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Abstract 

Peroxisomes are ubiquitous and highly dynamic organelles that play a central role in the metabolism of 

lipids and reactive oxygen species. The importance of peroxisomal metabolism is illustrated by severe 

peroxisome biogenesis disorders in which functional peroxisomes are absent or disorders caused by single 

peroxisomal enzyme deficiencies. These multisystemic diseases manifest specific clinical and biochemical 

disturbances that originate from the affected peroxisomal pathways. An emerging role of the peroxisome 

has been identified in many types of diseases, including cancer, neurodegenerative disorders, aging, obesity, 

and diabetes. Peroxisome homeostasis is achieved via a tightly regulated interplay between peroxisome 

biogenesis and degradation via selective autophagy, which is commonly known as “pexophagy”. 

Dysregulation of either peroxisome biogenesis or pexophagy may be detrimental to the health of cells and 

contribute to the pathophysiology of these diseases. Autophagy is an evolutionary conserved catabolic 

process for nonselective degradation of macromolecules and organelles in response to various stressors. In 

selective autophagy, specific cargo-recognizing receptors connect the cargo to the core autophagic 

machinery, and additional posttranslational modifications such as ubiquitination and phosphorylation 

regulate this process. Several stress conditions have been shown to stimulate pexophagy and decrease 

peroxisome abundance. However, our understanding of the mechanisms that particularly regulate 

mammalian pexophagy has been limited. In recent years considerable progress has been made uncovering 

signaling pathways, autophagy receptors and adaptors as well as posttranslational modifications involved 

in pexophagy. In this review, which is published back-to-back with a peroxisome review by Islinger et al. 

[Islinger M, Voelkl A, Fahimi HD, Schrader M (2018) The peroxisome: an update on mysteries 2.0], we 

focus on recent novel findings on the underlying molecular mechanisms of pexophagy in yeast and 

mammalian cells and highlight concerns and gaps in our knowledge. 
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Introduction 

Peroxisomes are extremely versatile and dynamic organelles whose number, size, and function are 

dependent on cell type and metabolic needs. They play key roles in the degradation of fatty acids (i.e., very 

long-chain, branched-chain, and polyunsaturated fatty acids), ether lipid synthesis, cholesterol and bile acid 

synthesis, and metabolism of reactive oxygen species (ROS) (Faust and Kovacs 2014; Fransen et al. 2012; 

Schönenberger and Kovacs 2015; Van Veldhoven 2010). They also act as intracellular signaling platforms 

in redox, lipid, inflammatory, and innate immune signaling (Dixit et al. 2010; Dorninger et al. 2015; Lodhi 

et al. 2015a; Lodhi et al. 2015b; Nordgren and Fransen 2014; Odendall et al. 2014). The importance of 

peroxisomal metabolism is illustrated by the marked abnormalities in brain and systemic organs in 

peroxisome biogenesis disorders of the Zellweger spectrum in which functional peroxisomes are absent or 

disorders caused by single peroxisomal enzyme deficiencies (Raymond et al. 2009). These multisystemic 

diseases manifest specific clinical and biochemical disturbances that originate from the affected 

peroxisomal pathways. Recent studies support a peroxisomal role in the pathogenesis of nonalcoholic fatty 

liver disease and steatohepatitis, aging, diabetes, and neurodegenerative disorders (Cipolla and Lodhi 2017; 

Fransen et al. 2013; Puri et al. 2007; Puri et al. 2009). A decrease in peroxisome abundance has been 

observed in various tumor cells (Schönenberger and Kovacs 2015), and at least in human clear cell renal 

cell carcinomas (ccRCC) the abundance of peroxisomes is decreased by their enhanced degradation via 

selective autophagy (Walter et al. 2014). 

 Peroxisome homeostasis is achieved by balancing biogenesis and degradation of peroxisomes in 

response to changing environmental conditions. Three mechanisms for peroxisome degradation have been 

described in mammalian cells, which include selective autophagy (pexophagy), proteolysis by peroxisomal 

Lon protease 2 (LONP2), and 15-lipoxygenase-1 (ALOX15)-mediated autolysis (Schrader and Fahimi 

2008; Yokota and Dariush Fahimi 2009). Studies using liver-specific Atg7 knockout mice revealed that 70-

80 % of liver peroxisomes are degraded via pexophagy, while the remaining 20-30 % are degraded by 

LONP2 and ALOX15 (Iwata et al. 2006; Yokota and Dariush Fahimi 2009). Pexophagy is critical for the 

maintenance of cellular homeostasis by maintaining both organelle integrity and number in the context of 
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varying environments and stresses. Peroxisomes generate reactive oxygen and nitrogen species as 

byproducts of their oxidative type of metabolism, and removal of damaged organelles is essential to keep 

a balanced cellular redox state (Walker et al. 2018). 

 Autophagy is an evolutionary conserved catabolic process for degradation of macromolecules and 

organelles. Many different signal transduction events can converge to initiate autophagy in response to 

various stressors. The autophagy process can be divided into at least six sequential steps: (1) initiation, (2) 

membrane nucleation and phagophore formation, (3) phagophore elongation with concomitant cargo 

sequestration, (4) phagophore closure forming an autophagosome, a double membrane vesicle, (5) fusion 

of the autophagosome with the lysosome forming an autolysosome, and (6) degradation of sequestered 

cargo in the autolysosome (Galluzzi et al. 2017; Mizushima et al. 2011) (Fig. 1a). Autophagosome 

formation and maturation is a highly regulated process, and key components in this process are the 

autophagy-related (ATG) proteins (Mercer et al. 2018; Mizushima et al. 2011). Initiation of autophagosome 

formation is regulated by the UNC-51-like kinase 1/2 (ULK1/2, the mammalian orthologs of Atg1) and 

class III phosphatidylinositol 3-kinase (PI3K) complexes. The ULK complex consists of ULK1/2, ATG13, 

FIP200 (Atg17), and ATG101 and translocates upon activation to subdomains of the endoplasmic reticulum 

(ER), called omegasomes, to drive the nucleation of autophagosomes. The ULK complex activates the class 

III PI3K complex (PI3K complex 1), which consists of the lipid kinase VPS34 (PIK3C3), Beclin1 (ATG6), 

ATG14, and the PI3K regulatory subunit 4 (PIK3R4; pseudokinase p150), leading to its translocation to 

the ER, where it produces phosphatidylinositol 3-phosphate to drive omegasome formation. Phagophore 

elongation is facilitated by transient interactions with the ATG9 compartment, which delivers lipids for 

membrane formation from various sources including the ER, recycling endosomes, plasma membrane, 

mitochondria, and Golgi (Mercer et al. 2018). Elongation and closure of the phagophore membrane is 

controlled by two ubiquitin-like conjugation pathways that conjugate ATG12 to ATG5 and ATG8 [the 

microtubule-associated proteins-1 light chain 3 (MAP1LC3) and gamma-aminobutyric acid receptor-

associated protein (GABARAP) families are the mammalian ATG8 homologs; for simplicity referred to 

below as LC3 proteins] to the lipid phosphatidylethanolamine (PE) (Klionsky and Schulman 2014; Noda 
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and Inagaki 2015). Briefly, the ubiquitin-like ATG12 is activated by ATG7, an E1-like enzyme, it is then 

transferred to ATG10, an E2-like enzyme, and it is finally conjugated to ATG5. The ATG12-ATG5 

conjugate forms a complex with ATG16 and is recruited to the phagophore. The main role of the ATG12-

ATG5-ATG16 complex is E3-like activity for the other autophagy-specific ubiquitin-like system, LC3. 

LC3 proteins are synthesized as precursor proteins and are predominantly found in an unlipidated form in 

the cytosol, referred to as LC3-I. Prior to lipidation the LC3 precursor is proteolytically processed by ATG4. 

The processed LC3 is conjugated to PE by ATG7, the E2-like enzyme ATG3, and the ATG12-ATG5-

ATG16 complex, forming the lipidated LC3-II. LC3-II localizes to both outer and inner membranes of 

phagophores. The ATG12-ATG5-ATG16 complex leaves the autophagosome during its maturation, and 

the LC3-II associated with the autophagosomal cytosolic surfaces is cleaved from the PE by ATG4 and 

recycled. The regulation of LC3 lipidation and its association with membranes to perform its autophagy 

function is driven by the PI3P production by the PI3K complex 1. The autophagosome fuses with endocytic 

and lysosomal compartments to form an autolysosome (Yu et al. 2018). The inner membrane of the 

autolysosome is lysed and the cargos are degraded through the activity of lysosomal hydrolases. The 

degradation products are transported out of the autolysosome into the cytosol for reuse. Once the 

degradation of autophagy cargos is completed, autolysosomes disintegrate and contribute to the 

regeneration of the lysosomal pool via a process termed autophagic lysosome reformation (Yu et al. 2010). 

 Both non-selective macroautophagy and selective autophagy have been described (Johansen and 

Lamark 2011; Mizushima et al. 2011; Schreiber and Peter 2014). Most selective autophagy pathways use 

a common mechanism, including the core autophagic machinery and a set of selectivity factors. Important 

among the selectivity factors are selective autophagy receptors which mark each specific cargo for selective 

degradation and connect the cargo to the core autophagic machinery via Atg8-interacting motifs (AIM) and 

LC3-interacting regions (LIR) to Atg8 and the mammalian homologs of Atg8, respectively (Birgisdottir et 

al. 2013; Khaminets et al. 2016; Mancias and Kimmelman 2016) (Fig. 1b). Additional posttranslational 

modifications can enhance substrate recognition and selectivity (Khaminets et al. 2016; McEwan and Dikic 

2011). 
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Pexophagy in yeasts 

The molecular machineries of pexophagy have been elucidated from studies of the budding yeast 

Saccharomyces cerevisiae and the methylotrophic yeasts Pichia pastoris and Hansenula polymorpha (Fig. 

2a). Incubating these yeasts in oleic acid or methanol leads to peroxisome proliferation, and pexophagy is 

rapidly induced when peroxisomal metabolism is no longer critical for viability and cell growth following 

a shift to a preferred carbon source such as glucose (Tuttle and Dunn 1995). There are two main modes of 

pexophagy in yeast, i.e. macropexophagy and micropexophagy (pexophagy through a microautophagic 

process). Macropexophagy involves three characteristic steps: recognition of the peroxisome destined for 

degradation, formation of the pexophagosome, and fusion with the vacuole and degradation of the cargo by 

vacuolar hydrolases. During selective autophagy formation of the phagophore assembly site (PAS) is 

mediated by the interaction of activated cargo-bound selective autophagy receptors with the core proteins 

of the autophagic machinery (Farre and Subramani 2016).  

 In P. pastoris macropexophagy occurs when the carbon source is switched from methanol to 

ethanol or nitrogen-depleted starvation medium (Farre et al. 2008). In H. polymorpha transfer from 

methanol to either glucose- or ethanol-containing medium induces macropexophagy (van Zutphen et al. 

2008). In S. cerevisiae macropexophagy occurs under conditions of postlogarithmic respiratory growth or 

after proliferation of peroxisomes in oleate-containing medium followed by glucose-rich, nitrogen-limiting 

conditions (Hutchins et al. 1999; Motley et al. 2012b). The pexophagy receptors Atg30 and Atg36 were 

identified in P. pastoris and S. cerevisiae, respectively, and their overexpression stimulates pexophagy even 

under peroxisome-inducing conditions (Farre et al. 2008; Motley et al. 2012b) (Fig. 2a). Atg30 and Atg36 

are associated with peroxisomes during their biogenesis, long before pexophagy induction. These two 

receptors are not structural homologs, but they share high functional similarity and both the AIM and 

Atg11-binding regions (A11BRs) are conserved (Oku and Sakai 2016). Atg11 is an essential protein for 

most selective autophagy pathways in yeast and acts as a scaffold protein in assembling the PAS by 

interacting with the selective autophagy receptors, with itself, the Atg17 scaffold complex and the Atg1 

kinase complex (Farre and Subramani 2016). Atg30 binds to the peroxins Pex3 and Pex14 as well as the 
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Atg proteins Atg8, Atg11, and Atg17, together comprising the so-called receptor protein complex (RPC) 

(Fig. 2a). Atg30 interacts with the integral peroxisomal membrane protein Atg37, an acyl-CoA-binding 

protein that interacts with palmitoyl-CoA (Nazarko 2014; Nazarko et al. 2014). The C-terminal 

transmembrane domain of Atg37 anchors the protein in the peroxisomal membrane and the N-terminal 

acyl-CoA binding domain is exposed to the cytosol. Atg37 cannot be classified as a bona fide pexophagy 

receptor, because it does not interact with Atg8 and overexpression of Atg37 neither induces nor interferes 

with pexophagy. A recent study showed that Atg37 and Pex3 depend on each other for their correct 

localization at the peroxisomal membrane (Zientara-Rytter et al. 2018). Atg37 is recruited to peroxisomes 

in a Pex3-dependent manner, and conversely the correct localization of Pex3 on the peroxisomal surface 

depends on Atg37. Atg30 recruits Atg37 to the pexophagic RPC, where Atg37 regulates the binding of 

Atg11 to Atg30 (Nazarko et al. 2014). In the absence of Atg37, Atg30 is able to recognize Pex3 and to 

recruit Atg17, but is unable to recruit Atg11. In vitro experiments have suggested that palmitoyl-CoA and 

Atg30 compete for the same binding region in Atg37, but palmitoyl-CoA binding to Atg37 does not 

interfere with Pex3 binding (Nazarko et al. 2014). However, the role of palmitoyl-CoA in pexophagy has 

not been elucidated in detail. The presence of sufficient local concentrations of palmitoyl-CoA might 

prevent the activation of pexophagy by inhibiting the interaction between Atg37 and Atg30. The inhibition 

of the Atg37-Atg30 interaction might be alleviated at low palmitoyl-CoA concentrations due to decreased 

peroxisomal fatty acid oxidation, thereby allowing Atg30 phosphorylation and pexophagy. A recent study 

showed that Atg30 requires both Atg37 and Pex3 to recruit Atg8 and Atg11 to the pexophagic RPC 

(Zientara-Rytter et al. 2018). Atg30 has one binding site for Atg37 and two for Pex3. However, the binding 

of Atg37 and Pex3 to Atg30 is mutually exclusive due to the close proximity of Atg37- and Pex3-binding 

sites in the middle domain of Atg30. 

 In S. cerevisiae pexophagy relies on the receptor Atg36 that is bound to peroxisomes via the C-

terminal cytosolic domain of Pex3 (Motley et al. 2012b) (Fig. 2a). Atg36 also interacts with Atg8 and Atg11 

upon induction of pexophagy (Farre et al. 2013; Motley et al. 2012b). The activation of pexophagy in S. 

cerevisiae is a two-step process. Peroxisome-bound Atg36 levels increase under peroxisome proliferation 
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conditions, but pexophagy occurs only after Atg36 modification when cells are switched to nitrogen 

starvation (Motley et al. 2012a). 

 In yeast, the key regulatory step in selective autophagy appears not to be cargo binding per se, but 

rather selective autophagy receptor phosphorylation in response to appropriate stimuli engages the 

autophagic machinery (Farre and Subramani 2016). Indeed, Atg30 is highly phosphorylated as a trigger for 

pexophagy. It is differentially phosphorylated at S71 and S112 to regulate Atg8 and Atg11 binding, 

respectively (Farre et al. 2013; Zientara-Rytter et al. 2018). Atg30 is hypophosphorylated in Pex3-deficient 

cells (Farre et al. 2008) and a recent study identified a region in Pex3 that is required for interaction with 

Atg30 (Burnett et al. 2015). Mutations in this region do not affect peroxisome biogenesis and peroxisomal 

localization of Atg30, but cause hypophosphorylation of Atg30 and defects in the interaction of Atg30 with 

Atg11 as well as impaired recruitment of Atg11 to the pexophagic RPC. In addition, Atg37 is required for 

proper Atg30 phosphorylation, and an Atg30 mutant which cannot bind Atg37 was weakly phosphorylated, 

severely affected in its rate of pexophagy and impaired in the recruitment of Atg11 (Nazarko et al. 2014; 

Zientara-Rytter et al. 2018). Recently, it has been shown that the Hrr25 kinase, a casein kinase 1 

(CSNK1D) homologue, phosphorylates Atg30 at S112 in order to facilitate interaction with Atg11 (Fig. 

2a). Pex3 directly bound to the middle domain of Atg30 negatively regulates its interaction with Hrr25, 

whereas Atg37 facilitates it (Zientara-Rytter et al. 2018). It has been suggested that this Pex3-Atg30 

interaction might prevent premature initiation of pexophagy, but it might also be required to terminate 

pexophagy (Zientara-Rytter et al. 2018). The recruitment of Atg37 to the pexophagic RPC displaces Pex3 

and relieves the inhibition of Hrr25 recruitment to Atg30 by Pex3, thereby allowing Atg30 phosphorylation 

at S112 and Atg11 recruitment. Pex3 rebinding to the middle domain of Atg30 at a later stage of pexophagy 

may be a prerequisite for Hrr25 dissociation from the RPC. Since Atg8 and Atg11 cannot interact 

simultaneously with Atg30 (Farre et al. 2013), Pex3 rebinding might allow further Atg30 modulations such 

as phosphorylation/dephosphorylation events leading to Atg8 recruitment. It is still unknown what kinase 

phosphorylates S71 in the Atg8-binding site of Atg30 and how recruitment of this kinase is regulated. 
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 Atg36 is phosphorylated under both peroxisome proliferation and pexophagy-inducing conditions, 

but phosphorylation appears to increase upon pexophagy induction, leading to an increased interaction of 

Atg36 with Atg11 and Atg8 (Motley et al. 2012b). In addition, phosphatase treatment does not result in the 

same mobility of Atg36 under both conditions. This suggests that other posttranslational modifications apart 

from phosphorylation might play a role in the induction of Atg36-mediated pexophagy. Hrr25 kinase 

regulates Atg11 binding to Atg36 by phosphorylating Atg36 at S97 that corresponds to the S112 in Atg30 

(Tanaka et al. 2014) (Fig. 2a). Knockdown of Hrr25 diminishes Atg36 phosphorylation and impairs the 

interaction of Atg36 with Atg11 without affecting its binding to Pex3. 

 The loss of the peroxisomal AAA ATPase complex components Pex1, Pex6, and Pex15 in S. 

cerevisiae results in enhanced pexophagy and an accumulation of ubiquitinated Pex5 at the peroxisomal 

membrane (Nuttall et al. 2014) (Fig. 2a). Whereas ubiquitination is important in selective autophagy in 

mammalian cells, cargo ubiquitination appears not to play a role in selective autophagy in yeast (Kirkin et 

al. 2009; Schreiber and Peter 2014; Shaid et al. 2013). The Pex5 receptor cycle is regulated by Pex5 

ubiquitination and deubiquitination, but ubiquitinated Pex5 is degraded by the proteasome and not in the 

vacuole in wild-type yeast (Kiel et al. 2005). Indeed, accumulation of ubiquitinated Pex5 is not the signal 

for pexophagy in Pex1-deficient cells. Pex1- and Pex6-deficient cells have multiple peroxisomal structures 

when pexophagy is blocked, indicating that the low number of peroxisomal membranes results from 

decreased stability and not a defect in peroxisomal membrane formation (Nuttall et al. 2014). Degradation 

depends on Atg11 and Atg36, which does not bind ubiquitin, and pexophagy in Pex1-deficient cells is 

blocked when the Atg11-binding motif of Atg36 is mutated. Atg36 is differently modified in Pex1-deficient 

cells compared with wild-type cells even when its Atg11 binding is prevented. This suggests that Atg36 

modification is an early event in pexophagy in Pex1-deficient cells and precedes Atg11 binding. 

Interestingly, pexophagy is unaffected when the AIM of Atg36 is mutated in Pex1-deficient cells (Nuttall 

et al. 2014). 

In H. polymorpha, Pex3 is removed from the peroxisomal surface by the ubiquitin-proteasome 

system (UPS) prior to sequestration and degradation of the organelle by pexophagy (Bellu et al. 2002; 
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Williams and van der Klei 2013) ( Fig. 2a). Pex3 ubiquitination and degradation was attenuated in cells 

lacking the E3 ligases Pex2 and Pex10 (Williams and van der Klei 2013). Moreover, in H. polymorpha it 

was shown that peroxisomes that are damaged by the abrupt removal of Pex3 are massively and rapidly 

degraded by pexophagy even when the cells are placed in conditions that would require peroxisome 

biogenesis for cell growth (van Zutphen et al. 2011). It is unclear if a similar requirement of Pex3 removal 

from the peroxisome membrane for pexophagy exists in other methylotrophic yeasts such as P. pastoris, 

where Pex3 is essential to recruit the pexophagy receptor Atg30 to the peroxisome. The peroxin Pex14 also 

plays an important role in macropexophagy in H. polymorpha (Zutphen et al. 2008). Pex14, specifically its 

N-terminal region, is required for recognition of the peroxisome by the macropexophagy machinery (Bellu 

et al. 2001a). However, experimental evidence for an AIM in Pex14 is missing to date. Degradation of 

peroxisomal membranes (“ghosts”) is prevented in cells lacking Pex14, while in other Pex mutant cells 

peroxisomal membrane structures are normally degraded (Bellu et al. 2001a; Veenhuis et al. 1996). Studies 

have shown that Pex3 connects the docking site for receptor/cargo protein complexes (Pex13, Pex14, and 

Pex17) and the RING subcomplex of the peroxisomal importomer (Pex2, Pex10, Pex12) (Hazra et al. 2002). 

Removal of Pex3 at the onset of pexophagy will disrupt the complex and might lead to a block of further 

matrix protein import in the peroxisomes that are destined for degradation. It has been hypothesized that 

the dissociation of the supercomplex might result in exposure of the N-terminal domain of Pex14 and its 

recognition by a so-far unknown receptor protein to tag the peroxisome for sequestration by the 

autophagosome (Leao and Kiel 2003; Monastyrska and Klionsky 2006). 

 A challenging factor for the efficiency of engulfment by the phagophore is organelle size, implying 

a potential role for fission in the degradation process of both mitochondria and peroxisomes. When 

mitophagy is induced in S. cerevisiae, the Atg11 scaffold is recruited by the mitophagy receptor Atg32, and 

in turn the dynamin-related GTPase dynamin 1 (Dnm1) is recruited to the degrading mitochondria through 

its interaction with Atg11 (Mao et al. 2013). The mitochondrial fission complex [Dnm1, mitochondrial 

fission 1 protein (Fis1), mitochondrial division protein 1 (Mdv1), and CCR4-associated factor 4 (Caf4)] 

also controls the fission of peroxisomes in yeast (Schrader et al. 2012), and recent findings in S. cerevisiae 
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support the importance of peroxisome fission in pexophagy (Mao et al. 2014). When pexophagy is induced, 

the dynamin-related GTPases Dnm1 and vacuolar protein sorting-associated protein 1 (Vps1) are recruited 

to the degrading peroxisomes through interactions with Atg11 and Atg36 (Mao et al. 2014). The Atg11-

Dnm1 interaction occurs on both mitochondria and peroxisomes, whereas the Atg11-Vps1 interaction takes 

place exclusively on peroxisomes. Interestingly, pexophagy-specific fission always occurs in proximity to 

mitochondria, contributing to the peroxisome-mitochondria connection (Fransen et al. 2017). Dnm1 and 

Vps1 are important for the removal of peroxisomal protein aggregates in H. polymorpha and S. cerevisiae 

by asymmetric fission of the organelle and subsequent degradation of the aggregate-containing daughter 

organelle via autophagy (Manivannan et al. 2013). 

 

Micropexophagy in yeasts 

 In P. pastoris another mode of pexophagy, termed micropexophagy, has been demonstrated. 

Micropexophagy is induced when methanol-grown cells are transferred to glucose medium and involves 

direct engulfment of the peroxisome by the vacuolar membrane. A planar autophagic membrane structure 

called the micropexophagy-specific apparatus (MIPA) emerges on the peroxisome surface and fuses with 

a protrusion of the vacuolar membrane, thereby engulfing the target peroxisome cluster. Finally, membrane 

scission occurs on the inner side of the vacuolar membrane followed by lysis of the peroxisomes. The 

choice between induction of either micro- or macropexophagy is determined by ATP levels in the cell (Ano 

et al. 2005). Micropexophagy was found to be more sensitive to ATP depletion than macropexophagy. This 

suggests that the micropexophagic process requires a higher level of ATP than macropexophagy and 

probably reflects an energy-demanding property of vacuolar dynamics. Similar dynamics of vacuole 

engulfment of the peroxisome were also detected in S. cerevisiae when oleate-grown cells were transferred 

to glucose medium (Chiang et al. 1996). Microautophagy in H. polymorpha is induced when methanol-

grown cells are exposed to nitrogen starvation conditions (Bellu et al. 2001b). However, this process is not 

considered a selective pathway as cytosolic components are taken up concomitantly with peroxisomes. 

Interestingly, it was shown that simultaneous treatment of methanol-grown H. polymorpha with both 
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nitrogen depletion and excess glucose conditions results in concomitant induction of both microautophagy 

and macropexophagy (Monastryska et al. 2004). 

 

Pexophagy in mammalian cells 

The estimated half-life of mammalian peroxisomes is approximately 1.5-2 days, suggesting that biogenesis 

and degradation of peroxisomes are dynamic processes (Huybrechts et al. 2009; Poole et al. 1969). Little 

was known about the regulation of peroxisome degradation in mammalian cells, but recently several studies 

uncovered mechanisms for regulating mammalian pexophagy. There are no orthologous genes of Atg30 

and Atg36 in mammals, but overexpression of neighbor of BRCA1 gene 1 (NBR1) and sequestosome 1 

(SQSTM1 or p62), which are autophagy receptors of ubiquitinated targets (Mancias and Kimmelman 2016), 

induces clustering and degradation of peroxisomes in cell lines (Deosaran et al. 2013). These autophagy 

receptors contain both an LC3-interacting region that binds to LC3 associated with the phagophore, and a 

ubiquitin-associated domain that binds to ubiquitinated residues in the target (Kirkin et al. 2009). SQSTM1 

is not required for pexophagy when NBR1 is in excess, but its binding to NBR1 increases the efficiency of 

NBR1-mediated pexophagy (Deosaran et al. 2013). Overexpression of peroxisomal membrane proteins 

(PMP) (e.g., PMP34 and PEX3) that are fused with a single ubiquitin moiety in their cytosolic domains 

triggers pexophagy in mammalian cells in a SQSTM1-dependent manner (Kim et al. 2008). However, it is 

still unknown if a PMP is ubiquitinated under pexophagy-inducing conditions and whether subsequent 

interaction with NBR1 and/or SQSTM1 links ubiquitinated peroxisomes to the autophagic machinery. 

 Overexpression of Pex3 in Chinese hamster ovary (CHO) cells and mouse embryonic fibroblasts 

induced ubiquitination and clustering of peroxisomes and subsequently NBR1-mediated pexophagy, albeit 

no direct interaction between PEX3 and NBR1 could be detected (Yamashita et al. 2014). However, 

expression of a Pex3 mutant which was defective in PEX3 ubiquitination did not prevent pexophagy 

(Yamashita et al. 2014), suggesting that ubiquitination of PEX3 is dispensable for pexophagy and that an 

endogenous, unidentified peroxisomal protein is ubiquitinated on the peroxisomal membrane and might 

function in NBR1 recruitment. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



14 
 

It has been reported that PEX14 is involved in pexophagy in CHO cells under nutrient starvation by 

interacting with LC3-II, the lipidated form of LC3 (Hara-Kuge and Fujiki 2008) (Fig. 2b). Cell-free 

synthesized LC3-II interacts with the transmembrane domain of recombinant PEX14 in an in vitro assay, 

although PEX14 does not contain a LIR sequence that could ensure LC3 binding (Jiang et al. 2015). It has 

been proposed that the PEX14-LC3 and PEX14-PEX5 interactions are mutually exclusive and that this 

competitive interaction might ensure functional segregation of metabolically active and degradation-prone 

peroxisomes (Hara-Kuge and Fujiki 2008; Jiang et al. 2015). In addition, NBR1 targets to peroxisomes 

under starvation and it interacts with PEX14 and SQSTM1 (Jiang et al. 2015). Decreased expression levels 

of NBR1 led to less LC3-II recruitment to peroxisomes, suggesting that NBR1 has a positive effect on the 

interaction between PEX14 and LC3. Therefore, it has been proposed that NBR1 and/or SQSTM1 are 

initially targeted to peroxisomes under starvation, thereby inducing a conformational change of PEX14 and 

exposing its transmembrane domain to enable LC3-II binding (Jiang et al. 2015). Nevertheless, in vivo 

recruitment of NBR1 and SQSTM1 to peroxisomes and their interaction with PEX14 might also lead to 

LC3-interaction with their LIR motifs. 

Next, we will discuss recent studies that have focused on PEX5 ubiquitination to elucidate 

mechanisms of pexophagy regulation under certain conditions such as amino acid starvation, oxidative 

stress, and defects in the peroxisomal matrix protein machinery. 

It has been reported that export-deficient mono-ubiquitinated PEX5, generated by PEX5 fusion to a bulky 

C-terminal green fluorescent protein and mono-ubiquitinated at C11, triggers pexophagy in SV40 large T-

antigen-transformed mouse embryonic fibroblasts (Nordgren et al. 2015). However, NBR1 and SQSTM1 

were not required for PEX5-GFP-induced pexophagy and this fusion protein did not trigger pexophagy in 

other cell types. The authors suggested that mono-ubiquitinated PEX5 might serve as a quality control 

mechanism to remove import-defective peroxisomes. 

Peroxisomes are important sites of ROS production and degradation (Schrader and Fahimi 2006). Tight 

interactions between ROS and autophagy are reflected in two aspects, namely the induction of autophagy 

by oxidative stress and the reduction of ROS by autophagy. A study reported that the mechanistic target of 
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rapamycin complex 1 (mTORC1) regulators tuberous sclerosis complex 1 (TSC1), TSC2, and RHEB (Ras 

homolog enriched in brain) reside at the cytosolic surface of peroxisomes (Fig. 2b). Activation of the TSC 

tumor suppressor by peroxisomal ROS repressed mTORC1 and activated autophagy (Zhang et al. 2013). 

TSC2 and Rheb localization to peroxisomes was lost in peroxisome-deficient human Zellweger cells 

lacking PEX5-mediated protein import, whereas TSC1 localized to peroxisomal ghosts in Zellweger cells 

in a putative PEX19-dependent manner. Recently, it has been shown that ataxia-telangiectasia mutated 

(ATM) kinase is recruited to the cytosolic face of the peroxisomal membrane in a PEX5-dependent manner 

in response to oxidative stress (Zhang et al. 2015) (Fig. 2b). Activation of cytoplasmic ATM by ROS via 

the serine/threonine kinase 11 (LKB1) and the AMP-activated protein kinase (AMPK) activates TSC2 to 

suppress mTORC1 and to induce autophagy (Alexander et al. 2010; Zhang et al. 2015). However, in 

addition to increasing autophagic flux, ATM also plays a role in pexophagy. Peroxisome-localized ATM 

phosphorylates PEX5 at S141, which promotes mono-ubiquitination of PEX5 at K209 by the peroxisomal 

E3-ligases PEX2/10/12 (Zhang et al. 2015). PEX5 ubiquitinated at K209 is recognized by SQSTM1 and 

targets peroxisomes for pexophagy. However, it has not been tested if NBR1 is involved in this ROS-driven 

pexophagy. 

In general, PEX5 recognizes only conserved variants of a tripeptide of the peroxisomal targeting 

signal 1 (PTS1) at the extreme C-terminus, but surprisingly PEX5 interacted with internal PTS1-like 

sequences in TSC2 and ATM (Zhang et al. 2013; Zhang et al. 2015). Targeting of Rheb to peroxisomes is 

still mysterious, since it does not contain predicted PTS sequences. Several pathogenic TSC2 mutations 

identified in the internal PTS1-like sequence reduced association with PEX5 and peroxisomal localization 

of TSC2. Therefore, these mutations abrogated the ability of TSC2 to suppress mTORC1 by ROS. Mutation 

of the PTS1 affected ATM recruitment to peroxisomes but not its activation by ROS. In general, mTORC1 

repression by ROS was reduced in peroxisome-deficient cells. However, it remains an open question why 

and how PEX5 as peroxisomal matrix protein import receptor delivers TSC2, Rheb, and ATM to the 

cytosolic face of peroxisomes but not into their matrix. 
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The peroxisomal matrix protein catalase, an essential enzyme in ROS metabolism that decomposes H2O2 

generated by various peroxisomal oxidases (Fransen et al. 2012), has recently been shown to be involved 

in pexophagy during serum starvation in HepG2 and RPE-1 cells (Lee et al. 2018). Catalase knockdown by 

siRNAs or pharmacological inhibition by 3-amino-1-2-4-triazole (3AT) decreased peroxisome number in 

serum-depleted but not in serum-containing medium. Peroxisome abundance was assessed by 

immunoblotting and immunofluorescence using antibodies against the peroxisomal membrane proteins 

ATP-binding cassette subfamily D member 3 (ABCD3) and PEX14. Increased pexophagy upon catalase 

knockdown or inhibition was measured using the tandem fluorochrome pexophagy assay with mRFP-

EGFP-SKL as reporter. In this assay the “red-green” peroxisomal reporter becomes “red” only after the 

delivery of the peroxisome to the lysosome, whose pH is acidic and causes quenching of the EGFP 

fluorescence (Nazarko et al. 2014). In addition, catalase inhibition in the absence of serum increased the 

colocalization of NBR1 and ABCD3 as well as the protein levels of membrane-bound PEX5, whereas 

cytosolic PEX5 levels were decreased in the presence of the autophagy inhibitor chloroquine. Catalase 

inhibition increased ROS accumulation in peroxisomes, and the antioxidant N-acetyl-L-cysteine prevented 

this ROS increase and catalase inhibition-induced pexophagy (Lee et al. 2018). The detailed mechanisms 

how catalase inhibition and concomitant ROS accumulation mediate pexophagy need to be elucidated. 

However, since PEX5 ubiquitination in cells treated with 3AT was observed, it should be determined which 

site of PEX5 is ubiquitinated and if ubiquitination is mediated through ATM kinase activation. 

Nevertheless, why catalase inhibition-induced pexophagy was only observed under serum starvation 

remains enigmatic. 

 It is unknown whether other peroxisomal proteins besides PEX5 are ubiquitinated to signal 

pexophagy. In addition, the E3 ubiquitin ligase mediating PEX5 ubiquitination for pexophagy remained 

elusive. The peroxisomal membrane harbors three RING-finger E3 ubiquitin ligases, namely PEX2, 

PEX10, and PEX12, that form a transmembrane complex that has active sites located at the outer surface 

of the peroxisomal membrane (El Magraoui et al. 2012). These E3 ligases function primarily in the PEX5 

matrix protein import cycle (Platta et al. 2009; Wang and Subramani 2017). Sargent et al. (Sargent et al. 
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2016) showed that overexpression of PEX2, but not PEX10 or PEX12, triggers NBR1-dependent 

pexophagy (Fig. 2b). In addition, PEX2 is required for basal and amino acid starvation-induced pexophagy 

(Sargent et al. 2016). PEX5 and ABCD3 were ubiquitinated by PEX2 during amino acid starvation, but 

data suggest that also other peroxisomal membrane proteins might be ubiquitinated by PEX2. Moreover, 

the site of PEX5 ubiquitination for amino acid starvation-induced pexophagy needs to be identified. PEX2 

is expressed at low levels under normal growth conditions, probably to prevent unintended pexophagy, but 

the levels are sufficient to form the E3 complex with PEX10 and PEX12 for PEX5 recycling. However, 

PEX2 expression was biphasic during amino acid starvation or mTORC1 inhibition. PEX2 protein levels 

rapidly increased during the first 2 hours of amino acid starvation before returning to the basal level (Sargent 

et al. 2016). The mechanism by which mTORC1 regulates PEX2 expression is unclear, but it has been 

hypothesized that mTORC1 accelerates PEX2 degradation by the proteasome. 

 Recently, a study showed that PEX5 depletion suppresses serum starvation-induced autophagy by 

downregulating the mTORC1 inhibitor TSC2 (Eun et al. 2018). The transcription factor EB (TFEB), a 

master regulator of lysosomal biogenesis and autophagy, is phosphorylated by mTORC1 and retained in 

the cytoplasm under normal growth conditions, whereas dephosphorylated TFEB translocates to the nucleus 

to induce the transcription of target genes under starvation (Napolitano and Ballabio 2016). TFEB nuclear 

translocation in response to serum starvation was suppressed by PEX5 knockdown, leading to impaired 

lysosomal biogenesis and function (Eun et al. 2018). Surprisingly, both PEX5 and TFEB depletion 

decreased the mRNA levels of several peroxisomal genes as well as positive regulators of peroxisome 

biogenesis, namely peroxisome proliferator-activated receptor alpha (PPAR) and PPAR gamma 

coactivator 1-alpha (PGC-1), during starvation. Inhibition of mTORC1 restored TFEB localization and 

the function of peroxisomes and lysosomes in PEX5-depleted cells during serum starvation. Hence, 

induction of autophagy by mTORC1 inhibition could be a therapeutic option for Zellweger syndrome 

patients with PEX5 mutations (e.g., to prevent accumulation of abnormal mitochondria). 
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The majority of peroxisomal biogenesis disorders (PBDs) results from mutations in one of 3 genes 

that encode the AAA ATPase complex (i.e., PEX1, PEX6, and PEX26) required for recycling of PEX5 into 

the cytosol after peroxisomal matrix protein import (Grimm et al. 2016; Steinberg et al. 2006). Recently, it 

has been shown that loss of the AAA-complex does not prevent matrix protein import, but instead leads to 

the accumulation of ubiquitinated PEX5 in the peroxisomal membrane that triggers NBR1-dependent 

pexophagy (Law et al. 2017) (Fig. 2b). Strikingly, inhibition of autophagy restored peroxisome number, 

protein import and function in fibroblasts of a patient with the most common PBD mutation, PEX1G843D. It 

has been proposed that the AAA-complex is a peroxisomal quality control factor that prevents pexophagy 

by removing ubiquitinated PEX5 from peroxisomes. It is unknown whether other ubiquitinated peroxisomal 

proteins could also be removed by the AAA-complex. The recently developed murine model of human 

PEX1G843D PBD, the PEX1G844D mouse (Hiebler et al. 2014), will be important to examine whether 

autophagy inhibition might be a therapeutic strategy for treating mild forms of PBDs caused by AAA-

complex dysfunction. 

Recently, analysis of the protein interaction network of the poly(ADP-ribose) polymerase (PARP) 

family members tankyrase 1 (TNKS) and tankyrase 2 (TNKS2) revealed their association with PEX14 and 

localization on peroxisomes (Li et al. 2017) (Fig. 2b). PARPs use nicotinamide adenine dinucleotide to 

modify substrate proteins with ADP-ribose modifications, and TNKS-mediated PARylation of substrates 

leads to two possible outcomes: a change in their localization or proteasome-dependent degradation. 

TNKS/TNKS2 enzyme activity was not required for its association with PEX14, and deletion of two TNKS-

binding motifs in PEX14 disrupted its association with TNKS/TNKS2 and their localization on 

peroxisomes. Overexpression of TNKS/TNKS2 decreased the number of peroxisomes in cells via 

pexophagy and led to an enlargement of peroxisomes. However, the enzyme activities of TNKS/TNKS2 

were not required for pexophagy. TNKS/TNKS2 are also involved in amino acid starvation-induced 

pexophagy, since loss of TNKS/TNKS2 prevented pexophagy under this condition. Since TNKS/TNKS2 

are not ubiquitin-binding proteins and no interaction between TNKS/TNKS2 and the autophagy receptors 

NBR1 and SQSTM1 could be detected, TNKS/TNKS2-mediated pexophagy can be regarded as a non-
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canonical process. It has been suggested that an ATG9A-TNKS/TNKS2-PEX14 complex may serve as a 

receptor to induce pexophagy, where TNKS and TNKS2 promote pexophagy by associating with PEX14 

on the peroxisome and recruiting the autophagic machinery through their association with ATG9A (Li et 

al. 2017) (Fig. 2b). However, the observed association of TNKS/TNKS2 with ATG9A raises the question 

how this interaction connects peroxisomes to the core autophagic machinery. ATG9 is the only multipass 

transmembrane ATG protein and is found in the Golgi complex under normal conditions. During 

autophagy, ATG9 vesicles shuttle around the forming phagophores and interact transiently, but ATG9 does 

not become a stable component of the autophagosome membrane (Mercer et al. 2018). It has been suggested 

that ATG9 delivers membrane to the forming phagophore and autophagosome. Emerging evidence has 

revealed the pathological relevance of TNKS/TNKS2 and identified these enzymes as potential drug 

targets. It would be interesting to examine whether TNKS/TNKS2-mediated pexophagy plays a role in the 

etiology of diseases such as neurodegenerative and developmental disorders or cancer. 

The deubiquitylase ubiquitin carboxyl-terminal hydrolase 30 (USP30) has previously been shown 

to be constitutively associated with the outer mitochondrial membrane (OMM) and to counteract PTEN-

induced putative kinase 1 (PINK1) and parkin-dependent mitophagy by deubiquitylating OMM proteins 

(Bingol et al. 2014). Mitochondrial damage stimulates the E3 ubiquitin ligase parkin to assemble Lys6, 

Lys11, and Lys63 chains on mitochondria, and USP30 has a strong preference for cleaving Lys6- and 

Lys11-linked multimers and thereby inhibiting parkin-mediated mitophagy (Cunningham et al. 2015). In 

addition, substituting the mitochondrial targeting sequence of USP30 for a peroxisomal targeting sequence 

limits basal pexophagy, indicating that deubiquitylating surveillance by USP30 may be a general 

homeostatic mechanism to limit organellar autophagy (Cunningham et al. 2015). A recent study showed 

that USP30 regulates basal mitophagy in a PINK1-dependent but Parkin-independent manner, suggesting 

that USP30 could determine the threshold for mitophagy initiation by suppressing basal ubiquitination of 

specific OMM proteins (Marcassa et al. 2018). Interestingly, the authors identified a small fraction of 

endogenous USP30 that is targeted to peroxisomes independently of mitochondria (Marcassa et al. 2018). 

Neither the VPS35-dependent nor the VPS35-independent mitochondrial-derived vesicle pathways 
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(Braschi et al. 2010; Neuspiel et al. 2008; Sugiura et al. 2017), which have been described to transport 

certain PEX proteins or the mitochondrial-anchored protein ligase (MAPL, also called Mul1 or Mulan) 

from mitochondria to peroxisomes, are involved in the transport of USP30 to peroxisomes. Peroxisomal 

USP30 displays properties of an integral membrane protein and protease protection assays indicate that its 

catalytic domain is exposed to the cytosol. USP30 localization to mitochondria and peroxisomes relies on 

distinct targeting sequences, however, the N-terminal region encompassing amino acids 1-53 including a 

transmembrane domain is both necessary and sufficient for targeting USP30 to peroxisomes (Marcassa et 

al. 2018). It needs to be determined if USP30 is targeted to peroxisomes via PEX3 and PEX19, like most 

PMPs. Interestingly, USP30 depletion with siRNAs or USP30 knockout using CRISPR/Cas9 resulted in an 

approximately two-fold increase in basal mitophagy and pexophagy. However, peroxisome abundance 

remained unchanged, probably because the increased turnover of peroxisomes in USP30 knockdown and 

knockout cells is balanced by a corresponding increased rate in biogenesis. In addition, the fact that only 

catalytically active USP30 can restore pexophagy to baseline levels suggests that basal pexophagy is 

regulated by ubiquitination. However, peroxisomal membrane proteins that are targets of USP30 as well as 

the E3 ubiquitin ligase USP30 is opposing remain to be elucidated. 

Peroxisomal function depends highly on molecular oxygen (O2) due to its oxidative type of 

metabolism (Schönenberger and Kovacs 2015). Central to the molecular mechanisms underlying O2 

homeostasis are the hypoxia-inducible factors-1 and -2 alpha (HIF-1 and EPAS1/HIF-2) that function 

as master regulators of the adaptive response to hypoxia. The HIF- subunits are targeted by the von 

Hippel-Lindau (VHL) protein for ubiquitination and subsequent proteasomal degradation under normoxia. 

Hypoxia or loss of VHL function results in the stabilization of the HIF- subunits and activation of their 

signaling. While it has been known for some time that HIF-1 triggers autophagic clearance of 

mitochondria by activating the selective autophagy receptors  BNIP3 (Bcl-2 and adenovirus E1B 19-kDa-

interacting protein 3), BNIP3-like (BNIP3L/NIX), and FUNDC1 (FUN14 domain containing 1), only 

recently a study linked HIF signaling to peroxisomes (Schönenberger and Kovacs 2015; Walter et al. 2014). 
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Walter et al. (Walter et al. 2014) examined the effect of HIF- signaling on peroxisome abundance in 

control and liver-specific Vhl-/-, Vhl-/-/Hif1a-/-, and Vhl-/-/Epas1-/- mice. Peroxisome abundance was 

significantly decreased in livers of Vhl-/- and Vhl-/-/Hif1a-/- mice by HIF-2-mediated pexophagy, whereas 

peroxisome abundance was similar in control and Vhl-/-/Epas1-/- mice (Fig. 2b). Peroxisome abundance and 

protein levels of NBR1 and SQSTM1 were concomitantly decreased in Vhl-/- and Vhl-/-/Hif1a-/- mice. NBR1 

and SQSTM1 colocalized with peroxisomes in Vhl-/- livers, but surprisingly NBR1 already localized to 

peroxisomes in control livers (Walter et al. 2014). NBR1 might bind to an yet unidentified ubiquitinated 

PMP or is recruited to peroxisomes independently of ubiquitin via its amphipathic -helical membrane-

interacting domain (J domain), capable of binding to the peroxisomal lipid bilayer (Deosaran et al. 2013). 

Neither peroxisome abundance nor NBR1 and SQSTM1 levels declined in Vhl-/- mice treated with the 

autophagy inhibitor 3-methyladenine (3-MA), showing that the abundance of these autophagy receptors 

and peroxisomes are interconnected. However, 3-MA treatment led to a significant clustering of NBR1- 

and SQSTM1-positive peroxisomes, suggesting that accumulation of NBR1 and SQSTM1 at peroxisomes 

and multimerization of these receptors might induce peroxisome clustering and prime peroxisomes for 

pexophagy (Fig. 2b). 

It remains an open question how HIF-2 induces pexophagy, but three models have been proposed 

(Schönenberger and Kovacs 2015; Schönenberger et al. 2015). First, HIF-2 might induce an E3 ubiquitin 

ligase that ubiquitinates a PMP that enhances the recruitment of NBR1 to the peroxisome surface. 

Accumulation of NBR1 on peroxisomes likely recruits SQSTM1 and subsequently leads to clustering of 

peroxisomes and pexophagy. Second, NBR1 could be recruited to peroxisomes independently of ubiquitin 

via its J domain. HIF-2 might induce or inhibit a kinase/phosphatase that leads to a change in the 

posttranslational modification of peroxisome-bound NBR1 and thereby triggers recruitment of the 

autophagic machinery. Third, HIF-2-mediated pexophagy might be a 2-step process where HIF-2 

induces both an E3 ubiquitin ligase to increase ubiquitination of PMP(s) and activates or inhibits a 
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kinase/phosphatase to cause posttranslational modifications of autophagy receptors, PMPs, or ubiquitin that 

finally results in pexophagy. 

Loss of VHL function occurs in up to 90% of sporadic human clear cell renal cell carcinomas 

(ccRCC), and HIF-2 is considered to be a driver oncoprotein for ccRCC. Peroxisome abundance is 

reduced in VHL-deficient human ccRCC characterized by high HIF-2 levels (Walter et al. 2014). 

However, whether reduction in peroxisome abundance represents a critical aspect of ccRCC progression 

remains to be explored. Since HIF-2 stabilization is observed in the vast majority of solid tumors and a 

decrease in peroxisome abundance has been observed in various tumor cells, it has been proposed that HIF-

2-mediated pexophagy might also influence tumor progression in other cancer types (Schönenberger and 

Kovacs 2015). 

Two studies identified a peroxisome-ER contact site in human cells held together by a tethering 

complex of the peroxisomal membrane protein acyl-CoA binding domain 5 (ACBD5) and the ER resident 

vesicle-associated membrane protein-associated proteins A/B (VAPA/B) (Costello et al. 2017; Hua et al. 

2017). ACBD5, the human Atg37 orthologue, has been reported as an essential pexophagy factor in yeast 

and mammalian cells in one study (Nazarko et al. 2014). However, two studies showed that ACBD5 

deficiency impairs peroxisomal -oxidation of very long-chain fatty acids, but it does not affect pexophagy 

(Ferdinandusse et al. 2017; Yagita et al. 2017). Mutations in ACBD5 and VAPB are linked to 

neuropathological disorders, and overexpression of an amyotrophic lateral sclerosis-associated VAPB 

mutant led to clustering of peroxisomes in an ACBD5-dependent manner (Hua et al. 2017). Since 

peroxisome clustering precedes degradation via pexophagy (Deosaran et al. 2013; Sargent et al. 2016) 

further studies are required to decipher the role of ACBD5 in mammalian pexophagy. 

 

Perspectives 

 So far, only NBR1 and SQSTM1 have been described to act as selective autophagy receptors in 

mammalian pexophagy and it remains to be elucidated whether other receptors are involved in pexophagy. 
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At least three additional mammalian cargo receptors, nuclear dot protein 52 kDa (NDP52 or CALCOCO2), 

optineurin (OPTN), and Tax1-binding protein 1 (TAX1BP1), act as ubiquitin-binding proteins that mediate 

the interaction between ubiquitinated proteins and the core autophagy machinery. However, their role in 

pexophagy has not been examined so far. In general, it is important to decipher the level of redundancy of 

autophagic cargo receptors for several selective autophagy processes. Ubiquitination of PEX5 and ABCD3 

in response to various stress conditions leads to mammalian pexophagy. However, other peroxisomal 

membrane proteins may also be ubiquitinated to initiate pexophagy. Thus, it will be important to identify 

ubiquitinated peroxisomal membrane proteins and their ubiquitination sites during pexophagy. In addition, 

it needs to be examined whether ubiquitination is the general degradative signal or whether the peroxisomal 

fate depends on the protein that is posttranslationally modified. However, it should be considered that 

several ubiquitin-independent selective autophagy pathways have been identified, such as ER-phagy and 

HIF-1-mediated mitophagy (Khaminets et al. 2016; Khaminets et al. 2015; Mancias and Kimmelman 

2016; Schönenberger and Kovacs 2015). For example, a study showed that externalization of cardiolipin to 

the outer mitochondrial membrane serves as signal for mitophagy (Chu et al. 2013). Hence, we cannot 

exclude the possibility that future studies discover ubiquitin-independent pexophagy pathways and 

receptors. Several stress conditions have been shown to stimulate pexophagy in yeast or mammalian cells, 

including hypoxia, oxidative stress, and nutrient deprivation. An important focus for future studies will be 

to clarify why these general perturbations of homeostasis cause pexophagy in some cell types, while non-

specific bulk autophagy or selective autophagy of other organelles (i.e., mitochondria) is triggered in others. 

It will be interesting to compare differences in the mechanisms that regulate clearance of different 

organelles, such as peroxisomes and mitochondria, in response to general stress conditions. Another major 

challenge is to provide evidence that the up to now described regulatory mechanisms of mammalian 

pexophagy are relevant in vivo. 

 It is not known if peroxisomal fission plays a role in mammalian pexophagy. DRP1/DLP1-

mediated fission facilitates mitophagy in mammalian cells by dividing mitochondria into fragments 

amenable to autophagosome engulfment and/or segregating damaged mitochondrial subdomains for 
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eliminiation (Burman et al. 2017; Gomes and Scorrano 2013). Since fission is important for the progression 

of mitophagy in yeasts and mammals as well as pexophagy in yeasts, future studies should reveal if 

peroxisomal fission also plays a role in mammalian pexophagy. 
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Figure legend 

Figure 1. Mechanisms of macroautophagy (a) and selective autophagy (b). (a) Schematic representation 

of macroautophagy (autophagy). The autophagy process can be divided into at least six sequential steps: 

(1) initiation, (2) membrane nucleation and phagophore formation, (3) phagophore elongation with 

concomitant cargo sequestration, (4) phagophore closure forming an autophagosome, (5) fusion of the 

autophagosome with the lysosome forming an autolysosome, and (6) degradation of sequestered cargo in 

the autolysosome. For a detailed description see main text. (b) Principles of Ub-dependent and Ub-

independent selective autophagy. In Ub-dependent selective autophagy (left part), a prototypical selective 

autophagy receptor with an UBD recognizes Ub chains attached to intracellular cargo and physically links 

the targeted material to the autophagosomal membrane via a LIR motif that binds to lipidated and 

autophagosome membrane-associated LC3/GABARAP. In Ub-independent selective autophagy (right 

part), autophagy receptors (orange) directly bind to intracellular cargo (e.g., peroxisomes, mitochondria) 

and connect it to the autophagosomal membrane through their LIR motif. Autophagy receptors tend to 

cluster their cargo through specialized oligomerization domains and they are degraded together with their 

cargo within autolysosomes. 

 

Figure 2. Mechanisms of pexophagy in yeast (a) and mammalian cells (b). For a detailed description see 

main text. (a) In yeast pexophagy can be triggered by a shift in nutrient conditions. Atg30 and Atg36 act as 

autophagy receptors in P. pastoris and S. cerevisiae, respectively, linking peroxisomes to the phagophore 

by binding at least one peroxin and Atg8. Atg11 functions as a scaffold for both P. pastoris and S. 

cerevisiae. Atg30 and Atg36 are phosphorylated by the kinase Hrr25 to allow recruitment of the autophagic 

scaffold protein Atg11. In H. polymorpha, Pex3 is removed from the peroxisomal surface by the ubiquitin-

proteasome system prior to sequestration and degradation of the organelle by pexophagy. Pex14 is required 

for recognition of the peroxisome by the autophagic machinery, but a receptor protein (AtgX) to link the 

peroxisome to the phagophore has not been identified. (b) Several stress conditions have been shown to 

stimulate pexophagy in mammalian cells, including hypoxia, oxidative stress, nutrient deprivation, and 
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peroxisomal dysfunctions (AAA-complex defects). So far, only the ubiquitin-binding autophagy receptors 

NBR1 and SQSTM1 have been described to tether peroxisomes to the phagophore. Ubiquitination of PEX5 

and ABCD3 in response to various stress conditions leads to mammalian pexophagy, however, other 

peroxisomal membrane proteins may also be ubiquitinated to initiate pexophagy. PEX14 has also been 

reported to link peroxisomes to the phagophore either by directly binding LC3 family members or 

TNKS/TNKS2. To date, except for HIF-2-induced pexophagy the mechanisms of mammalian pexophagy 

in response to other stressors have only been elucidated in vitro. 
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