase-conjugated 

secondary antibodies and enhanced chemiluminescence reagents (Amersham 

Bioscience, Arlington Heights, IL, USA). 

2.2.5 Quantification and Statistical Analysis of Data 

Analysis of statistical significance was performed using GraphPad Prism 5 

software. A two-tailed unpaired t test was used to determine statistical difference 

against the indicated group. *p < 0.05, **p < 0.01, ***p < 0.001. For analysis of 

organelle distribution and morphology, a minimum of 150 cells were examined 

per condition, and organelle parameters (e.g. tubular, elongated morphology, 

intracellular distribution/clustering) were microscopically assessed in at least 

three independent experiments. The analysis was made blind and in different 

areas of the coverslip. Data are presented as mean ± SD. 
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2.3 Results 

2.3.1 Rotenone alters peroxisome morphology and distribution 

To assess the effect of rotenone on peroxisome morphology in mammalian cells, 

COS-7 cells were treated with a range of concentrations of rotenone, and 

peroxisome morphological characteristics observed following 

immunofluorescence using an antibody against PEX14. Cells were treated for 6 

and 24 hours prior to immunofluorescence. Control COS-7 cells showed an even 

distribution of peroxisomes, with the typical spherical/punctate morphology 

(Figure 2.1A). As reported previously (Pinho 2010), cells following drug treatment 

showed either an elongated (Figure 2.1B) or clustered (Figure 2.1C) peroxisome 

population, an uneven distribution in the cell (Figure 2.1D), or a combination of 

all three. Both peroxisomal elongation and peroxisomal clustering was observed 

in a concentration-dependent manner of rotenone (Figure 2.1E, F). 
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Figure 2.1: Rotenone induces alterations in peroxisome morphology and 
distribution. COS-7 cells were treated with solvent (CON) or rotenone (ROT) for 6 and 
24 h and processed for immunofluorescence microscopy using antibodies directed to 
PEX14, a peroxisomal membrane protein. A-D) Representative examples. A) Control 
(CON). Note the elongated tubular peroxisomes in B (1 mM ROT, 6 h), the formation of 
peroxisomal clusters ((C) arrowheads) (100 µM ROT, 6 h), and the non-uniform 
distribution of peroxisomes (D) (100 µM ROT, 6 h) in contrast to A. Boxed region in B 
shows higher magnification view. E, F) Qualitative assessment of peroxisome elongation 
(E) and cluster formation (F). A minimum of 150 cells were examined per condition, and 
organelle morphology and distribution were microscopically assessed. Values represent 
mean ± SD of at least three independent experiments. N, nucleus. Bar, 10 µm. 

2.3.2 Rotenone-induced intracellular ROS are not the major cause of 

peroxisome alterations in COS-7 cells 

Rotenone treatment is known to result in an increase in intracellular ROS levels 

(Barrientos and Moraes 1999), and it is also known that pre-treatment of cells 

with the antioxidant N-acetyl cysteine (NAC) inhibits this rise in intracellular ROS 

levels (Pinho 2010; Bonet-Ponce et al. 2016). To assess whether the effect of 

rotenone on the peroxisomal compartment is due to an increase in ROS levels, 

or some other factor, COS-7 cells were treated with NAC prior to rotenone 

treatment (Figure 2.2). In line with previous observations (Pinho 2010), 

peroxisomes still displayed a concentration-dependent clustered phenotype in 

response to rotenone treatment (Figure 2.2). This suggests that surprisingly, 

despite the close redox-sensitive relationship between peroxisomes and 

mitochondria, mitochondria-derived ROS is not a cause of peroxisomal 

alterations in COS-7 cells with rotenone treatment. 
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Figure 2.2: Antioxidant treatment does not prevent peroxisomal clustering. Cells 
were treated as indicated and processed for immunofluorescence microscopy using 
antibodies directed to PEX14. Values represent mean ± SEM of at least three 
independent experiments qualitatively assessing peroxisome cluster formation. 

2.3.3 Rotenone exerts a microtubule-destabilising activity in COS-7 cells 

The morphological phenotypes seen in response to rotenone treatment closely 

resemble those seen under conditions of microtubule depolymerisation (Schrader 

et al. 1996; Wiemer et al. 1997), as microtubules are crucial for peroxisome 

motility and distribution (see section 1.1.8). In addition, rotenone has been shown 

to interfere with microtubule polymerisation by binding to tubulin, in a similar 

manner to nocodazole (Marshall and Himes 1978). This then results in an arrest 

of cell cycle progression at mitosis (Meisner and Sorensen 1966; Brinkley et al. 

1974; Srivastava and Panda 2007). Therefore, it may be possible that the 

peroxisomal morphological alterations seen following rotenone treatment are a 

result of a microtubule-destabilising activity. To confirm that rotenone induces 

microtubule depolymerisation in COS-7 cells, cells were treated with the same 

range of concentrations of rotenone used in Figure 2.1 (Figure 2.3). In controls 

(Figure 2.3A) and low concentrations of rotenone (Figure 2.3B, C), microtubules 

show a typical distribution, radiating from one point (the microtubule organising 

centre). At increasing concentrations of rotenone (10 μM – 100 μM) (Figure 2.3D-

E), microtubules began to depolymerise, up to complete depolymerisation (1 mM) 

(Figure 2.3F). At low concentrations, although staining with an antibody against 

α-tubulin did not reveal any microtubule abnormalities, staining with an antibody 

against acetylated α-tubulin revealed an increase in microtubule acetylation with 

rotenone treatment compared to controls (Figure 2.3G-J). Acetylation of 

microtubules plays a role in their stabilisation (Piperno 1987), and is likely 

increased under rotenone treatment to counteract the tubulin-binding, 

microtubule-destabilising ability of rotenone. These results confirm the effect of 

rotenone on microtubule stabilisation, which may be a factor in causing the 

peroxisome abnormalities seen in rotenone-treated COS-7 cells. 
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2.3.4 Alterations in peroxisome distribution induced by rotenone are 

caused by microtubule depolymerisation 

To further confirm the hypothesis that rotenone treatment induces alterations to 

the peroxisome compartment through its microtubule-destabilising ability, COS-

7 cells were pre-treated with paclitaxel (taxol) prior to incubation with rotenone 

(Figure 2.4). Paclitaxel pre-treatment induces microtubule polymerisation and 

bundling in control cells (Figure 2.4A, B), and after treatment with paclitaxel, 

microtubules were no longer destabilised, even in response to high 

concentrations of rotenone (Figure 2.4C, D). Peroxisomes following paclitaxel 

Figure 2.3: Rotenone induces microtubule depolymerisation and acetylation of α-
tubulin in COS-7 cells. A-F) Cells were treated with solvent (A) (CON) or different 
concentrations of rotenone (ROT) (B-F) for 6 h and processed for immunofluorescence 
microscopy using antibodies directed to α-tubulin. G-J) Cells were treated with solvent 
(G) (CON), 100 nM rotenone (H) or 1 µM rotenone (I) for 3 h and labelled with antibodies 
directed to acetylated α-tubulin. J) Immunoblot of cell lysates showing levels of 
acetylated α-tubulin after 3 h of rotenone treatment. 50 µg of protein was loaded and the 
blot probed with acetylated α-tubulin and α-tubulin antibody as indicated. α-tubulin serves 
as loading control. Bars, 10 µm. 
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treatment showed a small degree of clustering compared to controls (Figure 2.4E, 

F), but importantly, paclitaxel pre-treatment significantly reduced the degree of 

clustering with rotenone treatment (Figure 2.4F-I). These results suggest that 

peroxisome alterations in mammalian cells induced by rotenone are mainly 

caused by the microtubule-destabilising activity of rotenone rather than via 

complex I inhibition and oxidative stress. 

  

Figure 2.4: Microtubule stabilisation prevents rotenone-induced clustering of 
peroxisomes. COS-7 cells were treated with solvent (CON) (A, E), paclitaxel (TAX) (B, 
F), paclitaxel and 100 µM rotenone (ROT) (C, G), or paclitaxel and 1 mM rotenone (D, 
H) for 6 and 24 h. Cells were then processed for immunofluorescence microscopy using 
antibodies directed to α-tubulin (A–D) or PEX14 (E–H). I) Qualitative assessment of 
peroxisome cluster formation. A minimum of 150 cells were examined per condition, and 
organelle distribution was microscopically assessed. Values represent mean ± SD of at 
least three independent experiments. p values refer to appropriate controls unless 
indicated. Bars, 10 µm. 
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2.3.5 Rotenone alters mitochondrial morphology in a ROS dependent 

manner. 

Finally, the effects of rotenone on mitochondrial morphology were investigated.  

COS-7 cells were treated with rotenone for 6 and 24 hours, and mitochondrial 

morphology assessed by processing for immunofluorescence using antibody 

against outer membrane marker TOM20 (Figure 2.5A-D). Control mitochondria 

typically showed an elongated, tubular morphology (Figure 2.5A), however, 

following rotenone treatment, mitochondria displayed a rounded, fragmented 

phenotype in a time- and concentration-dependent manner (Figure 2.5D). To 

determine if the microtubule-destabilising ability of rotenone was responsible for 

mitochondrial morphological abnormalities, cells were pre-treated with paclitaxel, 

as in Figure 2.4 (Figure 2.5E-H). Interestingly, paclitaxel did not prevent the 

increase in percentage of cells showing a spherical mitochondrial morphology 

(Figure 2.5H). However, pre-treatment of COS-7 cells with NAC did rescue 

mitochondrial morphological alterations, preventing mitochondrial fragmentation 

even at higher concentrations of rotenone (Figure 2.5I-L). These finding suggest 

that, in contrast to its action on peroxisomes, mitochondrial alterations in 

mammalian cells induced by rotenone are mainly caused by complex I inhibition 

and oxidative stress rather than via the microtubule-destabilising activity of 

rotenone. 
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Figure 2.5: Rotenone-induced mitochondrial fragmentation can be prevented by 
antioxidant-treatment but not by microtubule stabilisation. A-D) Rotenone induces 
the formation of spherical mitochondria. COS-7 cells were treated with solvent (CON) (A) 
or rotenone (ROT) for 6 (B-D) and 24 h (D) and processed for immunofluorescence 
microscopy using antibodies directed to TOM20, a mitochondrial outer membrane 
protein. Note the elongated tubular mitochondria in A in contrast to B, C. D) Qualitative 
assessment of mitochondrial morphology. A minimum of 150 cells were examined per 
condition, and organelle morphology was microscopically assessed. Values represent 
mean ± SD of at least three independent experiments. E–H) Microtubule stabilisation 
does not prevent rotenone-induced mitochondrial fragmentation. COS-7 cells were 
treated with paclitaxel (TAX) (E) or paclitaxel and rotenone (ROT) for 6 (F-H) and 24 h 
(H) and labelled with TOM20 antibodies. Note the elongated tubular mitochondria in E in 
contrast to F, G. H) Qualitative assessment of mitochondrial morphology (see above). I-
L) Antioxidant-treatment prevents rotenone-induced mitochondrial fragmentation. COS-
7 cells were treated with N-acetyl cysteine (NAC) (I) or N-acetyl cysteine and rotenone 
(ROT) for 3 (J–L) and 6 h (L) and labelled with TOM20 antibodies. Note the elongated 
tubular mitochondria in J–L in contrast to B, C, F, G. L) Qualitative assessment of 
mitochondrial morphology (see above). p values refer to appropriate controls unless 
indicated. Bars, 10 µm. 

2.4 Discussion 

Peroxisome elongation is a pre-requisite of peroxisome multiplication by growth 

and division (see section 1.1.5.2) (Schrader et al. 2016a), and is influenced by 

many factors and can be induced by different stimuli, including culture condition, 

cell density, growth factors, fatty acids, and ROS (Schrader et al. 1998, 1999, 

Schrader and Fahimi 2006b, a). In this case, peroxisomal elongation and 

clustering was surprisingly not stimulated by ROS levels, but by microtubule 

depolymerisation. These results highlight that peroxisomes are highly resistant to 

oxidative stress, whereas mitochondria are far more sensitive. This is in line with 

published findings of the resistance of peroxisomes to oxidative bursts from 

KillerRed, whereas generation of excess ROS inside peroxisomes with KillerRed 

perturbed the mitochondrial redox balance and led to mitochondrial fragmentation 

and cell death (Ivashchenko et al. 2011; Wang et al. 2013a). In addition, the ROS-

generating neurotoxin 6-hydroxydopamine (Galindo et al. 2003) induced a 

mitochondrial fragmentation in SH-SY5Y neuroblastoma cells, but showed no 

alterations to peroxisome morphology (Gomez-Lazaro et al. 2008). How redox 

communication between peroxisomes and mitochondria is mediated is currently 

unclear, but a picture is now becoming clear of a more complex signalling system 

as opposed to simple diffusion of excess ROS (Fransen and Lismont 2018). 

Previous work showed pre-treatment with paclitaxel and stabilisation of 

microtubules prevented alterations of peroxisome morphology and distribution 
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caused by microtubule-depolymerising agents such as nocodazole (Schrader et 

al. 1996). The results in the present study show that rotenone has a similar effect 

on peroxisomes as other microtubule-depolymerising drugs such as nocodazole, 

colcemid and vinblastine (Schrader et al. 1996). Why these drugs cause 

peroxisomal elongation in addition to clustering is still unknown. 

Rotenone is often used as an inducer of Parkinson’s like symptoms in mice; 

chronic treatment reproduces features such as motor deficits, protein aggregation, 

and loss of dopaminergic neurons (Betarbet et al. 2000; Meurers et al. 2009). 

Inhibiting complex I can deplete ATP levels inducing oxidative stress in cells 

(Sherer et al. 2003; Testa et al. 2005). This study highlights that results from 

treatment with rotenone as a model for Parkinson’s disease have to be carefully 

interpreted due to the different effects of rotenone in cells; besides increasing 

ROS levels, mitochondrial fragmentation, and microtubule depolymerisation, 

rotenone also effects peroxisome dynamics and distribution. These findings are 

also in line with observations showing that paclitaxel provides protective effects 

against rotenone-induced toxicity (Jiang et al. 2006).  

Mitochondrial dysfunction is commonly accepted as having a key role in 

Parkinson’s disease, but microtubule alterations are also considered. Another 

model toxin for Parkinson’s disease, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine, impacts on microtubule polymerisation besides its effect on 

mitochondria (Cartelli et al. 2010). Problems with microtubule integrity result in 

altered vesicular and organelle transport in neurons leading to neuronal death 

(Ren et al. 2005; De Vos et al. 2008; Cartelli et al. 2010). Peroxisome membrane 

dynamics and morphology are important for the formation of peroxisomes by 

growth and division, their intracellular positioning, movement and interaction with 

other subcellular compartments and have been linked to human health and 

disease (see section 1.1.11.3) (Ribeiro et al. 2012; Schrader et al. 2015). Patients 

with Parkinson’s disease have reduced levels of plasmalogens (Fabelo et al. 

2011), of which the peroxisomes play a major role in the production of (see 

section 1.1.9.4). Therefore, while mitochondrial dysfunction is accepted as the 

main cause of Parkinson’s disease, loss of peroxisome dynamics and distribution 

may contribute to this process. 
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Chapter 3 Mitochondrial Fission Factor (MFF) is 

a Critical Regulator of Peroxisome Maturation 
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3.1 Abstract 

Peroxisomes are highly dynamic subcellular compartments with important 

functions in lipid and ROS metabolism. Impaired peroxisomal function can lead 

to severe metabolic disorders with developmental defects and neurological 

abnormalities. Recently, a new group of disorders has been identified, which is 

characterised by defects in the membrane dynamics and division of peroxisomes 

rather than by loss of metabolic functions. However, the contribution of impaired 

peroxisome plasticity to the pathophysiology of those disorders is not well 

understood. Mitochondrial fission factor (MFF) is a key component of both the 

peroxisomal and mitochondrial division machinery. Patients with MFF deficiency 

present with developmental and neurological abnormalities. Peroxisomes (and 

mitochondria) in patient fibroblasts are highly elongated as a result of impaired 

organelle division. The majority of studies into MFF-deficiency have focused on 

mitochondrial dysfunction, but the contribution of peroxisomal alterations to the 

pathophysiology is largely unknown. Here, we show that MFF deficiency does not 

cause alterations to overall peroxisomal biochemical function. However, loss of 

MFF results in a reduced import-competence of the peroxisomal compartment 

and leads to the accumulation of pre-peroxisomal membrane structures. We 

show that peroxisomes in MFF-deficient cells display alterations in peroxisomal 

redox state and intra-peroxisomal pH as well as altered peroxisome distribution 

in neuronal cells. Removal of elongated peroxisomes through induction of 

autophagic processes is not impaired. The consequences of our findings for the 

pathophysiology of MFF-deficiency and related disorders with impaired 

peroxisome plasticity are discussed. 

3.2 Introduction 

Peroxisomes are highly dynamic membrane-bound organelles with key functions 

in cellular lipid and ROS metabolism. Defects in peroxisome biogenesis and 

metabolic function can result in severe disorders with developmental defects and 

neurological abnormalities (Dorninger et al. 2017; Wanders 2018). Peroxisome 

biogenesis disorders (PBDs) result from mutations in PEX genes, which encode 

proteins essential for peroxisomal membrane biogenesis and matrix protein 

import. PBDs, such as Zellweger Spectrum disorders, are usually characterised 
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by a loss of functional peroxisomes. This impacts on multiple metabolic pathways 

(e.g., peroxisomal α- and β-oxidation of fatty acids, and the synthesis of ether-

phospholipids, which are abundantly present in myelin sheaths) and results in 

various patient phenotypes and symptoms (Braverman et al. 2016). Peroxisomal 

single enzyme deficiencies (PEDs) on the other hand are caused by mutations in 

genes encoding a specific peroxisomal enzyme/protein and usually affect one 

metabolic pathway or function. The most prominent example is X-linked 

adrenoleukodystrophy, which is caused by mutations in the ABCD1 gene, 

encoding a peroxisomal ABC transporter required for the import of very-long-

chain fatty acids (VLCFAs) into the organelle (Raymond et al. 1993). In addition 

to PBDs and PEDs, a third group of disorders has been identified, which is 

characterised by defects in the membrane dynamics and division of peroxisomes 

rather than by loss of metabolic functions (Waterham et al. 2007; Shamseldin et 

al. 2012; Ebberink et al. 2012; Koch et al. 2016).  

Peroxisomes can form and multiply by growth and division, a defined multistep 

pathway involving membrane elongation of existing peroxisomes, constriction, 

and membrane fission (Schrader et al. 2016). In mammals, this involves the 

coordinated interplay of key membrane-shaping and fission proteins such as 

PEX11β, FIS1, MFF, and DRP1 (encoded by the DNML1 gene) (Schrader et al. 

2016). The peroxisomal membrane protein PEX11β is involved in several steps 

of peroxisomal growth and division: membrane deformation to facilitate 

elongation (Delille et al. 2010; Opaliński et al. 2011), recruitment of the division 

factors MFF and FIS1 to constriction sites (Koch et al. 2005; Koch and Brocard 

2012; Itoyama et al. 2013), and activation of the fission GTPase DRP1 (Williams 

et al. 2015). The tail-anchored membrane proteins MFF and FIS1 act as adaptor 

proteins for the recruitment of DRP1 to the peroxisomal membrane and interact 

with PEX11β (Schrader et al. 2016). With the exception of PEX11β, all proteins 

involved in peroxisome growth and division identified so far are also key 

mitochondrial division factors. FIS1 and MFF are dually targeted to both 

peroxisomes and mitochondria, and also recruit DRP1 to the mitochondrial outer 

membrane (Koch et al. 2005; Gandre-Babbe and van der Bliek 2008; Costello et 

al. 2017a, 2018). Mitochondria also possess the adaptor proteins MiD49 and 

MiD51, which are specific to mitochondria and can recruit DRP1 independent of 

FIS1 and MFF (Palmer et al. 2013). GDAP1 is another tail-anchored membrane 
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protein shared by mitochondria and peroxisomes, which influences organelle 

fission in an MFF- and DRP1-dependent manner in neurons (Huber et al. 2013). 

Recently, also MIRO1, a tail-anchored membrane adaptor for the microtubule-

dependent motor protein kinesin, has been shown to localise to mitochondria and 

peroxisomes and to contribute to peroxisomal motility and membrane dynamics 

(Castro et al. 2018; Okumoto et al. 2018). 

Patients with mutations in DRP1/DNML1, PEX11β, or MFF have been identified 

and often present with neurological abnormalities (Waterham et al. 2007; 

Shamseldin et al. 2012; Ebberink et al. 2012; Costello et al. 2018). Loss of DRP1 

or MFF function leads to a block in mitochondrial and peroxisomal fission 

resulting in highly elongated organelles with impaired dynamics. However, the 

metabolic functions of both peroxisomes and mitochondria are typically not or 

only slightly altered, indicating that changes in organelle dynamics and plasticity 

are the main contributors to the pathophysiology of the disease (Waterham et al. 

2007; Shamseldin et al. 2012; Koch et al. 2016; Yoon et al. 2016; Vanstone et al. 

2016; Nasca et al. 2016, 2018; Gerber et al. 2017; Ladds et al. 2018). 

MFF deficiency displays with developmental delay, peripheral neuropathy, optic 

atrophy, and Leigh-like encephalopathy (Shamseldin et al. 2012; Koch et al. 2016; 

Nasca et al. 2018). The mitochondria in MFF-deficient patient fibroblasts show 

no significant alteration in oxidative phosphorylation or mtDNA (Koch et al. 2016; 

Nasca et al. 2018). Likewise, loss of MFF did not significantly alter the 

mitochondrial membrane potential, ATP levels or the redox potential of the 

mitochondrial matrix in neuronal cells (Lewis et al. 2018). While the majority of 

studies into MFF-deficiency have focused on mitochondrial dysfunction, the 

contribution of peroxisomal alterations to the pathophysiology is largely unknown. 

Similarly to DRP1 and PEX11β patients, it appears that peroxisomal metabolic 

function is unaltered (Koch et al. 2016; Nasca et al. 2018), with the only known 

peroxisome dysfunction being hyper-elongation. In this study, we assess the 

extent to which peroxisomal functions and properties are altered in MFF-deficient 

cells, giving further insight into the pathophysiological consequences of loss-of-

function of MFF. We show that loss of MFF impacts on the distribution of 

peroxisomal marker proteins and causes the accumulation of pre-peroxisomal 

membrane structures. Furthermore, peroxisomes in MFF-deficient cells display 

alterations in peroxisomal redox state and intra-peroxisomal pH as well as altered 
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peroxisome distribution in neuronal cells. Interestingly, elongated peroxisomes in 

MFF-deficient cells are not fully static, and their dynamics can be modulated, e.g. 

through the induction of autophagic processes. The consequences of our findings 

for the understanding of the pathophysiology of MFF-deficiency and related 

disorders with impaired peroxisome plasticity are discussed. 

3.3 Materials and Methods 

3.3.1 Plasmids, Antibodies and siRNAs 

The plasmids and antibodies used in this study are detailed in Table 3.1 and 

Table 3.2, respectively. PEX14 siRNA (GAACUCAAGUCCGAAAUUA) (Lee et al. 

2017) and MFF siRNA (GACCAGCAGAUCUUGACCU) (Long et al. 2013) were 

generated by Eurofins as 21-mer siRNAs with 3’ dTdT overhangs. siGENOME 

Non-Targeting siRNA Control Pool (Dharmacon) and siMAX Non Specific siRNA 

Control 47% GC (AGGUAGUGUAAUCGCCUUG-TT, Eurofins) were used as 

controls. 

Plasmid Source 

EGFP-SKL Koch et al. 2005 

c-roGFP2 Ivashchenko et al. 2011 

mt-roGFP2 Ivashchenko et al. 2011 

po-roGFP2 Ivashchenko et al. 2011 

c-roGFP2-ORP1 Lismont et al. 2019b 

mt-roGFP2-ORP1 Lismont et al. 2019b 

po-roGFP2-ORP1 Lismont et al. 2019b 

pHRed-Cyto Godinho and Schrader 2017 

pHRed-PO Godinho and Schrader 2017 

HsPEX3(1-44)-EGFP Fransen et al. 2001 

 

Table 3.1: Plasmids used for the study of peroxisomal alterations in MFF-deficient 
patient fibroblasts. 
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Antibody Type Dilution 

______________ 

IMF            WB 

Source 

ACOX1 pc rb - 1:1000 
Proteintech (10957-1-AP) 

or gift from T. Hashimoto, Japan 

α-Tubulin mc ms - 1:1000 Sigma (T9026) 

Catalase pc ms 1:150 - Abcam (ab88650) 

Catalase mc ms - 1:250 Abcam (ab179843) 

MAP2 pc gp 1:500 - Synaptic Systems (188004) 

PEX14 pc rb 1:1400 1:4000 
D. Crane, Griffith University, 

Brisbane, Australia 

PMP70 pc rb 1:100 - 
A. Völkl, University of Heidelberg, 

Heidelberg, Germany 

PMP70 mc ms 1:500 - Sigma (SAB4200181) 

Thiolase pc rb - 1:2000 Atlas antibodies (HPA007244) 

Alexa Fluor 488 dk α-ms 1:500 - ThermoFisher Scientific (A21202) 

Alexa Fluor 488 dk α-rb 1:500 - ThermoFisher Scientific (A21206) 

Alexa Fluor 568 gt α-gp 1:1000 - Invitrogen (A-11075) 

Alexa Fluor 594 dk α-ms 1:500 - ThermoFisher Scientific (A21203) 

Alexa Fluor 594 dk α-rb 1:500 - ThermoFisher Scientific (A21207) 

HRP IgG gt α-ms - 1:10000 Bio-Rad (170-6516) 

HRP IgG gt α-rb - 1:10000 Bio-Rad (172-1013) 

IRDye 800 CW gt α-rb - 1:12500 Westburg 

 

Table 3.2: Primary and secondary antibodies used for the study of peroxisomal 
alterations in MFF-deficient patient fibroblasts. Abbreviations: IMF, 
immunofluorescence; WB, western blot; pc, polyclonal; mc, monoclonal; ms, mouse; rb, 
rabbit; gp, guinea pig; gt, goat; dk, donkey; HRP, horseradish peroxidase. 

3.3.2 Fibroblast Cell Culture and Transfection 

For routine culture and morphological experiments, MFF-deficient patient skin 

fibroblasts and controls (Shamseldin et al. 2012; Koch et al. 2016) were cultured 
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in Dulbecco’s Modified Eagle Medium (DMEM), high glucose (4.5 g/L) 

supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin at 

37°C (5% CO2 and 95% humidity). The patient cells showed the following 

mutations in the MFF gene: c.C190T:p.Q64* (Shamseldin et al. 2012); 

c.184dup:p.L62Pfs*13 combined with c.C892T:p.R298* (Koch et al. 2016; patient 

1); c.453_454del:p.E153Afs*5 (Koch et al. 2016; patient 2). For assessing 

peroxisome degradation during starvation, cells were cultured in Hanks’ 

Balanced Salt Solution (HBSS) for the time indicated, and recovered in full DMEM. 

For assessing peroxisome alterations with microtubule depolymerisation, cells 

were treated with 10 μM Nocodazole (or 0.07% (v/v) DMSO as a control), for four 

hours prior to fixation. MFF-deficient (MFFQ64*) and control human fibroblasts 

were immortalised by introduction of the SV40 large T antigen. Immortalised 

fibroblasts (HUFs-T) were cultured in α-modified Eagle’s medium (MEMα) 

supplemented with 10% FBS, 2 mM Ultraglutamine 1 (Lonza) and 1× MycoZap 

antibiotics (Lonza) at 37°C (5% CO2 and 95% humidity). Transfection of 

fibroblasts was performed using the Neon Transfection System (Thermo Fisher 

Scientific) as previously described for roGFP2 constructs (Lismont et al. 2017) 

and siRNA (Schrader and Schrader 2017). 

3.3.3 Neuronal Cell Culture and Transfection 

Primary hippocampal neuron cultures were prepared from E18 embryonic 

C57/BL6J mice using a modified protocol of a previously described method 

(Banker et al. 1998). As standard, pregnant mice [C57BL/6J, delivered at E11 

(Janvier Labs, France)] were housed in a 12/12 h light/dark cycle for 1 week, with 

ad libitum access to food and water. Dissected hippocampi were digested by 

papain enzyme (100 units per ml, Worthington, Biochemical Corp.) for 20 min at 

37°C. A homogenous cell suspension was obtained following trituration and 

filtration, which was then separated from debris by centrifugation [5 min, 180  g 

in BSA solution (7.5%, PAN, BIOTECH)]. Animal protocols were approved by the 

Ruhr-University Animal Research Board and the State of Baden-Württemberg, 

Germany. Cells were then seeded into coated 24-well plates (Sarstedt) in 

Neurobasal medium (Gibco, Life Technologies) supplemented with 1% B27 

(Gibco, Life Technologies), 1% horse serum, 1% Glutamax (Gibco, Life 

Technologies) and penicillin/streptomycin (10,000 units/ml). To maintain the 
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culture, half of the medium was replaced every 2 or 3 times a week by the same 

medium but containing 2% B27 and without horse serum. For transfection of 

siRNA and the plasmid encoding EGFP-SKL, the calcium phosphate precipitation 

method was used at DIV 7 to 9 as described previously (Sun et al. 2013). After 1 

hour of incubation at 37 °C, the transfection mixture was washed out of the culture 

using pre-warmed HBSS (Gibco, Life technologies). 

3.3.4 Immunofluorescence and Immunoblotting 

Unless otherwise indicated, immunofluorescence was performed 24 hours post-

transfection (48 hours for neuronal cells). Cells grown on glass coverslips were 

fixed for 20 minutes with 4% paraformaldehyde (PFA) in PBS (pH 7.4), 

permeabilised with 0.2% Triton X‐100 for 10 minutes and blocked with 1% BSA 

for 10 minutes. For neuronal cells, a combined 1 hour permeabilisation and 

blocking step was used (1% BSA, 0.2% fish skin gelatin, 0.1% Triton X-100). 

Blocked cells were incubated with primary and secondary antibodies sequentially 

in a humid chamber for 1 hour. Cells were washed 3 times with PBS between 

each individual step. Finally, coverslips were washed with ddH2O to remove PBS 

and mounted on glass slides in Mowiol 4-88-containing n-propyl gallate as an 

anti-fading (Bonekamp et al. 2013b).  

For detection of protein levels, cells were trypsinised, washed in PBS, and 

centrifuged at 500×g for 3 min. Cell pellets were lysed and equal amounts of 

protein were separated by SDS-PAGE on 12.5% polyacrylamide gels. Transfer 

to a nitrocellulose membrane (Amersham Bioscience, Arlington Heights, IL, USA) 

was performed using a semi-dry apparatus (Trans-Blot SD, Bio-rad) and 

analysed by immunoblotting with enhanced chemiluminescence reagents 

(Amersham Bioscience, Arlington Heights, IL, USA). 

3.3.5 Microscopy 

Cell imaging was performed using an Olympus IX81 microscope with an 

UPlanSApo 100x/1.40 Oil objective (Olympus Optical. Hamburg, Germany). 

Filters sets eGFP ET (470/40 Et Bandpass filter, Beamsplitter T495 LPXR and 

525/50 ET Bandpass filter [Chroma Technology GmbH, Olching, Germany]), and 

TxRed HC (562/40 BrightLine HC Beamsplitter HC BS 593, 624/40 BrightLine 
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HC [Semrock, Rochester, USA]) were used. Images were taken with a CoolSNAP 

HQ2 CCD camera.  

Live-cell imaging of roGFP2 constructs in HUFs-T fibroblasts was performed with 

an Olympus IX81 microscope equipped with an UPlanSApo 100x/1.40 Oil 

objective (Olympus Optical, Hamburg, Germany), BP390-410 and BP470-495 

bandpass excitation filters, a dichromatic mirror with a cut-off at 505 nm, a BA510-

550 barrier (emission) filter, and a CCD-FV2T digital black and white camera.  

Confocal images of MFFQ64* fibroblasts to assess peroxisomal tubule localisation 

with microtubules were obtained using a Zeiss LSM 880 inverted microscope, 

with Airyscan spatial detector array (ChA-T1 5.7, ChA-T2 6.9) for super-resolution 

imaging. The Alpha Plan Apochromat 100×/1.46 oil DIC M27 Elyra objective was 

used, with lasers 561 nm (15% power) and 488 nm (3% power). 

Confocal images of the pHRed probe in fibroblasts were obtained using a Zeiss 

LSM 510 META inverted microscope equipped with a Plan Apochromat 63×/1.4 

NA (oil/dic) objective (Carl Zeiss), using Argon excitation 458 nm and DPSS561 

excitation 561 nm, with emission collection 600–620 nm. For detection of 

peroxisomal pHRed (pHRed-PO) the HC PL APO CS2 63×/1.4 Oil objective was 

used. For live‐cell imaging, cells were plated in 3.5 cm diameter glass bottom 

dishes (Cellview; Greiner Bio-One). MetaMorph 7 (Molecular Devices, USA) was 

used to adjust for contrast and brightness. 

Confocal images of neuronal cells were collected using a Nikon 90i upright 

microscope with a Plan Apo 100×/1.45 NA oil objective (Nikon). Laser lines Argon 

488 nm and He 543 nm 633nm were used. Imaging parameters include: 

1024*1024 pixels, fixed 0.08µm pixel size, Z-stacks with 4 ~ 7 µm depth and 0.3 

µm scanning thickness. 

For transmission electron microscopy, fibroblast monolayers were fixed in 0.5% 

glutaraldehyde in 0.2 M Pipes buffer, pH 7.2, for 15 min at room temperature. 

Cells were then scraped from the culture dish and pelleted at 17,000 g for 10 min. 

Following three buffer washes, the cell pellet was fragmented and postfixed for 1 

h in 1% osmium tetroxide (reduced with 1.5% wt/vol potassium ferrocyanide) in 

0.1 M sodium cacodylate buffer, pH 7.2. Following three 5 minute washes in 

distilled water, the pellet fragments were dehydrated through an ethanol gradient 
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and embedded in Durcupan resin (Sigma-Aldrich). 70-nm ultrathin sections were 

collected on pioloform-coated 100-mesh copper EM grids (Agar Scientific) and 

contrasted with lead citrate before imaging using a JEOL JEM 1400 transmission 

electron microscope operated at 120 kV. 

3.3.6 Measurement of Peroxisomal Body Size, Tubule Size and Length, 

and Number 

The Metamorph 7 (Molecular Devices, USA) region measurements function was 

used for analysis of peroxisome size in MFF-deficient fibroblasts, following 

calibration of distances for the magnification used. For measurement of 

peroxisome body and tubule width, transmission EM images were used at 

80,000- and 100,000-fold magnification. For measurement of peroxisome length, 

immunofluorescence images were used at 100-fold magnification and the 

Metamorph 7 segmented line tool was used. For calculation of peroxisomal 

number in control fibroblasts, an in-house ImageJ (Schneider et al. 2012) macro 

was used, utilising the Analyze Particles function. For MFF-deficient patient 

fibroblasts, peroxisome number was counted manually. 

3.3.7 Marker Protein Distribution Measurements 

To measure the fluorescence intensity of PEX14, PMP70, catalase or GFP-SKL 

over the length of a single peroxisome, cells were first processed for 

immunofluorescence. After imaging, the Metamorph 7 (Molecular Devices, USA) 

linescan function was used to assess the distribution of these marker proteins 

along the peroxisome, with red and green channels overlaid. A 2 pixel width line 

was drawn along the centre of the peroxisome from the body, along the tubule 

for a total length of 5 µm. The fluorescence intensity for each colour channel was 

measured with 65 nm increments, and data were normalised to a 0-1 scale, with 

1 representing the value of the pixel with the maximum intensity of unsaturated 

images. Only peroxisomes which did not overlap with other peroxisomes were 

analysed.  

3.3.8 Metabolic and Biochemical Analyses 

Peroxisomal parameters were determined in cultured skin fibroblasts 

(Ferdinandusse et al. 2016). Concentrations of VLCFAs and C26:0 

lysophosphatidylcholine (C26:0 lysoPC) were measured in cultured cells as 
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described previously (Dacremont et al. 1995; Ferdinandusse et al. 2016). 

Peroxisomal β-oxidation of the VLCFA hexacosanoic acid (C26:0) and pristanic 

acid were measured as described (Wanders et al. 1995). A D3-C22:0 loading test 

was performed by loading cells for 3 days with deuterated (D3) C22:0 followed 

by fatty acid analysis with tandem mass spectrometry, essentially as previously 

described (Kemp et al. 2004) but with D3-C22:0 instead of D3-C24:0. 

Peroxisomal phytanic acid α-oxidation (Wanders and Van Roermund 1993) and 

the activity of dihydroxyacetone phosphate acyltransferase (DHAPAT), a key 

enzyme in peroxisomal ether phospholipid synthesis, were measured as 

described (Ofman and Wanders 1994). Immunoblot analysis was performed with 

cell homogenates, which were separated by SDS-PAGE and subsequently 

transferred onto a nitrocellulose membrane using semidry blotting. For 

visualisation, the secondary antibody IRDye 800 CW goat anti-rabbit was used 

with the Odyssey Infrared Imaging System (LI-COR Biosciences, Nebraska, 

USA). 

3.3.9 Measurement of Subcellular Redox Dynamics 

The procedures involved in the measurement of subcellular redox levels have 

been previously described in detail (Lismont et al. 2017). In brief, SV40 large T 

antigen-transformed human fibroblasts (HUFs-T) were transfected with plasmids 

coding for GSH/GSSG- (roGFP2) or H2O2-sensitive (roGFP2-ORP1) reporter 

proteins targeted to various subcellular compartments [cytosol (c-), mitochondria 

(mt-), or peroxisomes (po-)]. One day later, the cells were incubated for 30-60 

minutes in phenol red-free culture medium and imaging was performed to 

visualize both the oxidized (excitation 400 nm, emission 515 nm) and reduced 

(excitation 480 nm, emission 515 nm) states of roGFP2. During image acquisition, 

the cells were maintained in a temperature-, humidity-, and CO2-controlled 

incubation chamber. For cytosolic measurements, the ROI was selected outside 

the nucleus. The Cell^M/xcellence software module (Olympus) was used to 

quantify the relative fluorescence intensities of roGFP2 at 400 and 480 nm 

excitation, giving a ratiometric response. 
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3.3.10 Measurement of Peroxisomal pH using pHRed 

Peroxisomal pH was measured as previously described (Godinho and Schrader 

2017). Briefly, MFF-deficient and control fibroblasts were transfected with 

plasmids coding for a cytosolic or peroxisomal pH-sensitive red fluorescent 

protein (pHRed-Cyto and pHRed-PO, respectively) (Godinho and Schrader 2017). 

Twenty four hours after transfection, cells were imaged using excitation 

wavelengths of 458 and 561 nm. Prior to image acquisition, a controlled 

temperature chamber was set‐up on the microscope stage at 37°C, as well as an 

objective warmer. During image acquisition, cells were kept at 37°C and in a 

HEPES-buffered CO2‐independent medium. For calibration, the cells were 

incubated in solutions of known pH (containing 5 µM nigericin) in a confocal stage 

chamber. ImageJ (Schneider et al. 2012) was used to calculate the 561/458 

ratiometric response.  

3.3.11 Statistical Analysis 

A two-tailed, unpaired t-test was used to determine statistical differences against 

the indicated group (*, p < 0.05; **, p < 0.01; ***, p < 0.001). Unless indicated 

otherwise, boxplots are presented with the bottom and top of each box 

representing the 25th and 75th percentile values, respectively; the horizontal line 

inside each box representing the median; and the horizontal lines below and 

above each box denoting the range. Bar graphs are presented as mean ± SEM. 

In-text data are presented as mean ± SD. Analysis was performed from at least 

three independent experiments. 
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3.4 Results 

3.4.1 Morphological characterisation of MFF-deficient peroxisomes 

To visualize peroxisomes in different MFF-deficient patient skin fibroblasts 

(Shamseldin et al. 2012; Koch et al. 2016) under similar conditions, we processed 

the cells for immunofluorescence microscopy using an antibody against PEX14, 

a peroxisomal membrane protein. In all three MFF-deficient patient cells, 

peroxisomes were highly elongated, whereas in controls peroxisomes showed a 

punctate staining pattern typical for human fibroblasts (Figure 3.1A). 

Mitochondria in patient cells were also reported to be elongated (Shamseldin et 

al. 2012; Koch et al. 2016). In many cells peroxisomes were extremely long (> 30 

µm); elongation was even more pronounced than in DRP1 patient fibroblasts, 

which also display tubular peroxisomes and mitochondria (Waterham et al. 2007; 

Nasca et al. 2016). The elongation of peroxisomes in MFF-deficient fibroblasts 

has been suggested to be the result of a constant lipid flow from the ER to 

peroxisomes via membrane contact sites which are mediated by peroxisomal 

ACBD5 and ER-resident VAPB (Costello et al. 2017b). As peroxisomes cannot 

divide due to the loss of functional MFF, lipid transfer from the ER results in a 

pronounced growth/elongation of the peroxisomal membrane. Furthermore, re-

introduction of MFF has been shown to restore the normal, punctate peroxisomal 

phenotype in MFF-deficient fibroblasts (Costello et al. 2017b). 

Occasionally, peroxisomes in patient fibroblasts appeared to have a constricted, 

‘beads-on-a-string’ phenotype (Figure 3.1A, magnifications). Such a phenotype 

is seen with DRP1 depletion, as peroxisomal constriction can occur 

independently of DRP1, but fission cannot (Koch et al. 2004). How peroxisomal 

constriction is mediated is still unclear. A constricted, ‘beads-on-a-string’-like 

peroxisome morphology in MFF-deficient cells would suggest that peroxisomal 

constriction can also occur independently of MFF (Ribeiro et al. 2012). However, 

MFF is also suggested to play a role in the constriction of the peroxisomal 

membrane, as it localises to peroxisomal constriction sites (Itoyama et al. 2013; 

Soliman et al. 2018). To confirm constricted peroxisome morphology in MFF-

deficient cells, we performed electron microscopy (Figure 3.1B). In contrast to 

immunofluorescence, constrictions of elongated peroxisomes were not observed 

in ultrastructural studies (Figure 3.1B). Interestingly, EM revealed the presence 
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of spherical peroxisome bodies, with a single, smaller tubule protruding from the 

body (Figure 3.1B). We assume that the “constricted” appearance of 

peroxisomes in immunofluorescence is likely due to instability of the extremely 

long, delicate membrane structures during fixation with para-formaldehyde, 

highlighting the importance of ultrastructural studies to validate light microscopy 

observations. Ultrastructural studies (Figure 3.1B) and immunofluorescence 

microscopy (Figure 3.1C) show that the peroxisomal membrane tubules are 

frequently aligned along microtubules, which may contribute to tubule stability 

and maintenance.  

Measurement of peroxisomes in EM micrographs revealed that peroxisome 

bodies are significantly larger than peroxisomal tubules (mean width, body: 141 

± 37 nm, tubule: 81 ± 22 nm) (Figure 3.1D). The measured body width is 

consistent with that of spherical peroxisomes in human fibroblasts from healthy 

individuals typically being reported to be between 50-200 nm in width (Arias et al. 

1985; Galiani et al. 2016). Peroxisome length was also quantified based on 

immunofluorescence data, with a wide range of lengths being present, from 

smaller, rod shaped peroxisomes (> 3 µm) up to very highly elongated tubules (> 

30 µm) (mean length, 8.73 ± 9.2 µm) (Figure 3.1E). As expected with a defect in 

division, the peroxisome number was reduced in MFF-deficient fibroblasts in 

contrast to controls (mean number, control fibroblasts: 244 ± 116, dMFF: 34 ± 25) 

(Figure 3.1F). Overall, we reveal that peroxisomes in MFF-deficient patient 

fibroblasts are fewer and consist of two continuous membrane domains: a 

spherical peroxisome body with typical peroxisome size, and a thin, highly 

elongated tubular structure protruding from this body. 
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Figure 3.1. Morphological characteristics of peroxisomes in MFF-deficient patient 
fibroblasts are altered. (A) Control fibroblasts (C109) and MFF-deficient patient 
fibroblasts [mutations Q64* (Shamseldin et al. 2012), L62Pfs*13+R298* (Koch et al. 
2016) and E153Afs*5 (Koch et al. 2016)] were processed for immunofluorescence 
microscopy using antibodies directed to PEX14, a peroxisomal membrane marker. 
Higher magnification of boxed region is shown. Arrowheads highlight potential 
membrane constrictions. Scale bars, 10 µm; magnification, 5 µm. (B) Electron 
micrographs of peroxisomes in MFF-deficient cells (MFFQ64*). White arrowheads 
highlight peroxisomal membrane tubules, black arrowheads indicate microtubules. Scale 
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bars, 0.2 µm. (C) Confocal (Airyscan) images of peroxisomal membrane tubules (anti-
PEX14) in MFFQ64* cells co-stained with anti-α-tubulin. White arrowheads indicated co-
localisation of peroxisomes and microtubules. Scale bars, 3 μm. (D) Measurement of 
peroxisomal width (nm) of bodies and tubules based on electron micrographs of MFFQ64* 
fibroblasts [n = 33 (bodies), 79 (tubules)]. (E) Measurement of peroxisomal length (µm) 
from immunofluorescence images of MFFQ64* patient fibroblasts (n = 392). (F) 
Quantification of peroxisome number based on immunofluorescence images of control 
(C109) and MFFQ64* fibroblasts (n = 24). Data are from at least 3 independent 
experiments. ***, P < 0.001; two-tailed, unpaired t test. 

3.4.2 MFF deficiency does not alter standard biochemical parameters 

associated with peroxisomal dysfunction 

Several biochemical parameters were studied to investigate peroxisomal function 

in cultured fibroblasts (Table 3.3). Peroxisomal α- and β-oxidation activities were 

measured with different radiolabelled substrates, i.e. [14C]-phytanic acid, pristanic 

acid and cerotic acid (C26:0). In addition, very long-chain fatty acid (VLCFA) 

metabolism was studied with a three day D3-C22 loading test, and total VLCFA 

levels and C26-lysophosphatidylcholine levels were determined in cell pellets 

(Ferdinandusse et al. 2016). No notable abnormalities were found in all three 

MFF-deficient cell lines providing no indication of a disturbed metabolism of 

VLCFAs or branched-chain fatty acids in peroxisomes. α-oxidation values were 

slightly higher than the reference range, but this does not indicate any dysfunction. 

The activity of dihydroxyacetone phosphate acyltransferase (DHAPAT), the first 

enzyme of the plasmalogen biosynthesis pathway located in peroxisomes, was 

within reference range. The intra-peroxisomal processing of the peroxisomal β-

oxidation enzymes acyl-CoA oxidase 1 (ACOX1) and 3-ketoacyl-CoA thiolase 

was not altered, suggesting normal peroxisomal matrix protein import and 

processing activity in contrast to fibroblasts from a patient with a peroxisomal 

biogenesis disorder (Figure 3.2). This is in line with metabolic and biochemical 

analyses of plasma from different MFF patients (Shamseldin et al. 2012; Koch et 

al. 2016; Nasca et al. 2018). We can confirm from these studies that MFF 

deficiency does not cause alterations to overall peroxisomal biochemical function. 

This is also in line with reports from other disorders affecting the dynamics and 

plasticity of peroxisomes (e.g. DRP1- or PEX11β-deficiency) (Waterham et al. 

2007; Ebberink et al. 2012). 
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 MFFL62Pfs*13+R298* MFFE153Afs*5 MFFQ64* 
Reference 

range 

VLCFAs (μmol/g protein)     

C26:0 0.30 0.33 0.29 0.16-0.41 

C26/C22 ratio 0.06 0.07 0.07 0.03-0.1 

C26-lysoPC 

(pmol/mg protein) 
12.3 9.2 7.0 2-14 

Alpha-oxidation activity 

(pmol/(hour.mg protein)) 
135 104 n.d. 28-95 

Beta-oxidation activity 

(pmol/(hour.mg protein)) 
    

C26:0 2109 1505 n.d. 800-2040 

Pristanic acid 1072 1099 n.d. 790-1072 

D3C22 loading test 

(μmol/g protein) 
    

D3C26 (chain elongation) 0.29 0.3 0.26 0.16-0.66 

D3C16/D3C22 ratio 

(beta-oxidation) 
1.25 1.74 2.27 0.64-2.13 

DHAPAT activity 

(nmol/(2hour.mg protein)) 
9.2 7.1 6.6 5.9-15.5 

 

Table 3.3: Biochemical parameters associated with peroxisomal dysfunction are 
normal in MFF-deficient patient fibroblasts. Peroxisomal parameters determined in 
three MFF-deficient patient fibroblast cell lines MFFL62Pfs*13+R298* (Koch et al. 2016), 
MFFE153Afs*5 (Koch et al. 2016), and MFFQ64* (Shamseldin et al. 2012). Very long-chain 
fatty acid (VLCFA) levels, C26-lysophosphatidylcholine (C26-lysoPC), α- and β-oxidation 
activity, VLCFA metabolism (D3C22 loading test) and dihydroxyacetone phosphate 
acyltransferase (DHAPAT) activity were measured. A reference range of control 
fibroblasts from healthy individuals is shown for comparison. Abbreviations: n.d., not 
determined; VLCFA, very long-chain fatty acid; C26-lysoPC, C26-
lysophosphatdylcholine; DHAPAT, dihydroxyacetone phosphate acyltransferase. 
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Figure 3.2: Immunoblot analysis of fibroblast homogenates from MFF-deficient 
patients. Antibodies were directed against peroxisomal 3-ketoacyl-CoA thiolase (upper 
panel) or peroxisomal acyl-CoA oxidase 1 (ACOX1; lower panel). Lanes 1-3, MFF-
deficient patient fibroblasts MFFQ64* (Shamseldin et al. 2012), MFFL62Pfs*13+R298* (Koch et 
al. 2016) and MFFE153Afs*5 (Koch et al. 2016), respectively. Lane 4: control subject, Lane 
5: fibroblasts of a patient with Zellweger Spectrum Disorder (ZSD). Results show normal 
proteolytic processing of 3-ketoacyl-CoA thiolase (40-kDa) and ACOX1 (50- and 20-kDa) 
in the MFF-deficient cell lines, whereas in the ZSD line the unprocessed bands of 3-
ketoacyl-CoA thiolase (44-kDa) and ACOX1 (70-kDa) are present. Note that the protein 
band above the 70 kDa band of ACOX1 is non-specific. 

3.4.3 Protein import into MFF-deficient peroxisomes is impaired in tubular 

extensions 

As globular peroxisomal bodies were visible in ultrastructural studies but 

surprisingly less visible in immunofluorescence studies with anti-PEX14, which 

labelled predominantly tubular structures (Figure 3.1A, B), we performed co-

localisation studies with anti-catalase, a prominent peroxisomal marker enzyme 

in the peroxisomal matrix (Figure 3.3A). In contrast to PEX14, endogenous 

catalase was found to localise primarily to the spherical peroxisome bodies, with 

weaker fluorescence intensity along the peroxisomal tubules (Figure 3.3A). 

Analysis of fluorescence intensity along single peroxisomes of both PEX14 and 

catalase confirmed PEX14 fluorescence primarily along tubules with some 

localisation in bodies, whereas catalase fluorescence was primarily detected in 

the peroxisomal body, with reduced intensity along the tubule (Figure 3.3A). 

Peroxisomes import matrix proteins from the cytosol via dedicated import 

machinery at the peroxisomal membrane (Francisco et al. 2017). Matrix proteins 

such as catalase are imported into peroxisomes via a C-terminal peroxisomal 

targeting signal (PTS1). These steady-state observations imply that catalase is 
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mainly imported into the spherical bodies, suggesting that those represent mature, 

import-competent structures. To test this hypothesis, we expressed a GFP-fusion 

protein with a C-terminal PTS1 signal SKL (GFP-SKL) in MFF-deficient cells. 

Cells were processed for immunofluorescence after 24 hours and labelled with 

anti-PEX14 antibodies (Figure 3.3B). Similar to endogenous catalase, 

exogenously expressed GFP-SKL localised primarily to peroxisomal bodies, with 

less presence in the peroxisomal tubules (Figure 3.3B). This was confirmed by 

analysis of fluorescence intensity (Figure 3.3B). Immunofluorescence microscopy 

with the peroxisomal membrane markers PMP70 and PEX14 revealed co-

localisation of both membrane proteins at membrane tubules (Figure 3.3C). 

PMP70 also localised to the spherical bodies, where PEX14 is less prominent 

(Figure 3.3C). These findings indicate that the spherical bodies represent mature, 

import-competent peroxisomes, whereas tubular extensions comprise a pre-

peroxisomal membrane compartment which either has not yet fully acquired 

import competence for matrix proteins, or lacks the capability to retain them.  
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Figure 3.3: Altered marker protein distribution in MFF-deficient patient fibroblasts 
(MFFQ64*).  (A) Patient fibroblasts were processed for immunofluorescence microscopy 
using antibodies against peroxisomal membrane marker PEX14 and matrix marker 
catalase, and fluorescence intensity measured along 5 um of peroxisome, starting at 
peroxisome bodies (arrowheads) normalised to the maximum intensity. Shaded area in 
graphs represents the standard error of the mean (line) (n = 12). Arrowheads highlight 
peroxisomal bodies. Scale bar, 5 µm. (B) Patient fibroblasts were transfected with a 
plasmid encoding EGFP-SKL and processed for immunofluorescence microscopy using 
an antibody against PEX14. Quantification was performed as in A, B (n = 12). 
Arrowheads highlight peroxisomal bodies. Scale bar, 5 µm. (C) As in (A), using 
antibodies against membrane markers PEX14 and PMP70. (D) MFFQ64* fibroblasts were 
transfected with control (CT) or PEX14 siRNA (siPEX14), and processed for 
immunofluorescence microscopy after 48 hours using antibodies against catalase and 
PMP70. Scale bars, 10 µm. (E) Immunoblotting of control (CT) or PEX14 siRNA 
(siPEX14) transfected patient fibroblasts, using antibodies against PEX14 and α-tubulin 
(loading control). (F) Quantification of peroxisomal clustering in MFF-deficient fibroblasts 
either transfected with control (CT) or PEX14 siRNA (siPEX14) (n = 150). Data are from 
at least 3 independent experiments. ***, P < 0.001; two-tailed, unpaired t test. (G) 
MFFQ64* patient fibroblasts were treated with 0.07% DMSO (CT), or 10 μM nocodazole 
(NOC) for four hours prior to processing for immunofluorescence microscopy using 
antibodies against α-tubulin and PEX14. Scale bars, 10 μm. 
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3.4.4 A role of PEX14 in maintaining peroxisomal tubule stability 

As PEX14 is part of the matrix protein import machinery (Brown and Baker 2008), 

its predominant localisation to the peroxisomal membrane tubules (rather than 

the import-competent spherical bodies) is unexpected. However, additional 

functions for PEX14 have been suggested. Peroxisomes interact with and move 

along microtubules (Thiemann et al. 2000; Schrader et al. 2003; Castro et al. 

2018). The N-terminal domain of PEX14 (1-78) has previously been shown to 

bind tubulin (Bharti et al. 2011; Theiss et al. 2012). Although PEX14 is not 

essential for microtubule-dependent peroxisomal motility (Castro et al. 2018), it 

may function as a peroxisomal microtubule docking factor. Indeed, in 

ultrastructural and confocal studies microtubules were frequently observed in 

close association with the entire length of peroxisomal tubules in MFF patient 

cells (Figure 3.1B, C). Furthermore, in a previous study, we showed that highly 

elongated peroxisomal tubules in fibroblasts are associated with microtubules, 

and that tubule elongation is reduced in PEX14-deficient cells (Castro et al. 2018). 

Based on these observations, we hypothesised that PEX14 may be required for 

the stabilisation of highly elongated peroxisomal tubules. To test this, we depleted 

PEX14 by siRNA-mediated knock down in MFF-deficient cells (Figure 3.3D-F). 

Peroxisomal tubules in these cells are typically stretched out in the cell, allowing 

for easy visualisation. However, when PEX14 was knocked down, peroxisomes 

lost their tubular morphology and appeared clustered or fragmented (Figure 3.3D) 

(cells with clustered/fragmented morphology: control siRNA: 4.7 ± 1.2%, PEX14 

siRNA: 95.3 ± 3.1%) (Figure 3.3F). The peculiar peroxisome morphology was 

specific for silencing of PEX14, and was not observed after silencing of PEX11β 

or ACBD5 in MFF-deficient cells (Costello et al. 2017b). Clustering and 

fragmentation of elongated peroxisomes in MFF-deficient cells was also 

observed after depolymerisation of microtubules with nocodazole (Figure 3.3G). 

These observations suggest a role for PEX14 in facilitating and stabilising 

peroxisomal membrane extensions by linking the peroxisomal membrane to 

microtubules. This may explain why PEX14 is predominantly localising to the 

highly elongated peroxisomal membranes in MFF patient cells. 



94 
 

3.4.5 Peroxisomal redox state and pH levels are altered in MFF-deficient 

fibroblasts 

The metabolic parameters of peroxisomes in MFF-deficient cells were normal, in 

particular their different functions in lipid metabolism (Table 3.3). As peroxisomes 

play a role in cellular H2O2 metabolism and redox homeostasis, we also 

investigated these parameters (Figure 3.4). Firstly, we assessed the glutathione 

disulphide (GSSG) to glutathione (GSH) ratio, a marker of oxidative balance. 

Therefore, MFF-deficient SV40 large T antigen-transformed human fibroblasts 

(HUFs-T) were transfected with a plasmid encoding cytosolic, mitochondrial or 

peroxisome-targeted roGFP2 (Figure 3.4A). RoGFP2 is a highly responsive, pH-

independent sensor for the glutathione redox couple, and oxidation causes a shift 

of its excitation maximum from 488 nm to 405 nm (Ivashchenko et al. 2011; 

Lismont et al. 2017). Analyses of the 400/480 ratiometric responses of 

peroxisome-targeted roGFP2 revealed that the intra-peroxisomal pool of 

glutathione is less oxidized in the MFF-deficient fibroblasts than in the control 

cells (Figure 3.4B). In contrast, no alterations in the glutathione redox state could 

be detected in the cytosol or the mitochondrial matrix. To monitor changes in 

hydrogen peroxide homeostasis, MFF-deficient HUFs-T and controls were 

transfected with plasmids coding for cytosolic, mitochondrial, or peroxisome-

targeted roGFP2-ORP1, a H2O2-responsive variant of roGFP2 (Figure 3.4C) 

(Lismont et al. 2019b). No changes in oxidation state were observed in the cytosol 

and mitochondria (Figure 3.4D). However, for peroxisomes, a decreased 400/480 

nm ratiometric response was seen (Figure 3.4D), indicating reduced levels of 

H2O2 inside peroxisomes in MFF-deficient cells. 

In addition, we used peroxisome-targeted pHRed (pHRed-PO), another 

ratiometric probe, to assess peroxisomal pH in MFF-deficient patient fibroblasts 

(Tantama et al. 2011; Godinho and Schrader 2017). Importantly, this sensor is 

insensitive to changes in H2O2 levels (Tantama et al. 2011). The pHRed-PO 

probe successfully targets to peroxisomes in control and MFF-deficient 

fibroblasts (Figure 3.4E). It mainly distributes to the import-competent spherical 

peroxisomal bodies, but also to the membrane tubules (Figure 3.4E). Following 

calibration of the pHRed probe (Figure 3.4F), the intra-peroxisomal pH can be 

calculated based on the 458/561 nm ratiometric response. Interestingly, intra-

peroxisomal pH in MFF-deficient fibroblasts was found to be more alkaline than 
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in control fibroblasts (Figure 3.4G) (mean peroxisomal pH, control: 7.24 ± 0.30, 

patient fibroblasts: 8.00 ± 0.29). 

Overall, these findings point towards alterations in the peroxisomal redox 

environment. Specifically, we observed a decrease in the GSSG/GSH ratio and 

H2O2 levels in MFF-deficient fibroblasts. In addition, we have shown that absence 

of MFF results in a more alkaline intra-peroxisomal pH. This suggests that MFF-

deficiency may compromise normal peroxisomal redox regulation. 
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Figure 3.4: Peroxisomal redox state and pH levels are altered in MFF-deficient 
fibroblasts. Control (CT) or MFF-deficient (dMFF) SV40 large T antigen-transformed 
human fibroblasts (HUFs-T) were transfected with a plasmid encoding cytosolic (c-), 
mitochondrial (mt-) or peroxisomal (po-) roGFP2 (A, B) or roGFP2-ORP1 (C, D). (A) 
Distribution patterns of the respective roGFP2 proteins. (B) Box plot representations of 
the 400/480 nm fluorescence response ratios of the respective roGFP2 proteins. (C) 
Distribution patterns of the respective roGFP2-ORP1 proteins. (D) Box plot 
representations of the 400/480 nm fluorescence response ratios of the respective 
roGFP2 proteins. The bottom and top of each box represent the 25th and 75th percentile 
values, respectively; the horizontal line inside each box represents the median; and the 
horizontal lines below and above each box denote the mean minus and plus one 
standard deviation, respectively. The total number of measurements (two independent 
experiments; minimum 15 individual measurements in at least 20 randomly chosen cells) 
is indicated below each box plot. The data from the dMFF cell line were statistically 
compared with those from the CT cell line (**, p < 0.01). (E) Distribution patterns of 
pHRed-PO in control (C109) and MFF-deficient patient fibroblasts (MFFQ64*) at excitation 
wavelengths of 458 and 561 nm, along with digital visualisation of individual peroxisomal 
pH levels. Higher magnification views of boxed regions are indicated. (F) Calibration of 
the pHRed probe using cytosolic pHRed. The 458/561 ratiometric response is given at 
each pH level. AU, arbitrary units. (G) Quantification of peroxisomal pH in control (C109) 
and MFFQ64* cells, converting the ratiometric response to pH using the calibration curve 
(n =20). Scale bars, 10 µm. Data are from at least 2-3 independent experiments. *, P < 
0.05; ***, P < 0.001; two-tailed, unpaired t test. 

3.4.6 MFF knockdown in neuronal cells increases peroxisomal clustering 

Peroxisomal disorders are typically associated with neurological alterations 

(Berger et al. 2016), including disorders with a deficiency in peroxisomal 

dynamics and plasticity such as PEX11β, DRP1 and MFF (Waterham et al. 2007; 

Shamseldin et al. 2012; Ebberink et al. 2012; Koch et al. 2016; Sheffer et al. 2016; 

Nasca et al. 2018). To investigate morphological alterations of peroxisomes after 

MFF depletion in neuronal cells, primary mouse hippocampal neurons were 

transfected with a plasmid encoding EGFP-SKL and MFF-specific or control 

siRNA. After 48 hours, cells were processed for immunofluorescence using anti-

MAP2 as a neuronal dendrite marker (Figure 3.5). With control siRNA, 

peroxisomes in neuronal cells were typically punctate, with an even distribution 

in the soma (Figure 3.5, CT). In contrast, peroxisomes in MFF-depleted cells 

appeared clustered and enlarged with a brighter fluorescence, losing the even 

distribution throughout the cell (Figure 3.5, siMFF) (approx. 77% of MFF-siRNA-

treated cells showed this altered phenotype). In contrast to loss of MFF in 

fibroblasts, peroxisomes in neuronal cells did not hyper-elongate, but form 

smaller, rod-shaped structures in addition to peroxisomal aggregates. It is 

possible that an altered peroxisomal phenotype in neurons may contribute to the 

neurological abnormalities observed in MFF-deficiency.  
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Figure 3.5: Alterations to peroxisomal morphology in MFF-depleted neuronal cells. 
(A) Primary mouse hippocampal neurons were transfected with plasmids encoding 
EGFP-SKL and MFF-specific (siMFF) or control (CT) siRNAs. After 48 hours, cells were 
processed for immunofluorescence using anti-MAP2 as a neuronal dendrite marker. 
Representative images are shown. Note that peroxisomes in MFF-depleted cells appear 
clustered and enlarged with a brighter fluorescence, losing their uniform distribution 
when compared to controls (see inset images). All images (CT, siMFF) were captured 
with the same exposure time. Scale bars, 10 µm. 
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3.4.7 Highly elongated peroxisomes in MFF-deficient fibroblasts can be 

degraded by autophagic processes  

Autophagic processes are important for the maintenance of cellular homeostasis 

and the integrity of organelles (Anding and Baehrecke 2017). Peroxisome 

homeostasis is achieved via a tightly regulated interplay between peroxisome 

biogenesis and degradation via selective autophagy (pexophagy) (Eberhart and 

Kovacs 2018). It is still unclear if highly elongated peroxisomes are spared from 

pexophagy, e.g. due to physical limitations, as the elongated peroxisomes may 

not fit into the autophagosome. Such a scenario would prevent degradation of 

peroxisomes and could have pathophysiological consequences. 

To examine if highly elongated peroxisomes in MFF-deficient fibroblasts can be 

degraded by autophagic processes, we first induced pexophagy by the 

expression of a fragment of peroxisomal biogenesis protein PEX3. Expression of 

the first 44 amino acids of the peroxin PEX3, which can insert into the peroxisome 

membrane, was observed to cause complete removal of peroxisomes 

(Soukupova et al. 1999). When expressing HsPEX3(1-44)-EGFP in control 

fibroblasts (Figure 3.6A, B), peroxisomes were greatly reduced in number, with 

many GFP expressing cells showing almost complete loss of PEX14 labelling 

(Figure 3.6A, C109). As reported earlier, loss of peroxisomes resulted in 

mistargeting of HsPEX3(1-44)-EGFP to the mitochondria (Soukupova et al. 1999). 

Interestingly, in MFF-deficient fibroblasts, expression of HsPEX3(1-44)-EGFP 

also caused a marked reduction of peroxisomes (Figure 3.6A, middle panel, B) 

or complete loss of PEX14 labelling (Figure 3.6A, lower panel, B). Increased 

mitochondrial mistargeting of HsPEX3(1-44)-EGFP was observed with increased 

loss of peroxisomes (Figure 3.6A).  

To examine peroxisome degradation under more physiological conditions, we 

applied nutrient deprivation. Limiting amino acids in the growth media of cells has 

been previously shown to induce removal of peroxisomes (Sargent et al. 2016). 

For assessing peroxisome degradation, controls and MFF-deficient fibroblasts 

were cultured in Hanks’ Balanced Salt Solution (HBSS), which lacks amino acids. 

After 0, 24 and 48 hours, cells were processed for immunofluorescence using 

anti-PEX14 as a peroxisomal marker (Figure 3.6C). In control cells, we observed 

a marked decrease in spherical peroxisomes, with often only a few organelles 
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remaining after 48 hours in HBSS (Figure 3.6C, D). As with HsPEX3(1-44)-EGFP, 

we also observed a decrease in peroxisomes in nutrient-deprived MFF-deficient 

cells, which was accompanied by a significant reduction in peroxisomal length 

(mean peroxisomal length, 0 hours HBSS: 6.08 ± 4.90 µm, 48 hours HBSS: 1.55 

± 1.43 µm) (Figure 3.6C, E). The reduction in peroxisomes was accompanied by 

a reduction in peroxisomal marker proteins (Figure 3.6F). Peroxisomes and 

protein levels recovered in control and MFF-deficient cells after switching to 

complete culture medium for 24 hours (Figure 3.6C-F). Interestingly, the switch 

to complete growth medium resulted in the recovery of elongated peroxisomes 

(mean peroxisomal length, 24 hours recovery: 3.84 ± 3.40 µm) (Figure 3.6E), 

indicating that peroxisomes in MFF-deficient fibroblasts are still dynamic under 

certain conditions. Overall, these data show that highly elongated peroxisomes 

in MFF-deficient cells are not spared from autophagic processes and can be 

degraded similar to controls. It is thus unlikely that impaired peroxisome 

degradation contributes to the pathology of MFF-deficiency.  
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Figure 3.6: Degradation of peroxisomes in MFF-deficient patient fibroblasts. (A) 
Human control (C109) or MFF-deficient (MFFQ64*) fibroblasts were transfected with a 
plasmid coding for HsPEX3(1-44)-EGFP to induce peroxisome degradation and 
processed for immunofluorescence after 24 and 48 hours using antibodies against 
PEX14. Note the almost complete loss of PEX14, and mistargeting of HsPEX3(1-44)-
EGFP to mitochondria when peroxisomes are lost (Soukupova et al. 1999). Asterisks 
indicate HsPEX3(1-44)-EGFP expressing cells. Scale bars, 10 µm. (B) Quantification of 
HsPEX3(1-44)-EGFP expressing cells (control fibroblasts, CON; MFF-deficient, MFFQ64*) 
showing reduced peroxisomes after 24 and 48 hours (n = 150). (C) Human control (C109) 
and MFF-deficient fibroblasts (MFFQ64*) were incubated in Hanks’ Balanced Salt Solution 
(HBSS) to induce peroxisome degradation and processed for immunofluorescence after 
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0, 24 and 48 hours and after 24 hours recovery in complete culture medium using 
antibodies against PEX14. Scale bars, 10 µm. (D) Quantification of the number of 
peroxisomes in C109 control fibroblasts following incubation in HBSS and recovery in 
complete culture medium (see (C)) [n = 62 (24h Recovery) to 139 (48h HBSS)]. (E) 
Quantification of peroxisome length in MFFQ64* fibroblasts following 0, 48 hours of HBSS 
treatment, and after 24 hours of recovery in complete culture medium [n = 167 (0h HBSS) 
to 297 (48h HBSS)]. Data are from at least 3 independent experiments. ***, P < 0.001; 
ns, not significant; two-tailed, unpaired t test. (F) Immunoblot of cell lysates from control 
(C109) and MFF-deficient fibroblasts (MFFQ64*) which were incubated in HBSS for 0, 24, 
and 48 hours, and after 6 and 24 hours of recovery in complete culture medium. 
Antibodies against the peroxisomal membrane proteins ACBD5, PEX11β and catalase 
were applied. Anti-GAPDH was used as a loading control. Equal amounts of protein were 
loaded. Molecular mass markers (kDa) are indicated on the right. 

3.5 Discussion 

Whereas dysfunctional peroxisome metabolism and associated diseases are 

generally well studied, the consequences and pathophysiology caused by 

specific disruption to peroxisome dynamics and plasticity are less clear. 

Mutations in DRP1, MFF or PEX11β have been linked to defects in the membrane 

dynamics and division of peroxisomes rather than to loss of metabolic functions 

(Waterham et al. 2007; Shamseldin et al. 2012; Ebberink et al. 2012; Koch et al. 

2016; Taylor et al. 2017; Nasca et al. 2018). This is in contrast to the classical 

peroxisome biogenesis disorders (e.g. Zellweger spectrum disorders) or single 

enzyme deficiencies and can complicate diagnosis through metabolic biomarkers. 

Despite considerable progress in the field, the precise molecular functions of 

several of the proteins regulating peroxisomal plasticity remain to be determined 

as well as the contribution of impaired peroxisomal dynamics to the 

pathophysiology of the above disorders. In line with this, depletion of PEX11β in 

epidermal cells was recently reported to result in abnormal mitosis and organelle 

inheritance, thus affecting cell fate decisions (Asare et al. 2017). As DRP1 and 

MFF also localise to mitochondria, and as loss of DRP1 or MFF function also 

inhibits mitochondrial division, focus has so far mainly been on mitochondrial 

properties under those conditions. Here, we assessed the extent to which 

peroxisomal functions and properties are altered in MFF-deficient cells. 

There are currently six patients with MFF-deficiency identified, with various 

mutations in the MFF protein shown; c.C190T:p.Q64* (Shamseldin et al. 2012); 

c.184dup:p.L62Pfs*13 combined with c.C892T:p.R298* (Koch et al. 2016); 

c.453_454del:p.E153Afs*5 (Koch et al. 2016); and most recently 
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c.C892T:p.R298* alone (Nasca et al. 2018). Patient skin fibroblasts show a loss 

of MFF function with mitochondrial and peroxisomal hyper-elongation, and the 

patients themselves present with neurological abnormalities, showing 

developmental delay, peripheral neuropathy, optic atrophy, and Leigh-like 

encephalopathy (Shamseldin et al. 2012; Koch et al. 2016; Nasca et al. 2018). 

We confirmed a similar degree of peroxisomal hyper-elongation in skin fibroblasts 

from three different patients suffering from MFF-deficiency when maintained 

under the same culture conditions. Furthermore, peroxisomal biochemical 

parameters related to fatty acid α- and β-oxidation, plasmalogen biosynthesis, or 

matrix protein import/processing did not reveal any deficiencies in fibroblasts from 

those patients. This is in agreement with biochemical studies in other MFF-

deficient patient fibroblasts (Koch et al. 2016; Nasca et al. 2018). Overall, these 

findings support the notion that defects in the membrane dynamics and division 

of peroxisomes rather than loss of metabolic functions contribute to the disease 

pathophysiology.  

Similar observations in PEX11β- or DRP1-deficient cells (Waterham et al. 2007; 

Ebberink et al. 2012) have led to the general assumption that defects in 

peroxisomal dynamics and division result in elongated peroxisomes, which are, 

however, largely functional and otherwise normal. We now reveal in MFF-

deficient cells that this is not the case. We show that the elongated peroxisomes 

in those cells are composed of a spherical body, which represents a mature, 

import-competent peroxisome, and of thin, tubular extensions, which likely 

represent pre-peroxisomal membrane compartments; not yet fully import-

competent for peroxisomal matrix proteins. An alternative interpretation may be 

that the tubular structures are to some degree import-competent but lack 

mechanisms to retain the imported matrix proteins. Such a mechanism for 

retaining matrix proteins may be provided by membrane constriction, which is 

impaired in MFF-deficient cells. 

These observations are consistent with the proposed multi-step maturation model 

of peroxisomal growth and division and with previous data on tubular membrane 

extensions after expression of PEX11β (Delille et al. 2010; Schrader et al. 2012, 

2016b). In this respect, elongated peroxisomes in MFF-deficient cells resemble 

those observed after expression of a division-incompetent PEX11β, which also 

results in elongated peroxisomes with an import-competent spherical body and a 
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pre-peroxisomal membrane expansion. In contrast, elongated peroxisomes in 

DRP1-depleted cells are constricted, with a “beads-on-a string” like appearance, 

and the interconnected spherical peroxisomes (“beads”) are import-competent 

for matrix proteins (Koch et al. 2004). These constrictions may therefore provide 

a mechanism to retain matrix proteins. This indicates that a defect in MFF 

influences peroxisome division earlier than a defect in DRP1, and results in a 

maturation defect of elongated peroxisomes, which are unable to constrict and to 

subsequently import and/or retain matrix proteins. In line with this, it has recently 

been shown that MFF can act as a sensor but also potentially as an inducer of 

mitochondrial constriction (Helle et al. 2017). We propose that MFF deficiency, 

which impairs peroxisomal membrane constriction and proper assembly of the 

division machinery, blocks further maturation of the pre-peroxisomal membrane 

compartment. 

This means that, although the number of fully functional peroxisomes is reduced 

and matrix proteins are largely restricted to the mature spherical bodies, 

membrane surface area and volume of the peroxisomal compartment are 

increased in MFF-deficient cells (mean estimated total surface area, control 

fibroblasts: 1.55x107 ± 7.29x106 nm2, dMFF: 1.15x108 ± 6.57x108 nm2; mean 

estimated total volume, control fibroblasts: 4.1x108 ± 1.94x108 nm3, dMFF 

2.5x109 ± 1.45x109 nm3) (Figure 3.7), as well as the surface area to volume ratio 

(mean estimated SA:V, control fibroblasts: 0.038  ± 0.001, dMFF: 0.046 ± 0.005) 

(Figure 3.7). This likely explains why biochemical functions of elongated 

peroxisomes are overall normal under standard conditions. However, it can be 

speculated that sudden environmental changes (e.g. an increase in peroxisomal 

substrates via nutrients/diet or stress conditions), which require increased 

peroxisomal metabolic activity and number, will overwhelm the capacity of the 

peroxisomal compartment in MFF-deficient cells. This may also explain why mild 

alterations of peroxisomal metabolism are occasionally observed in patients with 

defects in peroxisomal dynamics and division (Waterham et al. 2007; Ebberink et 

al. 2012; Taylor et al. 2017). Furthermore, peroxisomes in patient cells may be 

less able to cope with increased expression of peroxisomal matrix enzymes or 

PMPs. Those may accumulate in the cytoplasm and may be degraded or 
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mistargeted (e.g. to mitochondria) due to the reduced number of import-

competent peroxisomes (Ebberink et al. 2012). 

Figure 3.7: Calculations of peroxisomal surface area, volume, and surface area to 
volume ratio. (A) Values used for calculations (mean ± SD). Control peroxisome body 
diameter was used as the calculated dMFF body diameter. (B) Estimated total 
peroxisomal surface area in control (C109) and MFF-deficient (dMFF) fibroblasts, based 
on an average of a computer-generated population of peroxisomes using values taken 
from the distributions shown in (A). (C) Estimated total peroxisomal volume, and (D) 
estimated surface area to volume ratio (SA:V). Error bars show the mean + SD for 10,000 
generated peroxisome populations. ***, p < 0.001; two-tailed, unpaired t test. 

We also show that peroxisomal matrix and membrane proteins do not distribute 

evenly along the elongated peroxisomes in MFF-deficient cells. Endogenous 

catalase or exogenously expressed GFP-SKL predominantly localise to the 

spherical body, whereas PEX14 localises predominantly to the tubular membrane 

extensions. A heterogeneous distribution of peroxisomal proteins during 

membrane growth and division has been reported previously (Delille et al. 2010; 

Cepińska et al. 2011). The specific mechanisms which restrict the mobility of the 

peroxisomal proteins and keep them within the spherical or tubular membrane 

domains are still unknown, but may depend on protein oligomerization and/or a 

specific lipid environment. However, the prominent localisation of PEX14, a 

component of the docking/translocation complex for matrix protein import, to the 

tubular peroxisomal membranes in MFF-deficient cells is unusual. It is possible 

that PEX14, which has been reported to interact with microtubules (Bharti et al. 
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2011; Theiss et al. 2012), may also act as a peroxisome-microtubule docking 

factor: it predominantly localises to the peroxisomal membrane extensions in 

MFF patient cells and may anchor them to microtubules in order to stabilise those 

highly elongated, delicate membrane structures and to facilitate membrane 

extension. The membrane topology of PEX14 is poorly defined, but a recent study 

suggested that the N-terminal domain is protease-protected and may not be 

exposed to the cytoplasm (Barros-Barbosa et al. 2019). Such a topology may be 

inconsistent with tubulin-binding, but it is possible that different populations or 

complexes of PEX14 exist which may fulfil different functions at the peroxisomal 

membrane. 

Peroxisomes are oxidative organelles with important roles in cellular redox 

homeostasis (Fransen and Lismont 2018). Alterations in their redox metabolism 

have been suggested to contribute to aging and the development of chronic 

diseases such as neurodegeneration, diabetes, and cancer (Fransen and 

Lismont 2019). Using genetically encoded fluorescent sensors with ratiometric 

readout in live-cell approaches, we revealed alterations in the glutathione redox 

potential within peroxisomes of MFF-deficient fibroblasts, which was less 

oxidising compared to controls. Interestingly, in previous studies the intra-

peroxisomal redox state in tubular peroxisomal compartments was also observed 

to be slightly lower than in spherical bodies (Lismont et al. 2017). In line with this, 

we also detected reduced levels of peroxisomal H2O2 in MFF-deficient cells. The 

reason for this is unclear, but given that (i) peroxisome-derived H2O2 can easily 

cross the peroxisomal membrane (Lismont et al. 2019a), and (ii) the surface to 

volume ratio is larger in the tubular structures, we hypothesize that H2O2 can 

diffuse faster out of the tubular structures than out of the spherical bodies. 

Importantly, the glutathione redox balance and hydrogen peroxide levels in the 

cytosol and mitochondria were similar to controls, indicating peroxisome-specific 

alterations due to loss of MFF-function. Peroxisome-derived H2O2 may be an 

important signalling messenger that controls cellular processes by modulating 

protein activity through cysteine oxidation (Fransen and Lismont 2019). However, 

the precise interrelationship between peroxisomal redox metabolism, cell 

signalling, and human disease remains to be elucidated. Further insight may 

come from the identification of primary targets for peroxisome-derived H2O2. We 

also revealed changes in the peroxisomal pH in MFF-deficient fibroblasts, which 
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was more alkaline than in controls. The pI of most peroxisomal enzymes is basic, 

and consistent with this, an alkaline pH has been reported for the peroxisomal 

lumen (Dansen et al. 2000; van Roermund et al. 2004; Godinho and Schrader 

2017). Studies addressing peroxisomal pH under disease conditions are scarce, 

but a more acidic peroxisomal pH has been reported in fibroblasts from patients 

suffering from Rhizomelic Chondrodysplasia Punctata type 1, a PBD based on a 

defect in the import receptor PEX7 and impaired matrix protein import of PTS2-

containing cargo (Dansen et al. 2000). It remains to be determined if those 

changes are the result of slightly altered metabolic activity and/or changes in 

membrane properties which impact on peroxisomal membrane 

channels/transporters. In line with this, calcium influx into peroxisomes has been 

reported to induce a minor increase of peroxisomal pH (Lasorsa et al. 2008). 

Whether peroxisomes possess a proton pump is still debated, but it has been 

suggested that a peroxisomal proton gradient may be needed to drive other 

transport processes across the peroxisomal membrane (Rottensteiner and 

Theodoulou 2006). 

It is suggested that a block in peroxisome fission (e.g., due to mutations in MFF 

or DRP1), which results in the formation of larger, elongated organelles, may 

have deleterious effects on the mobility of peroxisomes, on synaptic homeostasis, 

and pexophagy (Schrader et al. 2014). We show here that highly elongated 

peroxisomes in MFF-deficient fibroblasts can be degraded by autophagic 

processes, which were induced by expression of a fragment of PEX3 [HsPEX3(1-

44)] (Soukupova et al. 1999) or by amino acid starvation. Highly elongated 

mitochondria, for example, were reported to be spared from mitophagy under 

starvation conditions (Rambold et al. 2011; Gomes et al. 2011). Our data reveal 

that elongated peroxisomes are not spared from autophagic processes, e.g. due 

to physical limitations, and indicate that impaired peroxisome degradation may 

not contribute to the pathology of MFF-deficiency. Interestingly, a shortening of 

elongated peroxisomes was observed during amino acid starvation in HBSS, 

which was accompanied by a reduction in peroxisomal marker proteins, e.g. the 

PMPs ACBD5 and PEX11β, which are required for membrane expansion and 

elongation. PEX11β mediates membrane deformation and elongation of the 

peroxisomal membrane (Delille et al. 2010; Opaliński et al. 2011), whereas 

ACBD5 has recently been shown to mediate membrane contact sites between 
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peroxisomes and the ER by interacting with ER-resident VAP proteins (Costello 

et al. 2017b; Hua et al. 2017). Depletion of ACBD5 (or VAP) in MFF-deficient 

fibroblasts resulted in a shortening of elongated peroxisomes, likely due to 

disruption of the peroxisome-ER contact sites and reduced transfer of lipids from 

the ER to peroxisomes, which are required for peroxisomal membrane expansion 

(Costello et al. 2017b; Schrader et al. 2019). Our findings are in line with these 

previous observations and indicate that elongated peroxisomes in MFF-deficient 

cells are not fully static, but still dynamic under certain conditions. It is possible 

that a shortening/fragmentation of elongated peroxisomes under conditions of 

amino acid starvation facilitates their subsequent removal by autophagy. 

Mitochondrial and peroxisomal dynamics are particularly important for brain 

development and function (Berger et al. 2016; Khacho and Slack 2018), likely 

explaining why MFF-deficient patients show primarily neurological defects. In 

neuronal cells, there is a strict regulation of the size and number of mitochondria, 

with smaller, uniform mitochondria in the axon in contrast to longer, elongated 

mitochondria in the dendrites (Popov et al. 2005). In mice, this regulation of 

mitochondrial size in the axon has recently been reported to be dependent on 

MFF (Lewis et al. 2018). Importantly, loss of MFF did not significantly alter the 

mitochondrial membrane potential, ATP levels or the redox potential of the matrix, 

but was important for limiting presynaptic Ca2+ dynamics, affecting 

neurotransmitter release, terminal axonal branching and circuit connectivity. We 

show here that depletion of MFF in primary mouse hippocampal neurons alters 

peroxisomal morphology and distribution. In contrast to fibroblasts, peroxisomes 

do not hyper-elongate, but appear enlarged and tend to cluster, affecting their 

uniform distribution within the soma. Neuronal peroxisomes preferentially 

accumulate in axon terminals during early postnatal development (Arnold and 

Holtzman 1978) but are virtually absent from the axon in mature projection 

neurons (Kassmann et al. 2011). Changes in ACBD5 expression have recently 

been shown to alter peroxisome motility and distribution in mouse hippocampal 

neurons, but independent of the ACBD5-VAPB interaction (Wang et al. 2018). 

Neuronal peroxisomes are required for axonal integrity of Purkinje cells (De 

Munter et al. 2018), and peroxisomal ROS metabolism was reported to influence 

activities of pro-opiomelanocortin producing neurons in the hypothalamus (Diano 

et al. 2011) and synaptic transmission at neuromuscular junctions (Giniatullin et 
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al. 2019) underlining the physiological importance of peroxisomes in neurons. It 

remains to be determined if the altered peroxisomal phenotype in neurons 

contributes to the neurological abnormalities observed in MFF-deficiency. 

However, loss of PEX11β, which is not a mitochondrial protein, also causes 

neurological abnormalities in patients and mouse models highlighting the 

importance of peroxisomal dynamics and plasticity in the brain (Li et al. 2002; 

Ebberink et al. 2012; Taylor et al. 2017).  

In contrast to the more prevalent neurological features in human patients with 

MFF-deficiency, mice without MFF die of heart failure at week 13, as a result of 

severe cardiomyopathy, which is likely based on mitochondrial alterations (Chen 

et al. 2015). However, removal of MFF exacerbated neuronal loss, astrogliosis 

and neuroinflammation in a Huntington's disease mouse model (Cha et al. 2018). 

Similar to patient fibroblasts, peroxisomes (and mitochondria) in MFF-deficient 

mouse embryonic fibroblasts were highly elongated (Chen et al. 2015). 

Interestingly, peroxisomal length was not substantially altered in MFF-deficient 

mouse cardiomyocytes (Chen et al. 2015). This strongly indicates that 

peroxisome morphology and division is affected in a cell type-specific manner. It 

should also be considered that environmental changes and related signalling 

events that trigger peroxisomal membrane expansion and division (e.g. metabolic 

alterations and certain stress conditions) can potentially promote the formation of 

hyper-elongated peroxisomes in formerly unaffected cell types and contribute to 

the pathophysiology of MFF-deficiency. 
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Chapter 4 Modelling Peroxisomal Membrane 

Dynamics 
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4.1 Introduction 

In order to address biological questions and understand biological complexity, a 

purely experimental approach is not always optimal. Experiments can be time-

consuming, resource intensive, expensive, technically challenging, difficult to 

replicate, or simply sometimes not possible at all. In contrast, an in silico 

approach to biology, through a combination of mathematical modelling and 

computer simulations, has the potential to be a faster, more high-throughput, 

cheaper, more adaptable method with a greater scope for more objective 

predictions. 

A theoretical model in biology utilises mathematics, physics and computing to 

describe observed data and to make predictions about future outcomes. 

Assessing to what extent predictions are valid by carrying out experimental work 

where possible enables (i) reassurance that untestable predictions are reliable, 

and/or (ii) model refinement/improvement following analysis and incorporation of 

new data. In this way, a combined experimental-modelling approach can be an 

extremely powerful tool in understanding the complex nature of biological 

systems (Thorne et al. 2007). 

Due to this, a cross-disciplinary approach to research has become more and 

more popular, and numerous mathematical models and quantitative approaches 

have now been developed in cell biology, covering a wide range of scales 

(Mogilner et al. 2006). At the intracellular level, models can be molecular 

(focusing on, for example, the physical motion and arrangements of individual 

atoms and molecules using molecular dynamics simulations (MDS) (Kumari et al. 

2017) or the interplay of intracellular signal transduction pathways in systems 

biology (Klipp and Liebermeister 2006)), or more organelle-based (such as 

investigating organelle formation (Binder et al. 2009), organelle morphology 

(Dalmasso et al. 2017), or organelle positioning (Lin and Steinberg 2017)). At a 

higher level, models can encapsulate the behaviour of the cell as a whole, such 

as modelling cell shape changes during chemotaxis (Tweedy et al. 2013) or 

phagocytic cell membrane dynamics during engulfment (Richards and Endres 

2017). Models can also investigate multicellular dynamics at the tissue level, for 

example the response of a tissue layer to hypoxic conditions (Morshed and Dutta 
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2017), or the growth of tumours and response to radiation therapy (Watanabe et 

al. 2016). 

4.1.1 Modelling in Peroxisome Biology 

Compared to the numerous models developed for other organelles such as 

mitochondria (Kowald and Klipp 2014), there are relatively few models of 

peroxisomal dynamics, the majority of which focus very specifically on certain 

aspects of peroxisome biology. 

Although there are only a handful of models of peroxisome biology, the few there 

are have shown the utility of such an approach to help understand and 

characterise peroxisome function, morphology, motility, plasticity and regulation. 

An overview of peroxisome-focused studies utilising mathematical modelling is 

presented below. 

Studies can look at specific peroxisomal proteins in more detail, for example 

using tools such as molecular dynamics simulations. Su et al. used an MDS 

model of the yeast peroxisomal membrane, and observed the association of a 

conserved N-terminal amphipathic helix of Pex11p with peroxisomes in silico (Su 

et al. 2018), suggesting that Pex11p forms aggregates on membranes in order to 

facilitate membrane remodelling in peroxisomal growth and division. Similarly, 

computationally modelling the recruitment of autophagy receptor proteins to 

peroxisomes hinted at the importance of size-selectivity in pexophagy, by 

showing that larger peroxisomes may be preferentially degraded due to 

increased NBR1 clustering on the membrane (Brown and Rutenberg 2017). The 

shared mitochondrial-peroxisomal yeast AAA ATPase Msp1p removes tail-

anchored membrane proteins on organelle membranes (Chen et al. 2014a). 

Using a mathematical model of protein degradation (McShane et al. 2016), it was 

shown that experimentally measured clearance of tail-anchored PMP Pex15p by 

Msp1p better fits a model whereby Pex15p has two distinct populations, nascent 

and mature, which carry Msp1p sensitivity and resistance, respectively (Weir et 

al. 2017). 

In fungal hyphal cells, peroxisome motility is regulated by passive and active 

diffusion, combined with microtubule-directed transport. Mathematical modelling 

of peroxisome spatial distribution suggested that a combination of directed 
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transport and active diffusion ensures an even distribution of peroxisomes, but 

also allows for frequent interaction, required for peroxisome function in fungal 

hyphae (Lin and Steinberg 2017). 

In addition to these specific peroxisome models, mathematical models have also 

been utilised in an attempt to understand the regulation of peroxisome number, 

by assigning rate parameters to peroxisomal behaviours, as often used for 

chemical reactions. This approach was first presented by Mukherji and O’Shea 

to characterise organelle biogenesis, and later extended by Craven, breaking 

down the regulation of any organelle number into four parameters; de novo 

biogenesis (kde novo), fission  (kfission) and fusion (kfusion) of pre-existing organelles, 

and degradation (γ), generating an overall equation to model organelle number 

stochastically over time (Mukherji and O’Shea 2014; Craven 2016). As 

peroxisomes do not fuse to each other (Motley and Hettema 2007; Huybrechts et 

al. 2009; Bonekamp et al. 2012), peroxisome proliferation can be assumed to be 

governed by only the rates kde novo, kfission, and γ. In order to test the model, 

comparison of experimentally measured peroxisome proliferation in yeast in 

response to growth on either glucose- or oleic acid-containing medium with a 

kfusion-less variant of the original organelle model was performed (Mukherji and 

O’Shea 2014). The model suggested that peroxisomes may switch from more de 

novo dominated maintenance of peroxisome number in glucose-containing 

medium, to fission dominated proliferation in oleic acid-containing medium. This 

result was validated experimentally by observing that division-protein knockout 

yeast grown in the presence of oleic acid, show the same behaviour as wild-type 

yeast grown in the presence of glucose (Mukherji and O’Shea 2014). An 

experimental data-driven expansion of this model focusing on inferring rate 

parameter values for mammalian cell peroxisomes indicated a low basal rate of 

de novo biogenesis, with a peroxisome population maintained primarily by the 

opposing fission and degradation rate parameters (Galitzine et al. 2018). 

Application of this model to viral infection led to the conclusion that growth and 

division is likely the preferred mechanism for the rapid increase in peroxisome 

number during the cell’s viral response (Jean Beltran et al. 2018). Further 

exploring several variations of the original organelle model (Mukherji and O’Shea 

2014; Craven 2016), failed to fit experimental data to the kfusion-less variant model, 

suggesting that peroxisomes in yeast must have some level of fusion (Choubey 
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et al. 2019). However this suggestion has never previously been observed, 

suggesting the need for modification to this model. 

One important aspect of peroxisome biology that previous models have failed to 

address is that of peroxisome morphology. Alterations in peroxisomal membrane 

shape is important not only in elongation during growth and division (Schrader et 

al. 2016a), but is involved in peroxisome interaction and coordination with other 

organelles and the cytoskeleton (Costello et al. 2017b; Kustatscher et al. 2019) 

(see Chapter 2, Chapter 3), resistance to changes in the intracellular environment 

(Schrader and Fahimi 2006a), and role in cell fate decisions (Asare et al. 2017). 

Several disorders have now been identified due to a defect in membrane 

dynamics (see section 1.1.11.3), and a combined experimental-modelling 

approach focusing on peroxisome shape and its contribution to peroxisome 

number is needed in order to understand the complex regulation of these 

processes. In addition, peroxisomes are often heterogeneous in shape (Islinger 

et al. 2018), with some cells showing mixed populations of spherical/elongated 

peroxisomes, not reflected in any of the above models. A stochastic agent- or 

individual-based modelling approach (Thorne et al. 2007; Macal 2016), in which 

individual peroxisomes are treated as separate ‘agents’, but all governed by the 

same parameters, will allow this heterogeneity to be captured. 

4.2 Materials and Methods 

4.2.1 Modelling Approach 

As mentioned above, the aim is, through an agent-based modelling approach 

motivated by real measured experimental data, to investigate changes in 

peroxisomal membrane dynamics. This approach will describe the number, 

shape and size of peroxisomes in various cellular conditions and patient cells. 

Treating peroxisomes as separate entities allows the simulation to be 

implemented in a stochastic manner, which is important in biology due to the 

inherent complexity, heterogeneity, randomness, and noisiness of nature 

(Tsimring 2014). Although each peroxisome is taken individually and the number 

and shape of individual peroxisomes in each simulation will have variation due to 

this stochasticity, there is likely to be some quasi-steady state, where the number 

and size of the population can be described by a stable mean and standard 
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deviation over time. It is changes in these steady states that are likely to be 

altered in patients, and which will allow the model parameters that must be 

changed to capture various patient phenotypes to be determined. 

The goal of this mathematical modelling approach is to condense the complex 

system of a population of peroxisomes into as few fundamental processes as 

possible (such as division, growth and degradation). If, through manipulation of 

these few parameters, both wild-type and various mutant cells can be described, 

this suggests the model is sufficient to capture the basic biophysics of peroxisome 

morphology. If, however, the peroxisomes in various situations cannot be 

described by simply changing the values of model parameters (for example, in 

the case of the kfusion-less model failing to replicate peroxisome biogenesis 

(Choubey et al. 2019)), this shows that important components of the system are 

missing from the model. Therefore, by building upon experimental data, the hope 

is that the model will give a better understanding of what governs peroxisome 

proliferation, allowing links to be made between experimental observations and 

the physical processes underlying regulation of peroxisome abundance and 

morphology. This carries therapeutic value, as the model may infer, for example, 

the best way to increase peroxisome number in a patient with a defect in 

peroxisome biogenesis. 

Once the model is established, and can accurately reflect experimental data, it 

will then be useful for prediction of future outcomes, particularly those that are 

unable or difficult to measure in vitro (e.g. the effects of increasing lipid flow into 

the peroxisomes). Accurate prediction of peroxisomal membrane alterations, for 

example the response of the peroxisomal population in a patient cell to an altered 

intracellular environment (e.g. high ROS levels), also has the potential to give 

insights into therapeutic treatment of patients through a better understanding of 

the disease. 

4.2.2 Model Description 

4.2.2.1 Individual Peroxisomes 

Each individual peroxisome is described as a sphere (with radius r) and an 

optional attached hemispherical-capped cylinder (with length L and width w). For 

simplicity, for the simulation of the model peroxisomes (which move in the three 
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dimensions of the cell) are projected onto a two-dimensional plane with 

coordinates described by x and y, and the angle of the peroxisomal elongation 

with respect to the x-axis is represented by θ (Figure 4.1). 

 

Figure 4.1: Model representation of a single peroxisome. Each peroxisome is 
described by a spherical body (of radius r), a cylindrical elongation (of length L, width w 

and angle θ) and an (x,y) position of the centre of the body. 

4.2.2.2 Model Parameters  

In order to build a mathematical model of peroxisome dynamics, which 

biophysical processes to include in order to describe the dynamics of each 

individual peroxisome need to be determined. The growth and division process 

of peroxisomes can be described by only a few steps and appears relatively self-

contained by a small number of proteins (see section 1.1.5.2). These are (i) 

growth of the peroxisome body, (ii) elongation of the peroxisomal elongation, and 

(iii) constriction and division of the elongation into new ‘daughter’ peroxisomes.  

To ensure that peroxisome division does not result in progressively smaller 

peroxisomes, there must be a membrane lipid flow into the peroxisome. This is 

supported by the fact that membrane lipids are likely supplied from the ER, and 

reduction of peroxisome-ER tethering appears to compromise peroxisome 

elongation (Costello et al. 2017b). Lipid flow into the peroxisome is represented 

in the mathematical model by a constant flow rate α (measured in nm2/s) (Figure 

4.2A), which describes the membrane area increase in unit time. By assuming 

that lipid only flows into the body, the effect of lipid flow is to increase the body 

radius r whilst leaving the extension parameters w and L unchanged. Since 𝛼𝛥𝑡 
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of lipid flows into the body in time Δt, this causes the body radius to increase to 

√𝑟2 + 𝛼𝛥𝑡/4𝜋. 

In order for an extension to form and grow, there must be force acting on the 

extension. The exact mechanisms of peroxisome elongation formation are still 

unclear, but may be, for example, a pulling force such as that from adaptors to 

cytoskeletal motors (Castro et al. 2018), or the effect of pushing in membrane 

lipids into the peroxisome, while membrane-deforming proteins such as PEX11β 

hold the shape of the extension. Regardless of the mechanism, the growth of a 

peroxisomal elongation can be modelled simply by assuming extensions grow at 

a constant speed v (measured in nm/s) (Figure 4.2B). In time Δt, assuming 

extensions always have constant width w, this has the effect of increasing L to 

𝐿 + 𝑣𝛥𝑡. Importantly, the lipid to increase the extension length can only come from 

the body, meaning that extension growth must be accompanied by a 

corresponding decrease in body size. Assuming that there is no change in overall 

membrane area during extension growth, the body radius r must then decrease 

to √𝑟2 − 𝑤𝑣𝛥𝑡/4 (𝜋𝑤𝑣𝛥𝑡 is the increase in elongation area in time Δt.). In addition, 

when the hemispherical cap of the elongation first forms (from a spherical body) 

the radius of the body shrinks to √𝑟2 − 𝑤2/8 +  0.5𝑟2(1 − √1 − 𝑤2/4𝑟2 ), caused 

by removal of a spherical cap from the body and replacement by the 

hemispherical cap of radius w/2. 

The final step in the growth and division of peroxisomes is the constriction and 

subsequent division of the elongation into new ‘daughter’ peroxisomes. This is 

modelled here using constant division rate per unit length β (in /nm/s) (Figure 

4.2C), resulting in the probability of division 𝛽𝐿𝛥𝑡 in time Δt. This has the effect 

that, in a fixed time Δt, longer peroxisomes are more likely to divide (under the 

assumption that they are more likely to contain more membrane-bound adaptors 

to attract division machinery). By modelling division in a stochastic manner (a 

peroxisome will not divide unless a random number U(0,1) is less than or equal 

to 𝛽𝐿𝛥𝑡), the model allows for a range of peroxisome lengths. An elongation 

compartment split length λ divides a peroxisomal elongation into daughter 

peroxisomes all with radius √𝑤𝜆/4. Where the elongation length is not divisible 
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by λ, one daughter peroxisome will contain any leftover membrane area, further 

resulting in variation in the model. 

The first iteration of the model considered only these three basic processes as 

controlling all aspects of peroxisomal growth and division. Although capturing 

some aspects of peroxisome morphology (such as a range in elongation lengths 

and body size), several limitations soon became clear. These issues were 

resolved by adding two new processes to the model: peroxisome degradation 

and more realistic lipid flow. 

First, in addition to modelling the peroxisome growth and division process, it is 

important to also include the effect of peroxisome degradation. Without this, the 

number of peroxisomes over time increases at an exponential rate. Therefore, 

peroxisome turnover (see section 1.1.7) is modelled by a fixed probability of an 

individual peroxisome degrading in a given time. In particular, the probability is 

described by an average peroxisome lifetime τ (in s) (Figure 4.2D), leading to a 

probability of 𝛥𝑡/𝜏 for an individual peroxisome to degrade in time Δt. 

Second, more biologically relevant lipid flow was included. Lipid flow is assumed 

to be provided by direct contact with the ER. As not all peroxisomes will be 

tethered to the ER at any given time (~60%) (Costello et al. 2017b; Xiao et al. 

2019), and there is likely a limitation in total available cellular membrane lipids, 

the lipid flow rate of α was replaced by 𝛼𝑒−𝛾𝐴 where A represents the total surface 

area of all peroxisomes. This is in order to model a limitation in available cell 

membrane lipids rather than a constant flow, and γ is a new lipid flow constant (in 

/nm2) (Figure 4.2A). This new lipid flow rate is implemented in a stochastic 

manner: in time Δt, there is a probability 𝑒−𝛾𝐴 of lipid flow at rate α. This further 

stochasticity is another way that the model tries to capture the heterogeneity of 

real peroxisomes. It is worth noting that an early version of the model also 

considered a lipid flow probability controlled by n (the total number of 

peroxisomes), rather than A giving an effective lipid flow rate of α𝑒−𝛾𝑛. However, 

this model failed to limit lipid flow correctly at low peroxisome numbers in some 

extreme cases (such as when there are only a few, very long peroxisomes as in 

MFF deficiency).  
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Figure 4.2: Model parameters. (A) An increase in peroxisomal body radius is governed 
by parameters γ (lipid flow constant) and α (lipid flow rate). (B) The rate of increase in 

elongation length is governed by parameter v (elongation speed). (C) Division of a 
peroxisomal extension into new peroxisomes is governed by parameter β (division rate). 

(D) The rate of degradation of peroxisomes is governed by parameter τ (mean 
peroxisome lifetime). 

4.2.2.3 Model Assumptions 

It is important to understand the assumptions that are used in this in silico model. 

Assumptions in mathematical models are needed to ensure simplicity and 

produce a working model, but should be limited to only those assumptions that 

are logical, biologically sensible, and backed up with empirical data to avoid bias 

(Edwards and Hamson 1996). Assumptions determine (i) which components to 

include, (ii) their relative importance/strength, and (iii) how these components 

interact with each other.  As the model progresses and more experimental data 

are obtained, these assumptions need to be carefully reviewed, and where 

needed, reworked. 

In the first step of peroxisomal growth and division, provided there is lipid 

available, the peroxisomal body radius increases at a constant rate, governed by 

α. The assumption of a constant lipid flow maintains simplicity, and as lipid flow 

into the ER is likely by direct tethering (Raychaudhuri and Prinz 2008), this 

assumption is sufficient for a first model. The model assumes that lipid flow only 
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increases body radius, with no direct effect on the peroxisome elongation. As the 

ER is predominantly found at the peroxisomal body rather than tubules (Bishop 

et al. 2019), this assumption is based on empirical data. 

Next, during the growth of a peroxisomal tubule, the model assumes that a 

peroxisome will only elongate when the body is large enough (𝑟 ≥ 𝑟𝑚𝑖𝑛). This is 

consistent with the fact that all bodies in highly-elongated peroxisomes have a 

fairly small distribution (Figure 3.1). Similarly, the width of the elongation w is 

assumed to be constant, as it also appears to have a small distribution as 

measured in EM (Figure 3.1). The speed of elongation v is assumed constant for 

simplicity, and also due to the assumption that the mechanism of elongation, 

while unknown, is the same for individual peroxisomes. Even if this assumption 

was relaxed, it is unlikely to make much difference to peroxisome morphology. 

When a peroxisomal elongation divides into new ‘daughter’ peroxisomes, the 

compartment split length (λ) results in peroxisomes all with the radius √𝑤𝜆/4. 

This assumption is for simplicity, and allows for a lower bound on peroxisome 

size, as peroxisomes are typically noted as being in the range of 0.1-1 µm in 

diameter (Smith and Aitchison 2013). In order to ensure this lower bound, a 

peroxisome cannot divide until the length L satisfies the condition 𝐿 ≥ 𝜆. 

For simplicity, the implementation of degradation in this model does not depend 

on peroxisome size or age. As the model is agent-based, degradation is also 

independent for each peroxisome, meaning any number of peroxisomes can 

divide in a given time regardless of the effect on the overall system. Triggers for 

pexophagy are numerous (see section 1.1.7), leading to the assumption that any 

peroxisome has the capability to trigger pexophagy at any given time. 

Finally, movement of peroxisomes in the simulation of this model is also taken as 

random and indiscriminate. The motility of peroxisomes may play a role in 

affecting peroxisome growth and division, as MIRO1 has the capacity to extend 

elongations, which combined with tethering forces may help to mediate 

proliferation (Castro et al. 2018). However, this behaviour is likely encapsulated 

by the elongation parameter v. 



120 
 

4.2.2.4 Parameter Values 

The established first-generation model should accurately reflect a wild-type 

peroxisomal population, which requires fitting the parameter values to the wild-

type population data (such as average peroxisome number and size). Wild-type 

values for the average peroxisome number, radius, elongation length, and 

fraction of peroxisomes elongated were either obtained from experimental data 

or motivated by biological considerations (Table 4.1). The number of 

peroxisomes n, and the average peroxisome body radius ⟨r⟩ were measured 

experimentally (see Chapter 3). As peroxisome elongations are rarely seen by 

immunofluorescence in a wild-type cell at steady state, the average non-zero 

elongation length ⟨L⟩ is taken as 40 nm, a value small in comparison to the 

average body size. Similarly, the fraction of elongated peroxisomes is estimated 

as an intermediate value of f = 25%. Since these values match well with real wild-

type data and since different values are unlikely to substantially alter the 

conclusions, they are sufficient at this stage. 

Parameter Value 

n 250 

⟨r⟩ 80 nm 

⟨L⟩ 40 nm 

f 0.25 

 

Table 4.1: Population values and averages used to fit a wild-type in silico model.  
Values are the estimated averages of wild-type cells at a steady state, used as a baseline 
for a wild-type model. n, the number of peroxisomes. ⟨r⟩, the average peroxisome radius. 
⟨L⟩ the average peroxisome elongation length. f, the fraction of peroxisomes that are 

elongated at any given time. 

Wild-type parameters were fixed either by (i) using values directly measured from 

experimental data (for w), (ii) calculating from the approximate steady-state 

equations given below (for λ, rmin, β, γ and τ), (iii) deriving from biologically-

sensible values of hard-to-measure quantities like the transient period length (for 

α), or (iv) fitting to the measured data (for v) (Table 4.2). 
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Parameter Value 

α 75 nm2/s 

γ 2.4 × 10-7 /nm2 

v 0.3 nm/s 

β 2 × 10-5 /nm/s 

τ 1.5 × 105 s 

w 80 nm 

λ 80 nm 

rmin 110 nm 

 

Table 4.2: Values chosen for parameters and constants for the wild-type in silico 
model. Model parameters α, γ, v, β and τ, and constants w, λ and rmin were inferred from 
experimental data, or calculated using wild type values (Table 4.1) as targets. 

First, the peroxisome elongation diameter w was taken as 80 nm, as measured 

previously in dMFF cells (Chapter 3). This also corresponds to previously 

measured peroxisomal elongations (Delille et al. 2010). Based on the elongation 

split length λ, the smallest new peroxisomes have an initial radius of √𝑤𝜆/4. 

Using a minimum peroxisome radius as 40 nm (the minimum body radius 

measured in Figure 3.1D), solving for λ the above equation, with w as 80 nm, 

results in the estimation of λ also as 80 nm. 

Using the assumption that all available lipid flow into a peroxisome when 

elongating is used for extension elongation, the average body radius can be 

estimated as ⟨𝑟⟩  = (1 − 𝑓)(√𝑤𝜆/4 + 𝑟𝑚𝑖𝑛 )/2 + 𝑓𝑟𝑚𝑖𝑛  (here, the first term 

represents the average radius of non-elongated peroxisomes assuming an even 

distribution of radii between √𝑤𝜆/4 and rmin, and the second term represents the 

average radius of elongated peroxisomes). Solving for rmin using ⟨r⟩ as 80 nm, f 

as 0.25, w as 80 nm, and λ as 80 nm results in the estimation of rmin as 

approximately 110 nm. 

Peroxisome turnover in mammalian cells has previously been estimated as 

approximately two days (Huybrechts et al. 2009). In order to obtain a more 

specific value for the peroxisome mean lifetime τ, it was derived as follows. The 



122 
 

total lipid entering the whole peroxisome population in time Δt is given by the 

product of the probability of lipid flow (𝑒−𝛾𝐴), the lipid flow per peroxisome (𝛼𝛥𝑡) 

and the number of peroxisomes (n). Since the total area A can be given by n⟨A⟩, 

where ⟨A⟩ is the average area per peroxisome, the resulting total inwards lipid 

flow is 𝑒−𝛾𝑛⟨𝐴⟩𝑛𝛼𝛥𝑡 . Conversely, lipid leaving the peroxisome population only 

occurs through pexophagy, and is therefore given by 𝑛⟨𝐴⟩𝛥𝑡/𝜏. At steady state, 

the total lipid entering the system should be balanced by the total lipid leaving the 

system: 𝑒−𝛾𝑛⟨𝐴⟩𝑛𝛼𝛥𝑡 = 𝑛⟨𝐴⟩𝛥𝑡/𝜏 , which simplifies to give 𝑒−𝛾𝑛⟨𝐴⟩ 𝛼 = ⟨𝐴⟩/𝜏 . 

Assuming a constant lipid flow, the time before a new peroxisome (radius √𝑤𝜆/4) 

begins to elongate (radius rmin) is approximately given by (4𝜋𝑟𝑚𝑖𝑛
2 −

𝜋𝑤𝜆)/(𝑒−𝛾𝑛⟨𝐴⟩𝛼)  (here, the first term represents the area of lipid needed to 

increase from √𝑤𝜆/4 to rmin, and the second term represents the effective lipid 

flow rate that allows this area increase). The second term can be replaced, as 

𝑒−𝛾𝑛⟨𝐴⟩𝛼 = ⟨𝐴⟩/𝜏, so the time can also be written as (4𝜋𝑟𝑚𝑖𝑛
2 − 𝜋𝑤𝜆)/(⟨𝐴⟩/𝜏). 

The majority of peroxisomes are not elongated and are assumed to be in this 

stage of growth before reaching rmin. Estimating this time as three days, the 

average peroxisome area ⟨A⟩ as 4𝜋⟨𝑟⟩2 + 𝑓𝜋𝑤⟨𝐿⟩ , and the wild-type and 

parameter values as derived above, results in an estimate of τ of around 1.5 × 

105 s, fitting well with previous data (Huybrechts et al. 2009). 

In a wild-type cell (e.g. skin fibroblasts), peroxisomal elongations are rarely seen. 

Therefore, it is likely that the division rate is high, and a peroxisome does not 

spend a large amount of time in an elongated state once reaching a length 

whereby it is possible to divide. This time waiting for division once λ has been 

reached can be represented by 1/𝛽𝜆. An estimation of this time of around 10 

minutes (which would mean elongations in wild-type cells are rarely seen), β can 

be estimated at 2×10-5 /nm/s. 

In the above analysis of the mathematical model, the parameters α and γ only 

appear in the combination 𝑒−𝛾𝑛⟨𝐴⟩𝛼, the effective lipid flow rate for the average 

peroxisome. These parameters are also hard to fit experimentally. This means 

that steady state cannot be used to determine their values. Instead, the length of 

the transient period (the time it takes the system to reach the quasi-steady state) 

can be used to estimate α and γ. Estimating a biologically-sensible transient 

period of a few tens of hours results in a value of α of 75 nm2/s. Once fixed, the 
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equation 𝑒−𝛾𝑛⟨𝐴⟩ 𝑛𝛼𝛥𝑡 = 𝑛⟨𝐴⟩𝛥𝑡/𝜏, equating lipid flow into and out of the system, 

can be used to derive γ, and results in a value of approximately 2.4 × 10-7 /nm2. 

In order for all lipid flowing into the peroxisome when elongating to only be used 

for elongation growth, the value for elongation speed v must satisfy 𝜋𝑤𝑣 >

𝑒−𝛾𝑛⟨𝐴⟩𝛼. Using the derived values of w, α, γ, n and ⟨A⟩ as previously, a lower 

bound of 7 × 10-4 nm/s is obtained. With all other wild-type parameters fixed, a 

value of 0.3 nm/s results in the best match for reflecting the target steady state 

values when simulated. 

4.2.3 Model Simulation 

The programming language MATLAB (version R2017a, The MathWorks Inc.) 

was used for simulation of the mathematical model. The workflow of numerical 

simulation of the model (Figure 4.3) is as follows. 

Before the main loop (over time), constants and variables need to be defined, 

using the derivations described above for the wild-type model. The initial starting 

conditions of the peroxisomal population are also set up (Table 4.3), drawing the 

dimensions of each individual peroxisome from a truncated normal distribution 

(whilst also ensuring unphysical negative values are avoided). 

 μ σ Truncation 

n 215 0 - 

f 0.25 0 - 

r 80 30 50 ≤ r ≤ 110 

L 30 50 0 ≤ L ≤ 80 

Table 4.3: Distributions used for initial conditions of the model simulation. μ, mean, 
σ, standard deviation, n, number of peroxisomes, f, fraction of peroxisomes elongated, 

r, peroxisome body radius, L, peroxisome elongation length. 

As simulation time progresses in the main loop, at each timestep i, a single 

peroxisome (labelled by j) will go through each of the steps in growth and division 

in sequence, governed by the main modelling parameters (Figure 4.2). Firstly, if 

lipid is available, the peroxisome body radius will increase in size. Secondly, 

provided the peroxisome body radius is large enough (both larger than rmin, and 

with enough area to form an extension), the elongation length will increase. Next, 
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if the peroxisome elongation has reached λ and a randomly-chosen number is 

less than 𝛽𝐿𝛥𝑡, the peroxisome elongation will split into new peroxisomes all with 

diameter √𝑤𝜆/2 . Any leftover membrane area whereby the length of the 

elongation is not exactly divisible by λ will go into one daughter peroxisome, to 

avoid a peroxisome with diameter less than λ. After the division step, the 

peroxisome (x,y) position and the elongation angle (θ) both diffuse, whilst always 

keeping the body and elongation within the cell boundary. Finally, the peroxisome 

may be degraded governed by parameter τ. 

The main loop will progress until one of the following situations arise: (i) a 

maximum time limit has been reached, (ii) a maximum peroxisome number has 

been reached, (iii) all peroxisomes have been degraded, or (iv) steady state has 

been reached. Steady state is determined by sufficiently small fluctuations in n, 

⟨r⟩ and ⟨L⟩ over time, assessed by tracking the relative standard deviation 

(standard deviation σ divided by mean μ) for each of the three characteristics 

over a period of time. When the average relative standard deviation of all three 

over this time is below a cut-off value (taken as 0.01), the system is considered 

to have reached steady state. 



 
 

125 
 

 



126 
 

Figure 4.3: The peroxisome model flow. Shape meanings: parallelograms – 
input/output, rectangles – actions, ellipses – loops, diamonds – decisions. Abbreviations: 
PO – peroxisome, Y – yes, N – no, i – current timestep, t_max_steps – maximum time 
limit, j – current peroxisome, po_num – current number of peroxisomes, stable_relstd – 
relative standard deviation when system is considered stable, rnd – randomly generated 
number between 0 and 1, new_po – number of ‘daughter’ peroxisomes, max_num – 
maximum peroxisome number, diff_size – diffusion jump in x and y, cell_r – radius of cell, 
sign(x) – sign of variable x (+1 or -1), ang_diff – diffusion jump in θ, el_x – x position of 
end of peroxisome elongation, el_y – y position of end of peroxisome elongation. 

4.3 Results 

4.3.1 The Model can Describe a Wild-Type Peroxisome Population 

Using the parameter values derived above from the wild-type target values, time-

course simulations were performed, following the simulation rules outlined in 

section 4.2.2, continuing until the model reached a steady state. A snapshot of 

the model at steady state revealed that the in silico model looks remarkably 

similar to a wild-type peroxisome population; peroxisomes were mostly punctate, 

with a narrow distribution of radii, and few small elongations visible (Figure 4.4).  

Figure 4.4: Snapshot of model simulation at steady state with wild-type parameters. 

The model was run with wild-type parameters (α = 75 nm2/s, γ = 2.4 × 10-7 /nm2, β = 2 × 

10-5 /nm/s, v = 0.3 nm/s, τ = 1.5 × 105 s) until steady state was reached. Scale bar, 1 μm. 

To investigate further, during the whole model simulation, the peroxisome 

number n, the average radius ⟨r⟩, the average length ⟨L⟩, and the fraction of 

peroxisomes with extensions f were tracked and plotted (Figure 4.5A-D). In 

addition, the distribution of peroxisome radii and length at steady state were 
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recorded (Figure 4.5E, F). Note the similarities between the average values 

obtained from the model (dashed lines) with the desired wild-type values in Table 

4.1, suggesting that the model is able to capture a wild-type peroxisome 

population. 

Figure 4.5: Peroxisome population characteristics over a single time-course 
simulation of the wild-type peroxisome model. A) The number (blue line) and total 
area (red line) of peroxisomes (POs) over the same single time-course simulation of the 
model as in Figure 4.4, with wild-type parameters (α = 75 nm2/s, γ = 2.4 × 10-7 /nm2, β = 

2 × 10-5 /nm/s, v = 0.3 nm/s, τ = 1.5 × 105 s). The simulation was performed until the 
model reached steady state. The dotted line represents the mean number over the whole 
simulation. B-D) As in A, for the mean PO radius, mean (non-zero) PO length, and 
percentage of POs elongated, respectively. E) Histogram representing the distribution of 
PO radii at steady state. Dotted lines represent the mean (thick line) ± standard deviation 
(thin lines). F) As in E, for the distribution of non-zero elongation lengths. 

Due to the stochastic nature of the model, the simulation output will change from 

run-to-run. To get accurate estimates for n, ⟨r⟩, ⟨L⟩ and f (including the r and L 

steady-state distributions), the simulation was run 500 times for 100 hours each, 

with values averaged at the end (Figure 4.6). All 500 simulations reached steady-

state within this 100 hour time period. The mean values at 100 hours following 

500 simulations again confirm the chosen wild-type parameter values accurately 

reflect a wild-type peroxisome population. 
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Figure 4.6: Average peroxisome population characteristics over 500 time-course 
simulations of the wild-type peroxisome model. A) The mean number (blue line) and 
mean total area (red line) of peroxisomes (POs) over 500 individual time-course 
simulations of the model run for 100 hours (past steady state) with wild-type parameters 
(α = 75 nm2/s, γ – 2.4 × 10-7 /nm2, β = 2 × 10-5 /nm/s, v = 0.3 nm/s, τ = 1.5 × 105 s). 
Shaded areas represent the mean (line) ± standard deviation. The dotted line represents 
the mean number over the whole of the time-course simulations. B-D) As in A, for the 
mean PO radius, mean (non-zero) PO length, and mean percentage of POs elongated, 
respectively. E) Histogram representing the distribution of all PO radii from all 500 
simulations at steady state. Dotted lines represent the mean (thick line) ± standard 
deviation (thin lines). F) As in E, for the distribution of non-zero elongation lengths. 

Initial conditions (Table 4.3) were chosen close to the desired wild-type values in 

order to reduce the length of the transient period between the start of the 

simulation and reaching steady state. To verify that there are no other steady 

states (other than the trivial n = 0 steady state) i.e. to check the steady state of 

the model is not influenced by the initial starting conditions, the simulation was 

performed with various initial conditions (Figure 4.7). Varying the initial conditions 

in this way varied the time that the simulation reached steady state but showed 

that the final steady state values all converged over time. Varying the initial 

peroxisome number (Figure 4.7A) and initial mean non-zero peroxisome 

extension length (Figure 4.7C) resulted in steady state being reached within 

normal times (<100 hours). Interestingly, varying the initial mean peroxisome 

radius (Figure 4.7B) and initial percentage of peroxisomes with extensions 

(Figure 4.7D) by the same factors resulted in a much longer time to reach steady 



 
 

129 
 

state (>100 hours). Despite this, all lines reached the same steady state over time, 

suggesting that each parameter set leads to only one non-zero steady state 

regardless of initial conditions. 

Figure 4.7: Varying initial conditions results in the same steady state for the wild-
type peroxisome model. A) Time-course simulations of the wild-type peroxisome model 
(α = 75 nm2/s, γ = 2.4 × 10-7 /nm2, β = 2 × 10-5 /nm/s, v = 0.3 nm/s, τ = 1.5 × 105 s) were 
performed for 200 hours of simulation time varying the initial number of peroxisomes 
(POs) n. The line represents the mean PO number of 20 simulations, with shaded area 
representing ± standard deviation of the mean. B-D) as in A, with variations in mean PO 
radius ⟨r⟩, mean PO (non-zero) elongation length ⟨L⟩, and percentage of POs with 
extensions f, respectively. Note the convergence of all lines to the same steady state 
values over time. 

4.3.2 Individual Parameters Affect the Steady State in Distinct Ways 

To assess the influence of parameters on the model steady state, a range of the 

parameters α, γ, β, v, and τ were used for time-course simulations, and the mean 

and standard deviation of the final steady state values from 10 runs recorded 

(Figure 4.8).  
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Figure 4.8: Varying parameters changes the steady state. A) Time-course 
simulations were run of the wild-type model parameters, varying the value of α only. The 
number of peroxisomes n, the average peroxisome radius ⟨r⟩, the average non-zero 

peroxisome elongation length ⟨L⟩, and the percentage of peroxisomes elongated f at the 
end the time-course simulations were tracked. Dots represent the mean of 10 simulations, 
and error bars show the standard deviation of the mean. B-E) As in A, varying the values 
of parameter β, v, τ and γ, respectively. 

First, an increased lipid flow rate α interestingly does not result in an increased 

steady-state peroxisome radius, despite α directly influencing peroxisome radius 

in the mathematical model (Figure 4.8A). Instead, an increase in α results in an 

increase in peroxisomal number (Figure 4.8A). This is likely due to the effect of α 

in the equation 𝑒−𝛾𝑛⟨𝐴⟩ 𝛼 = ⟨𝐴⟩/𝜏, equating lipid flow into and out of the system. 

As changing α does not affect the amount of lipid leaving the system (the radius 

and length of individual peroxisomes are unchanged, leaving ⟨A⟩ unchanged), an 

increase in α means that the exponent 𝑒−𝛾𝑛⟨𝐴⟩ must decrease in order to conserve 

lipid. With ⟨A⟩ and γ unchanged, the number of peroxisomes must then increase. 

High values of β do not affect the steady-state values (Figure 4.8B), because as 

β increases, the probability of division, 𝛽𝐿𝛥𝑡, effectively becomes 1. At low values 

of β this probability of division is greatly reduced, resulting in an increase in 

peroxisome elongation length and a greater frequency of elongated peroxisomes, 

accompanied by a decrease in peroxisome number, as expected (Figure 4.8B). 

Interestingly, except for the situation of v = 0 nm/s (or for very low values of v, 

whereby extensions cannot effectively form, resulting in a large radius increase 
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until all peroxisomes are degraded), changing v without changing other 

parameters has no effect on the overall steady state (Figure 4.8C). Even for high 

values of v, where the extension should grow quickly, the non-zero elongation 

length is unchanged. This is most likely due to the fact that at high speeds, 

elongations cannot grow due to lack of available lipid. In addition, due to the high 

wild-type value of β elongations almost instantly divide, removing the possibility 

for large extension elongation. Therefore, while v appears to have no effect when 

changed on its own, it is likely that effects will only be seen when changed in 

combination with other parameters. 

As expected, increasing the average peroxisome lifetime τ results in an increase 

in peroxisome number, while the peroxisome radius, elongation length and 

frequency of elongations are unchanged (Figure 4.8D). As with α, this increase 

appears not to be exponential, and appears to begin to level above 300 

peroxisomes. This is likely due to the effect of γ in limiting the available lipid flow. 

It is possible that changing γ in addition to τ or α will result in a higher increase in 

steady-state peroxisome number. 

Confirming this, reducing the limitation on lipid flow by reducing the lipid flow 

constant γ results in a large increase in peroxisome number, even with α and τ 

unchanged (Figure 4.8E). 

Several simulations finished without reaching a typical steady state, either 

because (i) the maximum number of peroxisomes was reached, (ii) all 

peroxisomes were degraded (steady state n = 0), or (iii) the simulation did not 

reach steady state within the maximum time limit (Figure 4.9). For example, with 

α = 0 nm2/s lipid cannot flow into the peroxisomes to increase body radius, all 

peroxisomes were removed (Figure 4.9A). With a low value of γ, where the lack 

of limitation on lipid results in a large increase of steady-state peroxisome number, 

the maximum number of peroxisomes was reached at γ = 2.4 × 10-8 /nm2 (Figure 

4.9E), however it can be expected that the simulation would have reached steady 

state if this maximum number was increased. The division rate β at low values 

results in an increase of peroxisome length at steady state. As there is still some 

chance of peroxisome degradation in the values chosen, steady state is possible 

(Figure 4.9B). However, it can be expected that as β approaches 0 /nm/s, the 

inability to divide will lead to the steady state of n = 0 peroxisomes. Similarly to α 
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and β, when v = 0 nm/s, no extensions are formed, meaning pexophagy degrades 

all peroxisomes and the steady state is again n = 0 peroxisomes (Figure 4.9C). 

Interestingly, while τ appears to increase steady state peroxisome number with a 

similar affect as α, high values of τ caused the simulation to fail due to the 

maximum time limit being reached (Figure 4.9D). This indicates that a sudden 

increase in α reaches the new steady state quicker than an equivalent sudden 

increase in τ (here, equivalent is meaning values of α and τ that result in the same 

steady-state number of peroxisomes). 

Figure 4.9: Varying parameter values results in several situations where steady 
state is not reached. A) Time-course simulations were run using wild-type parameter 
values, varying the value of α only (corresponding to Figure 4.8). The reason for 
termination (flag) of each time-course simulation was recorded. Top panel represents 
the number of times the simulation was flagged for each value of α (green – 0 times, 
yellow – between 0 and 10 times, red – 10 times). Bottom panel displays the reason for 
termination and how many times the model failed for this reason (blue circle – maximum 
peroxisome number reached, orange square – peroxisomes all degraded, yellow 
diamond – maximum time limit reached). B-E) As in A, varying the values of parameter 

β, v, τ and γ, respectively. 

Assessing the effect of individual parameters allows for preliminary conclusions 

to be drawn on the main parameters influencing peroxisome growth and division, 

and potentially gives insight into which parameters may be affected in patients 

with a certain peroxisome phenotype.  
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4.3.3 Peroxisomal Alterations can be Reliably Modelled 

4.3.3.1 Modelling Patient Cells - Mitochondrial Fission Factor (MFF) 

Patients with a defect in dual-localised peroxisome-mitochondrial tail-anchored 

membrane protein MFF show fewer, highly elongated peroxisomes compared to 

controls (see Chapter 2). MFF is a major component of the peroxisome division 

machinery (Itoyama et al. 2013), meaning alterations in MFF levels are therefore 

likely to be captured by alterations in the division rate parameter β. Model 

simulations were performed using the same parameters as the wild-type 

peroxisome model, but with β reduced to effectively zero (from 2 × 10-5 /nm/s to 

2 × 10-15 /nm/s), in order to simulate a loss-of-function in MFF. A snapshot of this 

model at 100 hours revealed an altered morphological phenotype in a similar 

manner to that of patients with MFF deficiency; reduced peroxisome number and 

a substantial increase in peroxisome elongation length (Figure 4.10). Due to the 

stochastic way the model was implemented, a range of peroxisome lengths are 

produced, as also observed in MFF-deficient patient cells (Figure 3.1). 

Figure 4.10: Snapshot of the MFF-deficient patient cell model simulation at 100 
hours. The model was run with MFF parameters (α = 75 nm2/s, γ = 2.4 × 10-7 /nm2, β = 

2 × 10-15 /nm/s, v = 0.3 nm/s, τ = 1.5 × 105 s) for 100 hours. Scale bar, 1 μm. 
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Further simulation of the MFF-deficient model revealed that the steady state was 

n = 0, due to the presence of a steady peroxisome turnover with practically no 

capability to increase peroxisome number through division. As this is not 

observed in MFF-deficient cells, but peroxisomes in these cells are capable of 

being degraded by autophagic processes (Figure 3.6), this indicates that either 

(i) there is a mechanism whereby peroxisomes can increase in number without 

MFF (de novo peroxisome biogenesis, or MFF-independent fission), (ii) that MFF-

deficient cells, while capable of it, have a reduced degradation of peroxisomes, 

or (iii) that pexophagy rate is not constant, but decreases when there are only a 

few peroxisomes (i.e. τ = τ(n)). In order to model scenario (ii), simulation of the 

MFF-deficient model with no peroxisome degradation (i.e. an infinite average 

peroxisome lifetime τ) was performed (Figure 4.11). Under these conditions, 

there is effectively no mechanism for peroxisomes to increase or decrease in 

number, so the initial number of peroxisomes will not change. Therefore, to match 

with measured values, the initial number of peroxisomes was set to 30. 
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Figure 4.11: The MFF-deficient patient cell model, with peroxisome degradation 
removed. A) A snapshot of the MFF-deficient patient model with pexophagy removed 
(i.e. an infinite average peroxisome lifetime τ) removed (α = 75 nm2/s, γ = 2.4 × 10-7 /nm2, 

β = 2 × 10-15 /nm/s, v = 0.3 nm/s, τ = ∞) at 100 hours. B) The number (blue line) and 

total area (red line) of peroxisomes (POs) over a single time-course simulation. The 
simulation was performed until the model reached the maximum time limit (1000 hours). 
The dotted line represents the mean number over the whole time-course simulation. B-
E) As in B, for the mean PO radius, mean (non-zero) PO length, and percentage of POs 
elongated, respectively. F) Histogram representing the distribution of PO radii at steady 
state. Dotted lines represent the mean (thick line) ± standard deviation (thin lines). G) As 
in F, for the distribution of non-zero elongation lengths. 

Modelling MFF-deficient cells with no peroxisome turnover again resulted in a 

population of peroxisomes with increased elongation at 100 hours (Figure 4.11A) 

as expected. With no possibility for peroxisome degradation, the steady state can 

no longer be that of no peroxisomes (n = 0). However, in this situation, steady-

state was not reached within the maximum time limit (Figure 4.11B-G) as 

peroxisome elongations continued to elongate (Figure 4.11D). Due to the 

limitation on lipid availability imposed by γ, the rate of elongation growth declines 

over time, and the system can be expected to reach steady state after a long 

period of simulation time. It is therefore likely that additional components are 

needed to more accurately model the experimentally measured MFF-deficient 

cells’ steady state. 

Despite the inability of the MFF-deficient model to reflect the MFF-deficient cell 

steady state, it is still able to reliably reflect changes to morphological 

observations with an alteration in only one parameter. To explore this further, 

further alterations in protein levels in the same cells were modelled. A reduction 

in peroxisome-ER tethering in MFF-deficient patient cells (by silencing the 

peroxisome-ER tethering protein ACBD5), results in a reduction of peroxisome 

length in these cells, while still maintaining the reduced peroxisome number due 

to lack of division components (Costello et al. 2017b). As peroxisome-ER physical 

tethering likely facilitates the flow of membrane lipid from the ER into the 

peroxisome, to model the reduction of ACBD5 in MFF-deficient cells the lipid flow 

rate α was reduced (from 75 nm2/s to 5 nm2/s), in addition to reducing β to 2 × 

10-15 /nm/s. Simulations of the MFF-deficient, ACBD5 silenced model showed a 

morphological phenotype as expected from the experimental observations; 

reduced peroxisome number in a similar manner to the MFF-deficient model, but 

a less remarkable increase in peroxisome elongation length (Figure 4.12). In 

addition to the MFF-deficient model, the MFF-deficient, ACBD5 silenced model 
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also reaches the steady state of n = 0 in the same time due to peroxisome 

turnover. 

 

Figure 4.12: Snapshot of the MFF-deficient, siACBD5 patient cell model simulation 
at 100 hours. The model was run with MFF parameters, with reduced lipid flow to 
simulate silencing of ACBD5 (α – 5 nm2/s, γ – 2.4 × 10-7 /nm2, β – 2 × 10-15 /nm/s, v – 0.3 

nm/s, τ – 1.5 × 105 s) for 100 hours. Scale bar, 1 μm. 

Overall these results show that this simple, preliminary model can accurately 

reflect changes in morphology in MFF-deficient cells, as well as the more complex 

case of ACBD5 silencing in these cells. These changes in patient cells were 

captured by changing only single parameters, demonstrating the ability of the 

model to predict which processes in cells are likely to be disturbed under various 

conditions, including in patients. 

4.3.3.2 Modelling Protein Expression - Mitochondrial Rho GTPase 1 (MIRO1) 

To further understand the ability of the model to reflect alterations in cells induced 

by protein levels, the effects of MIRO1 levels in various cell types were 

investigated. MIRO1 is a regulator of mitochondrial motility, through the formation 

of a motility complex with the adaptor proteins TRAK1 and 2, and molecular 

motors kinesin and dynein (Fransson et al. 2006). MIRO1 can also bind PEX19, 

has some peroxisomal localisation, and overexpression in COS-7 and HeLa 

causes peroxisomes to localise to the cell periphery, inhibited in the presence of 

nocodazole (Castro et al. 2018; Okumoto et al. 2018). This effect is also seen 

when kinesin motors are recruited to peroxisomes (Kapitein et al. 2010). Together, 
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these data point towards a role of MIRO1 in the regulation of peroxisome motility 

through facilitating the interaction of peroxisomes with microtubules. When 

expressed in fibroblasts, MIRO1 induces proliferation of peroxisomes, likely due 

to pulling forces increasing elongation, which can then quickly divide into new 

peroxisomes (Castro et al. 2018). These elongations can be seen when MIRO1 

is expressed in cells with impaired lipid metabolism (PEX5 deficient cells) causing 

compromised peroxisome proliferation (Castro et al. 2018). PEX5 deficient cells 

typically show enlarged peroxisomal ‘ghosts’ that are fewer in number, but 

following MIRO1 expression, a mixed phenotype is seen, with a mix of spherical 

and elongated peroxisomes, and a range of peroxisome lengths. 

The various effects of MIRO1 in inducing changes in peroxisome membrane 

morphology and dynamics present an interesting modelling challenge. In order to 

see if the model can encapsulate these phenotypes, and then therefore allow 

conclusions to be inferred on the physical processes underlying these alterations, 

the model was used to simulate MIRO1 expression in wild-type COS-7 cells, 

MIRO1 expression in fibroblasts, PEX5 deficient fibroblasts, and MIRO1 

expression in PEX5 deficient fibroblasts. 

As MIRO1 likely links peroxisomes to the microtubules, and overexpression 

causes observable peroxisome elongations, MIRO1 overexpression is modelled 

by an increase in peroxisome elongation speed v (from 0.3 nm/s to 3 nm/s). As 

demonstrated previously (Figure 4.8), an increase in v does not typically induce 

any significant change in peroxisome morphology. Therefore, a MIRO1 

overexpression model changing only parameter v results in a morphological 

phenotype similar to the wild-type model (Figure 4.13). This is consistent with the 

observation that in wild-type COS-7 cells, overexpression of MIRO1 has no effect 

on peroxisome number or morphology, instead only inducing accumulation of 

peroxisomes at the cell periphery (Castro et al. 2018).  
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Figure 4.13: Snapshot of the MIRO1 expression in COS-7 cells model simulation 
at 100 hours. The model was run with wild-type parameters, with increased elongation 
extension speed to simulate expression of MIRO1 in COS-7 cells (α = 75 nm2/s, γ = 2.4 
× 10-7 /nm2, β = 2 × 10-5 /nm/s, v = 3 nm/s, τ = 1.5 × 105 s) for 100 hours. Scale bar, 1 

μm. 

Conversely, MIRO1 overexpression in wild-type fibroblasts induces peroxisome 

proliferation, with no overall effect on peroxisome morphology (Castro et al. 2018). 

In order to model this phenotype, manipulation of v alone is insufficient, and 

requires an accompanying decrease in the lipid flow constant γ (from 2.4 × 10-7 

/nm2 to 1.2 × 10-7 /nm2) to observe an increased peroxisome number with no 

other alteration to peroxisome characteristics (Figure 4.14). 
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Figure 4.14: Snapshot of the MIRO1 expression in fibroblasts model simulation at 
100 hours. The model was run with wild-type parameters, with increased elongation 
extension speed and decreased lipid constant to simulate expression of MIRO1 in 
fibroblasts (α = 75 nm2/s, γ = 1.2 × 10-7 /nm2, β = 2 × 10-5 /nm/s, v = 3 nm/s, τ = 1.5 × 105 
s) for 100 hours. Scale bar, 1 μm. 

The peroxisome phenotype in PEX5 deficient cells is that of an enlarged body, 

and fewer total number (Castro et al. 2018). The impaired lipid metabolism in 

these patient cells likely impacts the elongation and division pathways but not 

growth; peroxisomal ghosts such as those with PEX5 deficiency are incapable of 

elongation and subsequent division when supplemented with DHA, in contrast to 

controls and those of a single enzyme deficiency (Itoyama et al. 2012), but are 

enlarged, consistent with an unaltered lipid supply to the peroxisome. Therefore, 

PEX5 deficient fibroblasts are modelled by reducing both the elongation speed v 

(from 0.3 nm/s to 3 × 10-5 nm/s) and the division rate β (from 2 × 10-5 /nm/s to 2 

× 10-9 /nm/s). Simulation of the PEX5 deficient fibroblast model results in a 

phenotype as expected, reduced in number and enlarged in size, with very short 

elongations (Figure 4.15). Similar to the MFF deficient model, steady state in the 

PEX5 deficient model is at zero peroxisomes due to the reduced division 

capability, again highlighting the limitation of the model in being able to reflect 

steady state under certain mutant conditions. 
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Figure 4.15: Snapshot of the PEX5 deficient patient fibroblasts model simulation 
at 100 hours. The model was run with wild-type parameters, with decreased elongation 
extension speed and decreased division rate to simulate loss of PEX5 in fibroblasts (α = 
75 nm2/s, γ = 2.4 × 10-7 /nm2, β = 2 × 10-9 /nm/s, v = 3 × 10-5 nm/s, τ = 1.5 × 105 s) for 

100 hours. Scale bar, 1 μm. 

To assess the capability of the model to simulate more complex situations and 

combine confirmed model parameters, MIRO1 expression in PEX5 deficient 

fibroblasts was modelled by combining the two previously validated models. The 

MIRO1 expression model includes an increase in v, and the PEX5 deficiency 

model contains a decrease in v. As MIRO1-induced peroxisome elongations are 

artificial, v is taken as the MIRO1 expressed value of 3 nm/s. The other parameter 

values changed from wild-type for the PEX5 deficient and MIRO1 expressed 

models are γ and β, which are used as previously described, 1.2 × 10-7 /nm2 and 

2 × 10-9 /nm/s, respectively. Following simulation, the model again can reflect the 

morphological observations seen in these cells; a mixed population of elongated 

and spherical peroxisomes, with no change in overall peroxisome number (Figure 

4.16). 
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Figure 4.16: Snapshot of the PEX5 deficient, MIRO1 expressed fibroblast model 
simulation at 100 hours. The model was run with wild-type parameters, with increased 
elongation extension speed, decreased lipid flow constant and decreased devision rate 
to simulate loss of PEX5 and expression of MIRO1 in fibroblasts (α = 75 nm2/s, γ = 1.2 

× 10-7 /nm2, β = 2 × 10-9 /nm/s, v = 3 × 10-5 nm/s, τ = 1.5 × 105 s) for 100 hours. Scale 
bar, 1 μm. 

Overall, these results show that in addition to modelling simple cases of patient 

cells with a defect in growth and division, where only a single parameter needs 

to be altered, the model can also reflect more complex cell types and protein 

expression. 

4.4 Discussion 

4.4.1 Discussion of Results 

While what is presented here is a first-generation mathematical model of 

peroxisome membrane dynamics, it has been shown to already have the ability 

to encapsulate phenotypes seen in multiple scenarios and conditions. 

Importantly, the model is not sensitive to changes in the initial conditions, with 

only a single (non-trivial) steady state for each set of parameter values. Therefore, 

it should only be through changing these parameters that any peroxisomal 

phenotype should be able to be reflected. Identifiability of the model, i.e. whether 

multiple sets of substantially-different parameter values yield similar steady 

states, is an important concern in understanding a mathematical model. For this 
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preliminary model, identifiability has not yet been extensively investigated but is 

unlikely to affect the qualitative conclusions. 

When assessing the effects on these individual parameter changes, several 

notable unexpected patterns are observed, particularly (i) the effect of increasing 

α (rate of lipid flow into the body) is to increase peroxisome number rather than 

body radius, (ii) changing v (speed of elongation) on its own has no effect but 

requires multiple parameter changes to affect the steady state, and (iii) 

decreasing the rate of pexophagy increases peroxisome number at a slower rate 

than increasing α. These results shed further light on the complex relationship 

between these parameters, and possibly indicate cellular processes that are 

better targets for rescuing peroxisomal dysfunction. For example, in a patient with 

a decrease in peroxisome number, a naïve approach may be to target pexophagy 

in an attempt to reduce peroxisome turnover. However, the modelling indicates 

that a more efficient approach may be to increase lipid flow into the peroxisomes 

through, for example, manipulation of peroxisome-ER tethering components such 

as ACBD5. 

Throughout these studies, results have been obtained by averaging multiple 

model simulations. Introducing noise, by implementing the mathematical model 

in a stochastic manner, adds a more realistic biological complexity. Some 

peroxisomal characteristics show more noise, particularly the peroxisomal non-

zero elongation length. This is due to the stochastic way division is implemented, 

introducing a probability of division at any given time, influenced by the 

peroxisome length. This results in a distribution of lengths at any given time, with 

the mean length fluctuating following division of an elongated peroxisome. 

However, despite this noise, the mean peroxisomal elongation length at steady 

state varies little over time. 

Patient cells with a defect in peroxisomal division protein MFF can be modelled 

by changing only one parameter, the division rate β. From this, the model 

suggests several conclusions on the underlying biophysical processes in these 

cells. The observation that control fibroblasts display large numbers of small, 

spherical peroxisomes, which turn into few, extremely elongated organelles upon 

blocking of peroxisomal division, indicates that membrane lipid flow rate, 

elongation growth speed and division rate must be high in fibroblasts under 
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normal conditions, allowing for quick growth and division. This may also suggest 

that peroxisome turnover is also high in fibroblasts in order to avoid an unchecked 

increase in peroxisome number. Despite a block in division, and the capability of 

peroxisomes in MFF deficient fibroblasts to be degraded (Figure 3.6), 

peroxisomes are still present in these cells. This suggests that in MFF deficiency, 

either (i) peroxisome turnover is altered to avoid complete degradation, (ii) that 

de novo peroxisome biogenesis or MFF-independent division provides a constant 

rate of new peroxisomes, or (iii) rates of pexophagy may be dependent on 

peroxisome number. In contrast, low membrane lipid flow rate, elongation speed 

or division rate in other cell types may result in a population of peroxisomes with 

reduced numbers and lengths. This is reflected by depletion of ACBD5, which 

impacts on peroxisome-ER tethering and membrane expansion, resulting in 

shorter peroxisomes in MFF-deficient cells (Costello et al. 2017b). This 

morphological change can also be captured in the model by reducing the lipid 

flow rate α in the MFF-deficient model, giving further evidence to the hypothesis 

of high lipid flow and division rates in fibroblasts, as well as suggesting that lipid 

flow, likely mediated by peroxisome-ER interactions, is a major contributor to 

peroxisome growth and division dynamics. 

Through modelling further cellular alterations, MIRO1 expression in three 

different cell types (COS-7, fibroblasts, and PEX5 deficient fibroblasts), this 

relationship between cell types and cellular processes can be explored further. 

When expressed in COS-7, MIRO1 has no effect on peroxisome morphology. 

This model can capture this with an increase in v, as changing v alone does not 

affect peroxisome morphology due to insufficient lipid flow for expansion of the 

elongation. When expressed in fibroblasts, MIRO1 induces peroxisome 

proliferation. As expected, due to limitations of increasing v, this phenotype 

cannot be captured without also increasing lipid flow through altering the lipid flow 

constant γ. This further suggests that fibroblasts have an increased lipid flow 

compared to other cell types. Peroxisomes in fibroblasts deficient in PEX5 are 

larger and fewer in number. As previously identified, despite directly causing an 

increase in radius in the mathematical model, increasing the lipid flow rate itself 

is insufficient to increase peroxisome radius. Instead, this phenotype can be 

modelled by reducing the elongation speed v and the division rate β, in line with 

previous data of impaired elongation and division in peroxisomes from a patient 
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with Zellweger syndrome (Itoyama et al. 2012). In this case, a peroxisome 

morphological alteration can be modelled without directly equating the proteins 

involved to cellular processes, but still gives an insight into which processes are 

disturbed in these cells, confirmed by experimental data. This very clearly 

highlights the way in which this model could be useful in the future for the 

prediction of altered cellular processes in specific patient cells. MIRO1 

expression in these cells results in a mixed spherical/elongated phenotype, which 

can also be modelled by combining the mathematical models for PEX5 deficient 

fibroblasts and MIRO1 expression in fibroblasts. This again emphasises the 

importance of introducing stochasticity; such a range of peroxisomes with 

different morphologies would not be possible without a degree of randomness in 

the model. The ability of the model to combine several alterations into one model 

highlights further future uses, in predicting morphological changes in patient cells 

under certain conditions. 

Altogether, the results presented here demonstrate that this model, while 

preliminary, has enormous future potential in various aspects of peroxisome 

membrane dynamics, being able to reflect changes in peroxisome number, 

morphology and movement. It is hoped that in the future, a more mature iteration 

of the model can be used as a tool for (i) aiding in the understanding of the key 

processes underlying peroxisome dynamics in various cell types, (ii) helping to 

decipher which of these key processes are disturbed in patient cells with different 

peroxisomal alterations, (iii) investigating how peroxisomes in wild-type and 

patient cells may respond to various intracellular conditions and challenges, and 

(iv) understanding the precise way in which proteins with unknown or less well 

understood functions may interact with the peroxisomes to cause changes in 

peroxisome dynamics. 

4.4.2 Further work 

While the model presented shows great potential for future, there are clearly 

several limitations and areas that can be improved, checked, and added. These 

are summarised here. 

First, some validation and investigation of the wild-type model is still to be 

performed. While the model appears not to give the same steady states for 

different parameter sets, a more sophisticated approach could be used to check 
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this in the future (Calvez and Hutzler 2005). This also links to the fact that the 

effects on the steady state of changing more than one parameter at a time were 

not investigated. While looking at individual parameters gives some idea of the 

specific effects of the parameters on the overall system, it is likely that parameters 

influence each other, affecting model outcomes. When investigated in full, it may 

then be easier to model more complex scenarios inside the cell. 

As previously described, each individual peroxisome is taken simply as a sphere 

with an attached capped cylinder of constant width w. While this is similar to many 

peroxisomes viewed with EM (Figure 3.1), this idealised shape does not always 

accurately describe peroxisomes. For example, peroxisomes in cells devoid of 

DRP1 show a ‘beads on a string’ phenotype (Koch et al. 2004), which is unable 

to be captured in the current version of the model. In order to model this 

phenotype, an extra step of constriction would need to be added to the model 

rules, in addition to further changing the model representation of peroxisomal 

tubules. Constriction also appears to represent an important step in producing 

mature peroxisomes (see Chapter 2). In implementing constriction, further 

additions can be made, such as introducing a time lag waiting for the import of 

matrix proteins to pre-peroxisomal elongations, or the recruitment/competition of 

different machinery for constriction/division. 

At present, the spatial position of peroxisomes has been largely ignored in the 

model, both in terms of motility and distribution of peroxisomes inside the cell. 

The effects of MIRO1 highlight that peroxisome growth and division is likely not 

so independent of peroxisome motility. It is also likely that motile peroxisomes 

are not tethered to the ER (Costello et al. 2017b), which is predominantly 

perinuclear. Therefore, it may be that peroxisomes are more likely to grow and 

divide closer to the centre of the cell, so a future extension of the model could 

take this into account by introducing an effect whereby motility and spatial 

distribution influences lipid flow into the peroxisome. 

Cell division could also be included in the model. Analysing the effect of altering 

initial conditions of the model suggests that the peroxisomes can recover from 

large sudden changes in state, for example in reducing the peroxisome number 

by half as may happen during cell division. By implementing cell division as a 

sudden decrease by half of peroxisome number, it may give further insight into 
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the challenges that cells face when needing to proliferate peroxisomes after 

division. This may also give insights into ageing, by investigating how the 

peroxisome population can handle many repeated cell divisions. 

An important limitation that was raised following investigation of MFF deficient 

patient fibroblasts is that the steady state of any model with a substantial block in 

division is n = 0. This led to the conclusion that there must be either de novo 

biogenesis of peroxisomes to maintain numbers, or that peroxisomes are 

somewhat protected from pexophagy when low numbers arise. To accurately 

model this, more investigation in vitro needs to be performed to discover the 

mechanisms of peroxisome retention in MFF deficient cells. Pexophagy in the 

model could be implemented in a less impartial manner, for example by ensuring 

that older peroxisomes are preferentially degraded (Cavallini et al. 2017). 

Pexophagy could also be implemented in a similar manner to the lipid flow 

constant γ, where it is influenced by the total peroxisome area in the cell. 

Finally, several additions to the model could improve the aesthetics of the 

simulation. Peroxisomal elongations are rarely completely straight, with many 

extensions being curved or kinked. This is particularly noticeable in the case of 

the MFF deficient model. In addition, a more realistic cell shape, and the inclusion 

of a nuclear region, would improve model aesthetics. 

4.5 Conclusion 

In conclusion, this first-generation agent-based mathematical biophysical model 

of peroxisome membrane dynamics has provided a solid proof-of-concept that 

this approach is a useful tool for peroxisome research. By using a combined 

experimental-modelling approach, with the model both being based on and 

guiding experimental data, the model has already generated hypotheses of 

mechanisms of peroxisome regulation in various cell types, leading to 

conclusions on how this regulation is disturbed in patient cells, and aided in 

expanding the overall picture of growth and division of peroxisomes in 

mammalian cells. After addressing the limitations described above, future 

iterations of the model are likely to be powerful tools for helping in the 

understanding of peroxisomes, and the underlying cellular pathophysiology of 

patient cells.  
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5.1 The Importance of Peroxisomal Membrane Dynamics 

Peroxisomal membrane dynamics have been extensively studied over the past 

years, and the key proteins involved in peroxisomal growth and division described. 

However, (i) the contribution of this remodelling of the peroxisome membrane to 

other cellular processes than peroxisome proliferation, (ii) the exact way in which 

defects in peroxisome membrane dynamics contribute to health and disease, and 

(iii) the precise relationship between other cellular processes such as lipid flow 

into the peroxisome and regulation of peroxisomal growth and division are 

emerging topics. 

Chapter 2 demonstrates that despite the close redox-sensitive relationship 

between peroxisomes and mitochondria, and that mitochondrial morphology and 

function is disturbed when peroxisomes undergo oxidative stress, peroxisome 

membrane dynamics are unaffected by ROS produced in the mitochondria. 

Instead, the respiratory chain inhibitor rotenone alters peroxisome morphology 

and distribution through its microtubule-destabilising activity, further highlighting 

the still unclear relationship between the cytoskeleton and the regulation of 

peroxisomal membrane dynamics. This study indicates that compounds known 

for affecting specific components of the cell such as mitochondria may also affect 

peroxisomes, and therefore that looking at how peroxisome membrane dynamics 

are altered may indicate other cellular alterations (e.g. an observed increase in 

peroxisomal elongation and clustering may suggest microtubule disruption). 

Rotenone is often used as a model for Parkinson’s disease-like symptoms in vivo. 

However, as this study shows, it also affects peroxisomal dynamics, which have 

potential links to Parkinson’s disease. Therefore, this may suggest that 

alterations to peroxisome dynamics play a more prominent role in the 

pathophysiology of the disease than previously thought. At a time when more 

diseases that affect peroxisome dynamics are being found and characterised 

more thoroughly, it is important that we understand the cellular consequences of 

defects in peroxisome dynamics.  

Chapter 3 explores this further, by looking more in depth at one of the most drastic 

alterations to peroxisome morphology, loss of MFF. While MFF is a shared 

peroxisome-mitochondrial protein, much of the work investigating cellular 

consequences of lack of MFF has thus far focussed on the mitochondria. It was 
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shown in this chapter that in addition to mitochondrial elongation, peroxisomal 

abnormalities also arise, and may be major contributors to the pathophysiology 

of the disease. Peroxisomal metabolism in these cells is normal, but patients still 

display symptoms that are similar to those of PBDs (e.g. developmental delay, 

encephalopathy and peripheral neuropathy), highlighting the importance of 

maintaining proper peroxisome membrane dynamics inside the cell. Disruption of 

peroxisomal membrane dynamics by blocking division leads to hyper-elongated 

peroxisomes, which comprise mostly of membrane that displays reduced 

presence of matrix proteins, indicating MFF is a critical regulator of peroxisome 

maturation. This study also provides evidence that there are not only changes in 

peroxisome morphology, which impacts peroxisome positioning and motility, but 

also other peroxisomal parameters such as redox state and pH. This proves that 

peroxisome membrane dynamics are important in more than just the growth and 

division process affecting peroxisome morphology, and is adding to the growing 

amount of data suggesting peroxisome membrane dynamics are important in 

maintaining other peroxisome parameters. 

Therefore, it is crucial that peroxisomal membrane dynamics are fully understood. 

Experimental approaches only allow for direct manipulation of cells and 

organelles to a certain point; more is needed to fully characterise and understand 

the regulation of peroxisome membrane dynamics. Chapter 4 provides a 

modelling workflow in which to do this; peroxisomal membrane dynamics can be 

described by a few simple parameters, and a mathematical, biophysical model 

built around these parameters. Simple manipulation of these parameters in a 

preliminary model already revealed several predictions of which processes are 

needed for maintenance of peroxisome growth and division, for example 

suggesting that lipid flow is a major contributor to maintenance of peroxisomes, 

and that peroxisome number is possibly more efficiently manipulated by targeting 

this lipid flow. Several case studies using experimental data on peroxisomal 

morphological alterations revealed further insight. For example, MFF-deficient 

patient cells likely have altered peroxisome turnover due to the reduced capability 

to increase in number. In addition, the various effects of the adaptor for 

microtubule-based motility MIRO1 in different cell types highlights that 

differences in peroxisomal dynamics between cell types are likely due to 

alterations in these model parameters; again the lipid flow into the peroxisome by 
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peroxisome-ER tethering was revealed as a crucial player, possibly providing a 

mechanism whereby peroxisomes can undergo growth and division more quickly 

in fibroblasts. While a first-generation model, this study serves as proof that it not 

only has the capacity when more developed to characterise peroxisomal 

membrane dynamics to help with future therapeutics, but also that this combined 

experimental-modelling approach is a powerful tool for investigating organelle 

dynamics. 

In conclusion, this thesis provides evidence that alterations in peroxisomal 

membrane dynamics are important in health and disease, and the extent to which 

these dynamics contribute to cell physiology is currently underestimated. Also 

demonstrated is that the regulation (and dysregulation) of peroxisomal 

membrane dynamics need to be explored in more detail; a combined 

experimental-modelling approach being one such useful tool. 
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