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Summary. Peroxisomes are remarkably dynamic and
versatile organelles that are essential for human health
and development. They respond to physiological
changes in the cellular environment by adapting their
morphology, number, enzyme content and metabolic
functions accordingly. With the discovery of the first key
peroxisomal morphology proteins, the investigation of
peroxisomal shape, distribution and dynamics has
become an exciting new field in cell biology and
biomedical sciences because of its relation to organelle
functionality and its impact on developmental and
physiological processes. In this review, we summarize
recent findings on peroxisome biology, dynamics and the
modulation of peroxisome morphology, especially in
mammals. Furthermore, we discuss the roles of
peroxisome dynamics and morphology in cell pathology
and present recent examples for alterations in
peroxisome morphology under disease conditions.
Besides defects in the peroxisomal morphology
machinery, we also address peroxisome biogenesis
disorders, alterations of peroxisome number during
carcinogenesis and liver cirrhosis, and morphological
alterations of peroxisomes during viral infection.
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1. Introduction
1.1. Classical and novel functions of peroxisomes

Peroxisomes are ubiquitous, single-membrane bound
organelles which are indispensable for human health and
development (Islinger and Schrader, 2011). They belong
to the basic equipment of the eukaryotic cell and are thus

found in most animals, plants and fungi. Peroxisome
functions are highly diverse depending on organism, cell
type and developmental stage of the organism (Islinger
et al., 2010). This led to their designation as a dynamic
“multi-purpose organelle” with the remarkable capacity
to respond to physiological changes in the cellular
environment by adapting their number, morphology,
enzyme content and metabolic functions accordingly.
Common functions of peroxisomes include the
metabolism of hydrogen peroxide and lipids, especially
the oxidation of fatty acids (van den Bosch et al., 1992;
Wanders and Waterham, 2006a). The functional term
“peroxisome” was introduced in 1965 by Christian De
Duve (Nobel laureate in 1974). After isolation of the
organelle from rat liver, he and his colleagues co-
localized several H,O,-producing oxidases, as well as
catalase, a H,0O,—degrading enzyme, in the organelle
matrix. In addition, several specialized functions have
been evolved with plants, yeasts and protozoa generally
possessing a broader spectrum of peroxisomal activities
than vertebrates. These include penicillin biosynthesis
and degradation of methanol in fungi, glycolysis in
trypanosomes, photorespiration and glyoxylate cycle in
plants, and plasmalogen biosynthesis in mammals.
Etherlipids such as plasmalogens are important
constituents of the neuronal myelin sheaths in the brain,
and loss of peroxisomal functions is often associated
with neurodegenerative processes (Faust et al., 2005;
Hulshagen et al., 2008). Additionally, peroxisomes in
mammals are involved in the synthesis of bile acids, and
docosahexanoic acid (a modulator of neuronal function),
fatty acid elongation, - and B-oxidation of certain fatty
acids (e.g. phytanic acid and very long chain fatty acids,
respectively), metabolism of amino acids, catabolism of
purines, polyamines, and mediators of inflammation
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such as prostaglandins and eicosanoids (van den Bosch
et al., 1992; Wanders and Waterham, 2006a; Islinger et
al., 2010). The evolutionary loss of peroxisomal urate
oxidase makes humans susceptible to gout, a disease
completely absent in mammals that possess a functional
urate oxidase (Hayashi et al., 2000).

To fulfil the multitude of diverse functions,
peroxisomes have to interact, cooperate and cross-talk
with other subcellular compartments, for example with
mitochondria (see 2.1.1.), the endoplasmic reticulum,
lipid droplets or chloroplasts. In animals, peroxisomes
and mitochondria possess their own set of B-oxidation
enzymes, but cooperate in the degradation of fatty acids
to maintain lipid homeostasis (Wanders, 2004b).
Interestingly, in yeasts and plants the -oxidation of fatty
acids solely depends on peroxisomes (Poirier et al.,
2006). Furthermore, peroxisomes and mitochondria were
recently shown to cooperate in the synthesis of biotin in
fungi (Tanabe et al., 2011). Such a degree of metabolic
interactions and cross-talk renders peroxisomes and
mitochondria dependent upon each other for their
function and requires a coordinated biogenesis and
turnover (Schrader and Yoon; 2007; Camodes et al.,
2009).

Besides the classical peroxisomal functions
mentioned above, several additional peroxisome
functions, including non-metabolic ones have been
recently discovered. Bioinformatic approaches to predict
peroxisomal proteins and proteomics studies combined
with validation experiments have led to the discovery of
novel proteins and pathways in peroxisomes, especially
in plants (Reumann et al., 2009), where peroxisomes
were shown to synthesize phytohormones which regulate
important physiological processes such as growth and
senescence. Root peroxisomes of tropical legumes were
demonstrated to synthesize allantoin as a carrier for
nitrogen transport, and fungal peroxisomes were recently
associated with the synthesis of biotin (Lamberto et al.,
2010; Tanabe et al., 2011).

Besides catalase, peroxisomes harbour several other
enzymes involved in the production and scavenging of
reactive oxygen species (ROS) (e.g. superoxide
dismutases, peroxiredoxins, glutathione peroxidase,
epoxide hydroxylase) (del Rio et al., 2006; Schrader and
Fahimi, 2006a; Bonekamp et al., 2009). Thus, their
contribution to ROS metabolism, oxidative stress,
ageing, neurodegeneration and carcinogenesis has
received great attention (Cimini et al., 2009; Kou et al.,
2011; Titorenko and Terlecky, 2011). Another important
aspect is the function of their metabolites in cellular
signalling and the role of peroxisomes as signalling
platforms during development, differentiation and host
defence (Masters, 1996; Titorenko and Rachubinski,
2004). It has been shown that peroxisomes play a role in
ROS and reactive nitrogen species signalling (Del Rio,
2011). Furthermore, a new biological function for
mammalian peroxisomes in antiviral innate immunity
and antiviral signalling was discovered (Dixit et al.,
2010) (see 2.4.).

1.2. Dynamic peroxisome formation

In recent years it has become evident that
peroxisomes can form by growth and division of pre-
existing organelles, whereby the ER provides membrane
lipids for growth and ongoing fission (Schrader and
Fahimi, 2006b; Hettema and Motley, 2009; Nagotu et
al., 2010). Interestingly, peroxisomes can also arise from
the ER via a maturation process. This de novo formation
is observed in mutant cells devoid of peroxisomes after
reintroduction of the deficient gene (encoding the
membrane biogenesis/import factors Pex19p, Pex3p, or
Pex16p) or in yeast mutants lacking peroxisomes due to
a segregation defect (Hoepfner et al., 2005; Nagotu et
al., 2008, 2010). Findings in yeast indicate that in wild
type cells peroxisomes multiply by growth and division
and do not form de novo (Motley and Hettema, 2007;
Nagotu et al., 2008). However, simultaneous formation
by both processes has also been suggested (Kim et al.,
2006; van der Zand et al., 2010; Saraya et al., 2011).
Interestingly, de novo formation of peroxisomes from
mitochondria was very recently induced upon
mitochondrial targeting of Pex3p, a peroxin involved in
peroxisomal membrane biogenesis and a key player in
de novo formation from the ER (Rucktédschel et al.,
2010). This indicates that natural or artificial targeting of
Pex3p to any endomembrane may initiate peroxisome
formation.

Growth and division of peroxisomes in mammals
follows a multistep maturation pathway involving a well
defined sequence of morphological alterations including
elongation, membrane constriction, and final fission
(Fig. 1) (Schrader et al., 1996; Schrader and Fahimi,
2006b). Division of peroxisomes is preceded by
elongation of the organelle membrane, which requires
the activity of the membrane-deforming, conserved
peroxisomal membrane protein (PMP) Pex11p (Schrader
et al., 1998b; Thoms and Erdmann, 2005). In recent
years, great progress has been made in the identification
of key factors involved in the fission of peroxisomes
(Fig. 1) (see 2.1.). Final fission depends on dynamin-
related-proteins, large GTPases with mechanochemical
properties, and associated adaptor proteins (e.g.
DLP1/Drpl and its membrane adaptors Fisl and Mff in
mammals) (see 2.1.). Interestingly, peroxisomes and
mitochondria have been shown to share key components
of their division machinery, which appears to be a
common strategy used by mammals, fungi and plants
(Schrader, 2006, 2009). Notably, peroxisome formation
from either the ER or by growth and division appears to
follow a maturation process involving the recruitment of
new membrane and matrix proteins (Delille et al., 2010,
2011). We recently demonstrated that Pex11pfB-mediated
growth (elongation) and division of mammalian
peroxisomes follows a multistep maturation pathway,
which is initiated by the formation of an early
peroxisomal membrane compartment from a pre-existing
peroxisome and its stepwise conversion into a mature,
metabolically active peroxisome compartment (Fig. 1).
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Maturation is achieved by selective and stepwise import
of certain PMPs, membrane lipids and matrix proteins.
Our observations support the view that peroxisome
division is an asymmetric process (Huybrechts et al.,
2009), which is far more complex than simple
(symmetric) division of a pre-existing organelle (Delille
etal., 2010, 2011).

It is well established that peroxisomal matrix
proteins are all synthesized on free ribosomes in the
cytoplasm and are post-translationally imported into the
organelle. Two peroxisomal targeting signals (PTS1 and
PTS2) have been defined, which are recognized by
soluble receptors (Pex5p and Pex7p, respectively) that
interact with a receptor docking site at the peroxisomal
membrane. Peroxisomal matrix protein import has been
addressed in several excellent review articles (Ma et al.,
2011; Rucktéschel et al., 2011). It involves a unique
protein translocation machinery that can handle folded,
co-factor bound and oligomeric proteins. The Pex5p
receptor is supposed to insert into the peroxisomal
membrane and to form a large transient pore for cargo
translocation (Meinecke et al., 2010). Pex5p is then
recycled depending on ubiquitination events. The import
of PMPs requires a different, less characterised protein
machinery which involves the cytosolic receptor/
chaperone Pex19p. The peroxisomal membrane proteins
Pex3p and Pex16p interact with the Pex19p-PMP
complex to mediate membrane insertion. Their loss of
function leads to peroxisome absence, for example in
Zellweger patients (Pex16 and Pex19) and in neonatal
adrenoleukodystrophy patients (Pex3) (Steinberg et al.,
2006). It is currently controversial whether all PMPs
(like the peroxisomal matrix proteins) are translated in
the cytoplasm or if PMPs are first inserted into the ER
from where they bud in specialized vesicles which are

/~

finally delivered to peroxisomes (van der Zand et al.,
2010; Agrawal et al., 2011; Lam et al., 2011; Nuttall et
al.,2011).

1.3. Modulation of peroxisome number and morphology

Peroxisomes are remarkably dynamic organelles,
which react to physiological changes in their cellular
environment and adapt their number, morphology,
enzyme content and metabolic functions accordingly.
Pharmacological studies with hypolipidemic drugs and
plasticizers (so called “peroxisome proliferators” which
include divergent drugs, industrial chemicals such as
lubricants, plasticizers and agrochemicals) revealed that
peroxisomes can remarkably increase in number and
size, especially in the livers of rodents (Hess et al., 1965;
Svoboda and Azarnoff, 1966; Fahimi et al., 1982; Reddy
and Lalwani, 1983). Those compounds are supposed to
mimic signals, which activate intracellular signalling
cascades and lead to the activation of transcription
factors (e.g. PPAR-a, PPAR-y) (Fig. 2). Such a
“peroxisome proliferation” is often accompanied by an
increased synthesis of peroxisomal enzymes (e.g.
involved in fatty acid B-oxidation). In addition,
peroxisomes with elongated forms, as well as
interconnections suggestive of peroxisome division (see
2.1.; Fig. 1), were detected in studies with bezafibrate
(Fahimi et al., 1993) and other hypolipidemic drugs
(Lindauer et al., 1994; Fahimi et al., 1996). Interestingly,
elongated and constricted peroxisomes were more
prominent in periportal hepatocytes, in contrast to more
spherical ones in pericentral hepatocytes indicative of
zonal heterogeneity in response to hypolipidemic drugs
(Fahimi et al., 1996). Prolonged treatment with
peroxisome proliferators has a carcinogenic effect in

Fig. 1. Model of peroxisome proliferation
by growth and division. Formation of new
peroxisomes starts with the development
of a tubular extension from a mature
peroxisome. Upon growth, this extension
segments and constricts and new proteins
are imported to the forming peroxisomes
(this step can be inhibited by the
expression of a Pex11B8-YFPm fusion
protein) (Delille et al., 2010). Final division
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is performed by DLP1, a dynamin-like-
protein which is recruited to the membrane
by Mff and Fis1, two tail-anchored
membrane proteins. Fis1 has been shown
to interact with the membrane elongation
factor Pex118. Loss of DLP1 or Mff results
in the formation and accumulation of
constricted peroxisomal tubules (“beads-

on-a-string”-like morphology) (see Fig. 3).
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rodents leading to liver tumors (Reddy et al., 1980,
1982; Moody et al., 1991) (see 2.3.). Peroxisome
proliferation can also be induced e.g. by fatty acids, cold
adaptation or exposure to environmental pollutants
(Schrader and Fahimi, 2008) (Fig. 2). In yeast,
peroxisome proliferation (e.g. upon growth on oleic acid
or methanol as the sole carbon source) has been
exploited to identify peroxisome biogenesis (PEX)
mutants (Purdue and Lazarow, 2001). In plants,
peroxisome proliferation can be induced by stress
conditions (e.g. wounding, pathogen attack, drought,
osmotic stress, excess light) that generate H,O, as a
signalling molecule (Lopez-Huertas et al., 2000; Desikan
et al., 2001; del Rio et al., 2002). A rapid formation of
peroxisomal tubular extensions in plant cells after
exposure to H,O, has been reported (Sinclair et al.,
2009). Formation of these extensions was later followed
by peroxisome elongation and division, suggesting the
existence of a rapid, transcription-independent pathway
and a transcription-dependent pathway in peroxisome
response to H,O,/oxidative stress.

The classwa% peroxisome proliferators in mammals
(e.g. fatty acids, hypolipidemic fibrates) bind to the
nuclear transcription factor PPAR-a, which belongs to
the superfamily of steroid/thyroid/retinoid receptors
(originally designated as peroxisome proliferator
activated receptor) (Issemann and Green, 1990;
Rakhshandehroo et al., 2010) (Fig. 2). The PPAR
subtypes o, 3 and y were identified in different species.
The PPARs form heterodimers with retinoid X receptors
(RXRs) and induce the transcription of peroxisomal
genes involved in B-oxidation and proliferation (e.g.
PEX11) by binding to specific DNA-sequences known
as peroxisome proliferator response elements (PPREs)
(Fig. 2). PPREs have been reported for all peroxisomal
-oxidation enzymes but also for several microsomal
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cytochrome P-450 subtypes and for apolipoproteins type
I and IT (Schoonjans et al., 1996). Activation of PPAR-a
affects numerous metabolic pathways (Reddy and
Hashimoto, 2001; Rakhshandehroo et al., 2010). As
metabolic activities have also been shown to affect the
number of peroxisomes (Chang et al., 1999; Funato et
al., 2006), PPAR-a. dependent peroxisome proliferation
might be mediated through some kind of metabolic
control. Additional PPAR-a independent mechanisms
have been suggested. Peroxisome proliferation during
cold adaptation in brown adipose tissue involves PPAR-y
and its co-activator PGC-1a (Bagattin et al., 2010).
Another important model system of peroxisome
proliferation in mammals is the regenerating rat liver
after partial hepatectomy (Yamamoto and Fahimi,
1987a). Regenerating rat liver peroxisomes are
pleomorphic, often exhibiting tail-like extensions,
elongated forms and constricted, interconnected
structures indicative of peroxisome division (see 2.2.;
Fig. 1). Such peroxisomes were visualized by catalase
cytochemistry (Fahimi, 1969), and their inter-
relationships were analysed by computer-assisted serial
section reconstruction. The complex peroxisomal
structures were frequently observed 24-48 hours after
partial hepatectomy, which is the phase of rapid hepatic
growth, and declined in frequency after 96 hours
(Yamamoto and Fahimi, 1987b). Interestingly, similar
peroxisome morphologies were observed in cell cultures
of mammalian cells, for example in human
hepatoblastoma HepG2 cells (Schrader et al., 1996). The
frequency of cells exhibiting elongated and constricted
peroxisomes was found to be dependent on cell density
and serum components/growth factors and could be
modulated accordingly (Schrader et al., 1996, 1999).
Peroxisome elongation was strongly stimulated under
conditions of cellular growth, for example by low cell

Fig. 2. Activation of peroxisome proliferation in

yeast, plants and mammals. In most organisms,
Pex11 peroxisome proliferation is preceded by the
induction of genes associated with fatty acid B-
oxidation and membrane elongation (e.g.
Pex11). Activation of these pathways depends
on several environmental and developmental
conditions. In yeast, growth in the presence of
oleic acid induces the dimerization of the
transcription factors Oafip and Pip2p that,
together with Adr1p, bind the oleate response
element (ORE) and upstream activation
sequence 1 (UAS1). In plants, light induces the
expression of peroxisomal genes by the action
of phyA and the binding of the transcription
factor HYH to the PEX11b promoter. In

B-oxidation mammals, peroxisome proliferator-activated

Proliferation (e.g.Pex11) receptor alpha (PPAR-a) and retinoid X receptor
RXR - roffieration € gFeXTl) (RXR) coordinately bind to the PPAR response
element (PPRE) to upregulate gene expression.

Recently, other mechanisms independent of
PPAR-a have also been described (e.g. PGC-
1o dependent) (Bagattin et al., 2010).
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density and after addition of polyunsaturated fatty acids
(e.g. arachidonic acid) or certain growth factors. In
addition, peroxisome elongation was experimentally
induced by depolymerization of microtubules (Schrader
et al., 1996), exposure of cells to UV irradiation and
ROS (Schrader et al., 1998a), Pex11p overexpression
(Schrader et al., 1998b; Lingard and Trelease, 2006) (see
2.1.2.), depletion of Sec16B (Yonekawa et al., 2011), or
by inhibition of DLP1/Drpl, Fisl or Mff function (Koch
et al., 2003; Tanaka et al., 2006) (see 2.1.1.). Whereas
the latter manipulations act directly on the peroxisomal
membrane/the growth and division machinery, the other
conditions involve intracellular signalling to induce
peroxisome elongation (Schrader et al., 1998a).
However, most of the signalling cascades and the gene
responses leading to peroxisome elongation/proliferation
are still largely unknown. The expression and/or
activation of Pex11p appears to be a common, initial
event in yeasts, plants and mammals during peroxisome
proliferation (Fig. 2). Elongated peroxisomes are formed
upon expression of Pex1lp in all organisms studied
(Schrader et al., 1998b; Thoms and Erdmann, 2005).
Pex11p functions as a membrane-shaping protein, which
directly deforms the peroxisomal membrane prior to
fission (Koch et al., 2004; Delille et al., 2010; Koch et
al., 2010). This activity may result from amphiphatic
properties found in the N-terminal part of many Pex11
proteins (Opalifiski et al., 2011). The signalling
mechanisms acting upstream of Pex11p differ in yeasts,
plants and mammals (Fig. 2) (Kaur and Hu, 2009).
Obviously, one important function of elongated
peroxisomes is to multiply/proliferate peroxisomes by
growth and division according to cellular needs.
However, complex peroxisomal structures such as
elongated tubules or tubulo-reticular networks may also
contribute to and facilitate other peroxisomal processes
(e.g. in metabolism, metabolite transport, membrane
signalling, stress protection) although information on
their exact functions is scarce. Morphologically distinct
types of peroxisomes have been discovered in different
organs of mammalian organisms and cell lines (Hicks
and Fahimi, 1977; Gorgas, 1987; Yamamoto and Fahimi,
1987a; Roels et al., 1991; Fahimi et al., 1993; Schrader
et al., 1994, 1996, 2000; Litwin and Bilinska, 1995).
Tubular peroxisomes with interconnections forming a
“peroxisomal reticulum” have been reported in mouse
liver (Gorgas, 1985), as well as in lipid synthesizing
epithelia such as sebaceous glands of mammals and
uropigial glands of birds (Gorgas, 1987). Tubulo-
reticular peroxisomes have been observed to be
extremely dynamic, with constant formation of tubular
extensions interconnecting or detaching (Schrader et al.,
2000; Koch et al., 2004), and are frequently associated
with lipid droplets (Schrader, 2001). The extensive and
complex structure of the “peroxisomal reticulum” in
lipid synthesizing epithelia is consistent with the rapid
formation and turnover of the peroxisomal compartment,
which is involved in the biosynthesis of secretory lipids
(Kollatakudy et al., 1987). More complex peroxisomal

structures such as tubules or reticular networks may
facilitate the metabolic functions of peroxisomes by
generating a uniform biochemical distribution of
proteins, by increasing the surface to volume ratio and
the exchange of metabolites, thus being more efficient in
intracellular areas of greatest metabolic need. In line
with this, overproduction of Pc-Pex11p in the fungus P.
chrysogenum induced massive proliferation of tubular
peroxisomes and increased penicillin production without
affecting the levels of the enzymes of the penicillin
biosynthetic pathway (Kiel et al., 2005).

An elongated morphology might also protect
peroxisomes from autophagosomal destruction under
certain conditions (as has been recently described for
mitochondria during nutrient starvation) (Gomes et al.,
2011; Rambold et al., 2011), whereas a shift to fission
could render them prone to degradation or trigger
pexophagy. Interestingly, high levels of Fisl, which
distributes to mitochondria and peroxisomes, have been
demonstrated to induce apoptosis (James et al., 2003)
and to trigger autophagy (Gomes and Scorrano, 2008).
Peroxisomal shape will also affect peroxisomal
movement and distribution, e.g. in neurons or during
inheritance (Nagotu et al., 2008). Kinesin motors and
dynein/dynactin control the movement of peroxisomes
along microtubules in mammals and thus their proper
intracellular distribution (Schrader et al., 2003).
Peroxisome division may generate smaller peroxisomes
which can be readily moved by the motor proteins,
whereas more complex peroxisomal structures are likely
to be more stationary.

2. Morphological alterations of peroxisomes in
human disease

2.1. Defects in peroxisome morphology proteins

The investigation of peroxisomal and mitochondrial
cross-talk/interconnection, morphology and dynamics
has become an exciting new field in cell biology and
biomedical sciences because of its relation to organelle
functionality and its impact on developmental and
physiological processes. There is growing evidence now
that mitochondrial morphology and dynamics are crucial
for cell physiology. Changes in mitochondrial shape
influence important cellular functions, such as calcium
signalling, generation of ROS, apoptosis, autophagy and
cell death, neuronal plasticity, muscle atrophy, and even
lifespan (for recent reviews see Campello and Scorrano,
2010; Westermann, 2010; Gomes et al., 2011).
Mitochondrial morphology is determined by balanced
fusion and fission events, which are controlled by
“mitochondria-shaping” proteins (Palmer et al., 2011b).
The key components for mitochondrial fusion (e.g. the
mitofusion proteins Mfnl and Mfn2 or OPA1) and
fission (e.g. DLP1/Drpl) are high-molecular weight
GTPases (Praefcke and McMahon, 2004) (reviewed in
Okamoto and Shaw, 2005; Hoppins et al., 2007)

Information on the importance of peroxisomal
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morphology, intracellular distribution and movement for
cellular physiology is still limited, but the field is young
and many peroxisome morphology proteins have just
recently been discovered and functionally characterized
(Thoms and Erdmann, 2005; Schrader, 2006; Delille et
al., 2009; Opalinski et al., 2011). Similar to
mitochondria, peroxisomal dysfunctions are often
associated with neurological and developmental defects
and have been linked to pathological conditions
associated with oxidative stress and to ageing (Cimini et
al., 2009; Kou et al., 2011; Titorenko and Terlecky,
2011).

In contrast to mitochondrial dynamics, which are
based on organelle fusion and fission, only peroxisomal
fission events have so far been reported. There is
growing evidence that mature peroxisomes in yeast and
mammals do not fuse in a mechanism similar to
mitochondrial fusion (Motley and Hettema, 2007;
Huybrechts et al., 2009; Bonekamp et al., 2010a).
Mitochondrial fusion proteins such as the dynamin-
related GTPases Mfnl and Mfn2, or OPA1 were not
found to localize to mammalian peroxisomes
(Bonekamp et al., 2010a). Interestingly, live cell imaging
revealed that peroxisomes were engaged in transient and
long term contacts, but without exchanging matrix or
membrane markers (Bonekamp et al., 2010a).

2.1.1. DLP1 deficiency

The dynamin-like large GTPase DLP1/Drpl as well
as Fis1 (Fission factor 1) and Mff (Mitochondrial fission
factor), two potential membrane adaptors for DLP1,
represent key components of the peroxisomal fission
machinery in mammals (Koch et al., 2003, 2004, 2005;
Li and Gould, 2003; Tanaka et al., 2006; Kobayashi et
al., 2007; Gandre-Babbe and van der Bliek, 2008; Otera
et al., 2010) (Fig. 1). In contrast to the key fusion
proteins, these components are shared with the
mitochondrial division machinery (Schrader and Yoon,
2007; Camdes et al., 2009; Delille et al., 2009). DLP1 is
a conserved dynamin GTPase superfamily protein which
is supposed to assemble into higher ordered ring-like
structures in a GTP-dependent manner that wrap around
membrane tubules to sever the membrane in a GTP
hydrolysis-dependent process (Praefcke and McMahon,
2004). DLP1 activity is highly regulated through a
number of post-translational modifications including
phosphorylation, S-nitrosylation, ubiquitination and
sumoylation (Santel and Frank, 2008; Chang et al.,
2010). Fis1 and Mff are both C-tail anchored membrane
proteins. Fisl contains an N-terminal tetratricopeptide
repeat (TPR) motif, whereas Mff exposes its N-terminal
part with a central coiled-coil motif into the cytosol
(Yoon et al., 2003; Gandre-Babbe and van der Bliek,
2008). The role of Fisl as the main adaptor for DLPI1 in
mammals and its contribution to organelle fission has
recently been questioned and a major function for Mff
has been proposed (Otera et al., 2010). The
physiological role of Fisl is currently under discussion,

but it might contribute to the regulation of organelle
division (Dikov and Reichert, 2011; Otera and Mihara,
2011; Palmer et al., 2011a; Zhao et al., 2011). Fisl is
targeted to peroxisomes in a Pex19p-dependent manner
(Delille and Schrader, 2008) and proper targeting
requires the short C-terminal tail (Koch et al., 2005). On
peroxisomes, Fisl is supposed to interact with Pex11f
(Kobayashi et al., 2007), and is found to co-localize with
Pex118 in tubular membrane domains of peroxisomes
which are formed prior to division (Delille et al., 2010).
Physical interactions among all five At-Pex11p isoforms
and Fislb have also been reported in Arabidopsis
(Lingard et al., 2008).

Functional loss of DLP1 (or its adaptor proteins Fisl
and Mff) by siRNA-mediated silencing or the expression
of dominant-negative mutants has been shown to inhibit
peroxisomal (and mitochondrial) fission, resulting in an
elongated organelle morphology (Koch et al., 2003,
2004, 2005; Li and Gould, 2003; Kobayashi et al., 2007;
Gandre-Babbe and van der Bliek, 2008; Otera et al.,
2010). Interestingly, the elongated peroxisomes observed
after silencing of DLP1 are still capable of constricting
their membranes and thus have a segmented, “beads on a
string”-like appearance (Koch et al., 2004) (Figs. 1, 3).
This indicates that DLP1 is not required for peroxisome
constriction, but for final membrane scission. The
molecular components mediating peroxisomal
constriction are still unknown.

Based on the description of an elongated, constricted
peroxisome morphology after silencing of DLPI1 in
mammalian cells (Koch et al., 2003, 2004), a novel
lethal disorder with defects in both peroxisomal and
mitochondrial division based on a mutation in DLP1 was
identified (Waterham et al., 2007). This novel DLP1
deficiency appears to be the first member of a new group
of combined peroxisomal-mitochondrial disorders. The
patient, who died only few weeks after birth, showed
microcephaly, abnormal brain development, optic
atrophy and hypoplasia. Several of the abnormalities
were broadly similar to known disorders related to
mitochondrial dynamics (e.g. Charcot-Marie-Tooth
neuropathy, autosomal dominant optic atrophy), but the
clinical course was more severe. Furthermore, elevated
plasma levels of lactate and very long chain fatty acids
were detected, indicating defects in both mitochondrial
and peroxisomal functions (mitochondrial respiration
and peroxisomal B-oxidation, respectively). Skin
fibroblasts from the patient displayed elongated,
constricted peroxisomes (and elongated mitochondria)
similar to the ones described after loss of DLP1 function.
Genetic analysis revealed a heterozygous, dominant-
negative missense mutation (A395D) in the middle
domain of DLP1 (Waterham et al., 2007). It has recently
been demonstrated that this mutation inhibits
oligomerization of DLP1 (Chang et al., 2010). So far,
only this middle domain mutation has been reported in a
patient. However, other middle domain mutations (e.g.
C452F; G363D, which may interfere with GTP
hydrolysis) (Tanaka et al., 2006; Ashrafian et al., 2010)
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or mutations in the GTPase domain (e.g. K38A, which
inhibits GTP hydrolysis, but does not affect GTP
binding) are known to inhibit DLP1 function and to
result in an elongated organelle morphology (Koch et al.,
2003; Li and Gould, 2003). Meanwhile, DLP1 knockout
mice have been generated (Ishihara et al., 2009;
Wakabayashi et al., 2009) which display developmental
abnormalities that result in embryonic lethality.
Peroxisomes and mitochondria show an elongated and
constricted morphology after knock-out of DLP1, thus
confirming siRNA and mutational studies in cell culture.
DLP1 appears to be essential for synapse formation and
brain development in mice, e.g. by producing
mitochondria, whose size is compatible with their
movement and proper distribution within neurons.
Interestingly, loss of DLP1 has no effect on
mitochondrial ATP production. However, a C452F
mutation in the DLP1 middle domain has been described
to result in dilated cardiomyopathy in mice (Ashrafian et
al.,2010).

It is presently unclear to what extent defects in
mitochondrial or in peroxisomal function contribute to
the clinical phenotype of the patient and to the
pathological alterations observed in the knock-out
models. Furthermore, DLP1 may fulfil additional
functions in other subcellular locations. Recently, DLP1
has been localized to the Golgi complex in distinct cell
types and a role as a novel component of the apical
sorting machinery at the trans-Golgi network has been
proposed (Bonekamp et al., 2010b).

Although a patient with mutations in Mff has not
been reported yet, loss of Mff function by siRNA
mediated silencing results in elongated peroxisomes (and
mitochondria) similar to silencing of DLP1 (Gandre-
Babbe and van der Bliek, 2008; Otera et al., 2010). We
also observed that the elongated peroxisomes formed
after silencing of Mff have a constricted morphology, as

siRNADLP1

Fig. 3. Silencing of DLP1 or Mff leads to an elongated, constricted peroxisome morphology. Human fibroblasts were transfected with DLP1 (B) or Mff

reported for silencing of DLP1 (Koch et al., 2003, 2004)
(our unpublished results) (Fig. 3). This indicates that Mff
(like DLP1) is likely not involved in the constriction of
peroxisomes prior to fission. Furthermore, an elongated
and constricted peroxisome morphology in patient
fibroblasts may be the result of mutations in either DLP1
or Mff. Thus, both genes should be analyzed for
potential mutations.

These findings also indicate that the analysis of
peroxisomal (and mitochondrial) morphology in patient
cells is a valuable diagnostic tool for the determination
of disorders based on defects in peroxisomal
(mitochondrial) division.

2.1.2. Pex11 deficiency

Pex11 proteins are unique components of the
peroxisomal division and proliferation machinery, and
are supposed to play a major role in the regulation of
peroxisomal growth in size and number in lower and
higher eukaryotes. A loss of Pexll is usually
accompanied by a reduced peroxisome number/
abundance and the formation of enlarged peroxisomes,
whereas overexpression promotes peroxisome
elongation and proliferation (Thoms and Erdmann,
2005; Yan et al., 2005; Schrader and Fahimi, 2006b;
Delille et al., 2010; Koch et al., 2010; Opalinski et al.,
2011). In S. cerevisiae, ScPex11p action has recently
been shown to be regulated by phosphorylation
(Knoblach and Rachubinski, 2010). In mammals three
Pex11 proteins (o, B, and vy) exist, which are supposed to
be integral membrane proteins with their N- and C-
termini exposed to the cytosol. All Pex11 proteins
interact with themselves, and are likely to form homo-
oligomers or homo-dimers (Thoms and Erdmann, 2005;
Koch et al., 2010). Pex11pa, but not Pex11pB or
Pex11py, is induced by peroxisome-proliferating agents.

siRNA Mff

~

(C) siRNA duplexes (siRNA) and processed for immunofluorescence with anti-Pex14 antibodies after 48 hours. A. Control cells (CTRL) (transfected
with luciferase siRNA duplexes). Note the segmented appearance of the elongated peroxisomes (see arrowheads in higher magnification inserts). Bar:

10 ym.
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Expression of Pex11pa varies between different tissues
(being highest in kidney, liver and testis) (Abe et al.,
1998; Passreiter et al., 1998; Schrader et al., 1998b; Li et
al., 2002a; Tanaka et al., 2003), whereas Pex11p8 is
expressed in most tissues (Abe and Fujiki, 1998,
Schrader et al., 1998b). Pex11p8 is not directly involved
in final fission of peroxisomes, and most likely functions
upstream of DLP1 by promoting peroxisome elongation
(Koch et al., 2003, 2004; Kobayashi et al., 2007) (Fig.
1). Pex1la and Pex11B knock-out mice have been
generated (Li et al., 2002a,b). The Pex11a knock-out
mouse is viable, with no obvious effect on peroxisome
number or metabolism, and morphologically
indistinguishable from wild type mice (Li et al., 2002a).
In contrast, knock-out of Pex11 causes neonatal
lethality and is accompanied by several defects
reminiscent of Zellweger syndrome, a peroxisome
biogenesis disorder (see 2.2.) (e.g. developmental delay,
hypotonia, neuronal migration defects and neuronal
apoptosis) (Li et al., 2002b). However, protein import
into peroxisomes and peroxisomal metabolism is only
slightly affected. Peroxisome abundance was reported to
be reduced in cultured mouse Pex1187/- fibroblasts.
Pex11a/Pex11B double knock-out mice also show
neonatal lethality and severe neurological defects, but do
not exhibit a more severe phenotype than knock-out of
Pex11f alone. The mice still contain peroxisomes and
are only mildly affected in peroxisomal metabolism (Li
et al., 2002a). A recent comparative analysis of primary
neuronal cultures and brain samples from Pex 1187/,
Pex11B*-, and wild-type mice revealed a higher degree
of cell death in heterozygous than in wild type mice
(Ahlemeyer et al., 2011). Homozygous knock-out mice
exhibited the highest degree of cell death, which
correlated with a decrease in peroxisome number in the
Pex1187, but not in the Pex11B*~ mice. Heterozygotes
also showed delayed neuronal differentiation and
increased levels of oxidative stress, which were,
however, more pronounced in homozygotes. Thus,
deletion of a single allele of the Pex116 gene is sufficient
to cause neurological alterations in mice (Ahlemeyer et
al., 2011). Interestingly, an increase in the mRNA level
of Pex11y was detected in neuronal cultures of Pex113"-
mice, but not in those from Pex11B*" mice, whereas the
mRNA levels of Fis1 and DLP1 remained unaffected.
Careful analysis of peroxisome morphology in
patient cells may help to identify patients with defects in
PEX11 or other peroxisome morphology proteins. As
those patients may display no (or only mild) biochemical
alterations of peroxisome metabolism, a connection to
peroxisome dysfunction can be overlooked or
misinterpreted, e.g. as a mitochondrial dysfunction.

2.2. Peroxisome biogenesis disorders and single
enzyme deficiencies

Peroxisome function is crucial for cellular
homeostasis and the vitality and development of the
organism. This is best illustrated by the occurrence of

several inherited peroxisomal disorders in humans that
are often lethal (Weller et al., 2003; Steinberg et al.,
2006; Wanders and Waterham, 2006b). Peroxisomal
disorders are grouped into the more frequent single
enzyme deficiencies (for example, defects in fatty acid
transporters as in X-linked adrenoleukodystrophy) and
the more severe peroxisomal biogenesis disorders (PBD)
(e.g. Zellweger syndrome). A defect in a peroxisomal
gene can result in a single enzyme deficiency which
might affect one specific peroxisomal function or
metabolic pathway (e.g. fatty acid B-oxidation) (see
below). In the case of PBDs, the affected protein is a
peroxin, which is involved in the biogenesis and
maintenance of peroxisomes (see 1.2.). Therefore,
several or all peroxisomal functions can be impaired,
and peroxisomes are either completely absent (due to a
defect in their formation/membrane biogenesis based on
mutations in PEX3, PEX19 or PEX16) (see 1.2.) or
“empty” membrane compartments, so called “ghosts”,
which cannot fully develop and mature (due to a defect
in the import machinery for peroxisomal enzymes, e.g.
based on mutations in the import receptor PEXS).
Targeting and insertion of peroxisomal membrane
proteins to those membrane remnants appears to be
functional, and overexpression of Pex11p has been
reported to induce proliferation of peroxisomal ghosts in
PEXS5-deficient cells (Li and Gould, 2002). Furthermore,
peroxisomal remnants appear to be motile in mammalian
cells (Bharti et al., 2011). However, the peroxisomal
matrix proteins remain in the cytosol, where they cannot
function or are degraded. A loss of peroxisomal
metabolic functions is generally accompanied by the
accumulation of toxic substrates (e.g. very long chain
fatty acids, phytanic acid), which can only be handled by
peroxisomes, and a shortage of peroxisomal products
(e.g. myelin sheath lipids). Symptoms include neonatal
hypotonia, craniofacial dysmorphy, myelination and
neuronal migration defects, seizures, hepatomegaly, liver
cirrhosis, and renal cysts leading to death in early
childhood. Organs affected in most peroxisomal
disorders include brain, spinal cord, or peripheral nerves,
eye, ear, liver, kidney, adrenal cortex, Leydig cells in
testis, skeletal system, and in some instances
cardiovascular system, thymus, and pancreas (Wanders,
2004a; Steinberg et al., 2006).

Interestingly, peroxisomes markedly enlarged in size
and reduced in number have been observed in patient
fibroblasts as morphological hallmarks of single enzyme
deficiencies such as acyl-CoA oxidase I (AOXI)
deficiency and especially of D-bifunctional protein
(DBP) deficiency (Chang et al., 1999; Ebberink et al.,
2010). AOXI and DBP are both important enzymes of
the peroxisomal fatty acid B-oxidation pathway, which is
impaired in these deficiencies (Wanders, 2004a; Poirier
et al., 2006). A loss of the enzymatic activity of AOX,
fatty acyl-CoA synthetase, and/or DBP, but not the
absence of these proteins, is known to cause pronounced
changes in peroxisome number and/or size in
mammalian cells and yeast (Poll-The et al., 1988; Fan et
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al., 1998; Qi et al., 1999; Smith et al., 2000; van
Roermund et al., 2000; Funato et al., 2006). These
findings might point to a metabolic control of
peroxisome abundance and size, e.g. by metabolic
intermediates or products of peroxisomal fatty acid B-
oxidation or overproduction of other compensatory
peroxisomal B-oxidation enzymes (Smith et al., 2000;
Purdue and Lazarow, 2001; Li and Gould, 2002).

Similar enlarged peroxisomes and a reduction in
number have recently been reported in an unusual
variant of PBD caused by mutations in PEX16 (Ebberink
et al., 2010). Human Pex16p is an integral peroxisomal
membrane protein with two membrane-spanning
domains, which is supposed to be involved in
peroxisomal membrane assembly (see 1.2.) (Honsho et
al., 2002, Matsuzaki and Fujiki, 2008). Loss of Pex16p
in mammalian cells is accompanied by a complete lack
of peroxisomes, and reintroduction of functional PEX16
has been shown to result in the de novo formation of
peroxisomes from the ER (Kim et al., 2006). Pex16p is
supposed to travel, at least partly, via the ER to
peroxisomes, and Secl6B appears to play an important
role in this process (Kim et al., 2006; Yonekawa et al.,
2011). PEX16-defective patients have been reported to
display a severe Zellweger syndrome phenotype, and
peroxisomes or membrane remnants were completely
absent in patient fibroblasts (Honsho et al., 1998;
Shimozawa et al., 2002). Surprisingly, six patients with
mutations in the C-terminus of PEX16 have been
recently identified, which displayed a relatively mild
clinical phenotype with abnormal peroxisomal
metabolites (e.g. raised levels of very long chain fatty
acids, phytanic acid) in plasma (Ebberink et al., 2010).
Patient fibroblasts unexpectedly contained peroxisomes,
which were import-competent for peroxisomal matrix
and membrane proteins. However, peroxisomes were
increased in size but reduced in number, suggesting that
Pex16p is involved in the proliferation of peroxisomes in
addition to its involvement in membrane assembly.
These findings are important for future diagnostics of
patients with a peroxisomal disorder.

2.3. Peroxisomes in hepatocellular carcinomas and liver
cirrhosis

Besides Peroxisome Biogenesis Disorders and
Single Enzyme Deficiencies, alterations of peroxisomes
are observed in other disease conditions, e.g. in
Alzheimer’s Disease (Cimini et al., 2009; Kou et al.,
2011; Titorenko and Terlecky, 2011). Here, we selected
two classical examples, hepatocellular carcinomas and
liver cirrhosis, to highlight peroxisome alterations in
number.

More than a century ago Blumenthal and Brahn
(1910) described a significant reduction of catalase
activity in liver tumors and this notion was confirmed in
subsequent studies by Greenstein (1954). After the
discovery of peroxisomes as the main intracellular site of
catalase activity, alterations of this organelle in

neoplastic transformation were investigated and, indeed,
immunocytochemical studies of human liver tumors
revealed significant reductions of peroxisomal catalase
as well as of all three peroxisomal B-oxidation enzymes
(Litwin et al., 1999). Interestingly, the level of reduction
of peroxisomal antigens correlated well with the degree
of tumor dedifferentiation, as assessed by classical
histopathological criteria. Thus, poorly differentiated
tumors contained no peroxisomes whereas the well
differentiated adenomas exhibited almost a normal
distribution of the organelle. Since all four peroxisomal
proteins investigated were affected similarly, the authors
suggested that the neoplastic transformation altered the
biogenesis of the entire organelle and not merely an
individual peroxisomal protein such as catalase (Litwin
et al., 1999). Similar findings have also been reported in
experimental liver tumors in rodents (Mochizuki et al.,
1971; Malick, 1972; Mayer et al., 1998), suggesting that
an inverse relationship exists between tumor growth rate
and the abundance of hepatic peroxisomes. The exact
mechanisms underlying the reduction of peroxisomes in
hepatocellular carcinomas are still unknown. However,
in the rat and human catalase gene several “silencer
elements” have been indentified which exhibit excessive
protein binding in dedifferentiated hepatoma cell lines,
which are absent in normal hepatocytes, and thus have
been implicated in down regulation of the catalase gene
in liver tumors (Sato et al., 1992; Takeuchi et al., 2000).

In human colon carcinomas also a significant
reduction of peroxisomes and their proteins catalase and
acyl-CoA oxidase has been described with little
alterations of their corresponding mRNAs (Lauer et al.,
1999). Moreover, PEXS, a receptor protein involved in
the import of most peroxisomal matrix proteins (see 1.2.)
was elevated in those tumors. The authors concluded
that the reduction of peroxisomes and their proteins was
not due to a generalized reduction of transcription of
their genes but rather due to a post-transcriptional or
translational phenomenon. Alternatively, an impairment
of the biogenesis of the organelle could account for the
paucity of peroxisomes in colonic tumors (Lauer et al.,
1999).

Another factor that could account for the down
regulation of peroxisomal proteins in association with
tumors and/or inflammatory processes is the cytokine
tumor necrosis factor-alpha (TNF-a). Intravenous
injection of recombinant TNF-a reduces significantly
the levels of several peroxisomal proteins and their
corresponding mRNAs (Beier et al., 1992, 1997). Since
TNF-a also reduces the expression of PPAR-a., it is
likely that this transcription factor may also be involved
in the regulation of peroxisomal enzymes in hepatic
tumors. Indeed, its role in regulation of energy
combustion, hepatic steatosis, inflammation and liver
cancer has been well investigated (Pyper et al., 2010).

In contrast to the reduction of peroxisomes in
hepatic tumors a significant proliferation of this
organelle was observed in liver cirrhosis (Litwin et al.,
1999). Although earlier electron microscopic studies had
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indicated a numerical increase of hepatic peroxisomes in
both alcoholic hepatitis and cirrhosis (De Craemer et al.,
1993), the severity of proliferation was first revealed by
immunohistochemical investigation of paraffin
embedded sections (Litwin et al., 1999). Although the
role of the peroxidatic activity of catalase in degradation
of ethanol has long been known (Thurman and Handler,
1989), more recent studies implicate the oxidative stress
in activation of hepatic stellate cells and their increased
collagen synthesis in the pathogenesis of liver cirrhosis
(Comporti et al., 2009). The central role of peroxisomes
in oxidative stress (Schrader and Fahimi, 2006a;
Bonekamp et al., 2009) and the participation of the
transcription factor PPAR-a in the development of
hepatic cirrhosis and the associated steatosis and
steatohepatitis has been well documented (Yu et al.,
2003).

2.4. Peroxisomes and viruses
2.4.1. Peroxisomes as antiviral signalling platforms

The cellular antiviral defence in mammalian cells is
normally triggered upon recognition of a viral
component by a cellular element. Viral RNA (and in
some cases DNA) can be detected by soluble RNA
helicases that belong to the family of the RIG-I-like
helicases (RLH) (Yoneyama et al., 2004). The most
studied members of this family, the retinoic acid
inducible gene-I (RIG-I) and the melanoma
differentiation-associated gene-5 (MDA-5), interact with
viral nucleic acids strictly in the cytosol, in both immune
and non-immune cells, and trigger a signalling pathway
that will culminate in antiviral defence (Yoneyama et al.,
2004; Castanier et al., 2010; Rehwinkel et al., 2010).
These two proteins recognize different characteristics
within the nucleic acids, hence different viruses (Kato et
al., 2008). Upon viral stimulation, these proteins
undergo a conformational change, leading to their
dimerization and interaction with the mitochondrial
antiviral signalling adaptor (MAVS, also known as
Cardif, IPS-1 and VISA), through the CARD domains of
both proteins (reviewed by Moore and Ting, 2008). This
leads to a signalling cascade that culminates with the
induction of type-1 interferons including IFN-, IFN-a
and IFN-stimulated genes (ISGs) that may function as
direct antiviral effectors, preventing important steps in
viral propagation. Activation of this pathway was shown
to promote mitochondria elongation which, in turn,
modulates signalling downstream from MAVS
(Castanier et al., 2010). MAVS has always been assumed
to localize exclusively to mitochondria (with cytosolic or
ER localization completely abolishing RLH signalling).
However, Dixit et al. (2010) have recently demonstrated
that MAVS also localizes to peroxisomes and that viral
stimulation causes alterations to peroxisome
morphology, inducing elongation/tubule formation.
These studies have also shown that peroxisomal and
mitochondrial MAVS perform different but

complementing functions within the antiviral response:
while the peroxisomal MAVS induces the rapid
interferon-independent expression of defence factors
providing short-term protection, the mitochondria
MAVS activates an interferon-dependent signalling
pathway with delayed kinetics that amplifies and
stabilizes the antiviral response (Dixit et al., 2010). The
differential role of both organelles has very recently
been questioned (Horner et al., 2011). Nevertheless,
these exciting findings have revealed a new biological
function for peroxisomes in antiviral innate immunity
and antiviral signalling.

2.4.2. Peroxisomes as replication loci for plant
viruses

Some members of the plant Tombusvirus family
make use of peroxisomal membranes to assemble their
replication loci, largely altering the organelles’
morphology. The Tomato bushy stunt virus (TBSV)
replicates at the cytosolic domain of the peroxisomal
membrane, causing extensive inwards vesiculations and
forming multivesicular bodies (pMVBs). Further
invaginations of the pMVBs culminate with the
formation of up to several hundred spherical and ovoid
smaller vesicles that are thought to be the assembly area
for the viral replication machinery (Jonczyk et al., 2007;
Laliberté and Sanfacon, 2010). Pex19p, the cytosolic
chaperone and import receptor for peroxisomal
membrane proteins (see 1.2.), is the cellular transporter
of the viral replication protein p33 to the peroxisomal
membrane (Pathak et al., 2008). In the absence of
peroxisomes (in cells lacking PEX19 or PEX3), the
replication complex can be assembled at ER membranes
(Jonczyk et al., 2007). Electron microscopy analysis
revealed the sporadic proximity of these vesicles to ER-
like tubular membrane structures, as well as the presence
of channels connecting these vesicles to the cytosol.
During pMVB formation, p33 (together with resident
peroxisomal membrane proteins) relocalizes from the
peroxisomal membranes to a peroxisomal endoplasmic
reticulum (pER) subdomain, revealing a previously
unknown peroxisome-to-pER sorting pathway in plant
cells (McCartney et al., 2005; Mullen and Trelease,
2006).

2.4.3. Peroxisomes are essential for viral infectivity

Although only plant viruses have been shown to
assemble their replication loci at the peroxisomal
membranes, the importance of peroxisomes for the life-
cycle of human viruses has also been demonstrated. The
human immunodeficiency virus (HIV) sorts its Nef
protein to peroxisomes, a phenomenon that has been
shown to be essential for the development of AIDS.
Although lacking a peroxisomal targeting signal (PTS),
Nef forms a complex with a PTS1-containing
peroxisomal matrix protein, thioesterase II, being
imported into the organelle by a piggy-back mechanism
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(Cohen et al., 2000). Another medically-relevant virus,
the rotavirus (RV), expresses a virion surface protein
(VP4) that is targeted to the peroxisomes by its own
PTS1-signal (Mohan et al., 2002). It has been suggested
that the importance of peroxisomes for the infectivity of
HIV and RV lays in essential lipid modifications
occurring in peroxisomes (Cohen et al., 2000; Mohan et
al., 2002; Titorenko and Rachubinski, 2004).

3. Conclusions

The key molecular machinery controlling
peroxisomal morphology, dynamics and number is
becoming more and more established and defined. It is
likely that in the coming years many more proteins
involved in peroxisome dynamics and morphology will
be identified contributing to a better understanding of
these complex mechanisms. There is emerging evidence
that these processes are crucial for the physiology of the
cell, as well as for the pathology of the organism and for
host defence. Dysfunctions of peroxisome-shaping
proteins result in characteristic peroxisome
morphologies which can serve as valuable diagnostic
indicators. While several key proteins involved in
peroxisome dynamics and proliferation have been
identified, their coordinated interplay and the regulation
of these processes are not well understood. There is
growing evidence for the role of post-translational
modifications in the regulation of peroxisome
morphology proteins (e.g. Pex11p, DLP1); however, the
cellular signals and the precise modulation of signal
transduction pathways by physiological stimuli leading
to peroxisome proliferation are largely unknown. The
scenario is further complicated by the fact that the key
peroxisome division proteins are shared with
mitochondria, pointing to organelle cross-talk,
cooperative metabolism and coordinated biogenesis of
both organelles (Schrader and Yoon, 2007; Camdes
2009). In a very recent study, peroxisome proliferation
and subsequent alterations in ROS levels have been
demonstrated to set melanocortin tone and feeding in
diet-induced obesity (Diano et al., 2011). These findings
further highlight the importance of peroxisome
proliferation and regulation of peroxisome number in
disease conditions. A better molecular understanding of
the peroxisome morphology machinery and the
regulation of peroxisome proliferation will contribute to
therapeutical approaches for the treatment of patients
with defects in peroxisome biogenesis and other
disorders.

Note added in proof: Very recently, [toyama et al. (J.
Cell Sci. 125, 589-603, 2012) reported that
docosahexaenoic acid, a product of peroxisomal fatty
acid beta-oxidation and a component of phospholipids,
promotes peroxisome elongation and proliferation in
AOX or DBP-defective fibroblasts and restores the
normal peroxisome morphology.

Acknowledgements. We would like to thank members of the laboratory
for stimulating discussions and comments on the manuscript and we
apologize to those whose work has not been cited owing to space
limitations. This work was supported by the Portuguese Foundation for
Science and Technology (FCT) and FEDER (PTDC/SAU-
OSM/103647/2008; PTDC/BIA-BCM/099613/2008; SFRH/BPD/
77619/2011 to D. R.), CRUP/DAAD (ACCOES INTEGRADAS — 2010)
and the University of Aveiro.

References

Abe |. and Fujiki Y. (1998). cDNA cloning and characterization of a
constitutively expressed isoform of the human peroxin Pex11p.
Biochem. Biophys. Res. Commun. 252, 529-533.

Abe |., Okumoto K., Tamura S. and Fuijiki Y. (1998). Clofibrate-inducible,
28-kDa peroxisomal integral membrane protein is encoded by
PEX11. FEBS Lett. 431, 468-472.

Agrawal G., Joshi S. and Subramani S. (2011). Cell-free sorting of
peroxisomal membrane proteins from the endoplasmic reticulum.
Proc. Natl. Acad. Sci. USA 108, 9113-9118.

Ahlemeyer B., Gottwald M. and Baumgart-Vogt E. (2011). Deletion of a
single allele of the Pex11{beta} gene is sufficient to cause oxidative
stress, delayed differentiation and neuronal death in mouse brain.
Dis. Model. Mech. 5, 125-140.

Ashrafian H., Docherty L., Leo V., Towlson C., Neilan M., Steeples V.,
Lygate C.A., Hough T., Townsend S., Williams D., Wells S., Norris
D., Glyn-dones S., Land J., Barbaric I., Lalanne Z., Denny P.,
Szumska D., Bhattacharya S., Griffin J.L., Hargreaves I.,
Fernandez-Fuentes N., Cheeseman M., Watkins H. and Dear T.N.
(2010). A mutation in the mitochondrial fission gene Dnm1l leads to
cardiomyopathy. PLoS Genet. 6, e1001000.

Bagattin A., Hugendubler L. and Mueller E. (2010). Transcriptional
coactivator PGC-1alpha promotes peroxisomal remodeling and
biogenesis. Proc. Natl. Acad. Sci. USA 107, 20376-20381.

Beier K., V6lkl A. and Fahimi H.D. (1992). Suppression of peroxisomal
lipid beta-oxidation enzymes of TNF-alpha. FEBS Lett. 310, 273-
276.

Beier K., Volkl A. and Fahimi H.D. (1997). TNF-alpha downregulates the
peroxisome proliferator activated receptor-alpha and the mRNAs
encoding peroxisomal proteins in rat liver. FEBS Lett. 412, 385-387.

Bharti P., Schliebs W., Schievelbusch T., Neuhaus A., David C., Kock
K., Herrmann C., Meyer H.E., Wiese S., Warscheid B., Theiss C.
and Erdmann R. (2011). PEX14 is required for microtubule-based
peroxisome motility in human cells. J. Cell. Sci. 124, 1759-1768.

Blumenthal F. and Brahn B. (1910). Die Katalasewirkung in normaler
und in carcinomatdser Leber. Z. Krebsforsch. 9, 436-440.

Bonekamp N.A., V&lkl A., Fahimi H.D. and Schrader M. (2009).
Reactive oxygen species and peroxisomes: struggling for balance.
BioFactors 35, 346-355.

Bonekamp N.A., Sampaio P., Liers G.H. and Schrader M. (2010a).
Peroxisomal dynamics: Do mammalian peroxisomes fuse with each
other? In: Open European Peroxisome Meeting. Lunteren, The
Netherlands.

Bonekamp N.A., Vormund K., Jacob R. and Schrader M. (2010b).
Dynamin-like protein 1 at the Golgi complex: a novel component of
the sorting/targeting machinery en route to the plasma membrane.



672

Peroxisome morphology in disease

Exp. Cell Res. 316, 3454-3467.

Camdes F., Bonekamp N.A., Delille H.K. and Schrader M. (2009).
Organelle dynamics and dysfunction: A closer link between
peroxisomes and mitochondria. J. Inherit. Metab. Dis. 32, 163-180.

Campello S. and Scorrano L. (2010). Mitochondrial shape changes:
orchestrating cell pathophysiology. EMBO Rep. 11, 678-684.

Castanier C., Garcin D., Vazquez A. and Arnoult D. (2010).
Mitochondrial dynamics regulate the RIG-I-like receptor antiviral
pathway. EMBO Rep. 11, 133-138.

Chang C.C., South S., Warren D., Jones J., Moser A.B., Moser H.W.
and Gould S.J. (1999). Metabolic control of peroxisome abundance.
J. Cell Sci. 112, 1579-1590.

Chang C.R., Manlandro C.M., Arnoult D., Stadler J., Posey A.E., Hill
R.B. and Blackstone C. (2010). A lethal de novo mutation in the
middle domain of the dynamin-related GTPase Drp1 impairs higher
order assembly and mitochondrial division. J. Biol. Chem. 285,
32494-32503.

Cimini A., Moreno S., D'Amelio M., Cristiano L., D'Angelo B., Falone S.,
Benedetti E., Carrara P., Fanelli F., Cecconi F., Amicarelli F. and
Ceru M.P. (2009). Early biochemical and morphological
modifications in the brain of a transgenic mouse model of
Alzheimer's disease: a role for peroxisomes. J. Alzheimers Dis. 18,
935-952.

Cohen G.B., Rangan V.S., Chen B.K., Smith S. and Baltimore D.
(2000). The human thioesterase Il protein binds to a site on HIV-1
Nef critical for CD4 down-regulation. J. Biol. Chem. 275, 23097-
23105.

Comporti M., Arezzini B., Signorini C., Vecchio D. and Gardi C. (2009).
Oxidative stress, isoprostanes and hepatic fibrosis. Histol.
Histopathol. 24, 893-900.

De Craemer D., Pauwels M. and Roels F. (1993). Peroxisomes in
cirrhosis of the human liver: a cytochemical, ultrastructural and
quantitative study. Hepatology 17, 404-410.

Del Rio L.A. (2011). Peroxisomes as a cellular source of reactive
nitrogen species signal molecules. Arch. Biochem. Biophys. 506, 1-
11.

Del Rio L.A., Corpas F.J., Sandalio L.M., Palma J.M., Gémez M. and
Barroso J.B. (2002). Reactive oxygen species, antioxidant systems
and nitric oxide in peroxisomes. J. Exp. Bot. 53, 1255-1272.

Del Rio L.A., Sandalio L.M., Corpas F.J., Palma J.M. and Barroso J.B.
(2006). Reactive oxygen species and reactive nitrogen species in
peroxisomes. Production, scavenging, and role in cell signaling.
Plant Physiol. 141, 330-335.

Delille H.K. and Schrader M. (2008). Targeting of hFis1 to peroxisomes
is mediated by Pex19p. J. Biol. Chem. 283, 31107-31115.

Delille H.K., Alves R. and Schrader M. (2009). Biogenesis of
peroxisomes and mitochondria: linked by division. Histochem. Cell
Biol. 131, 441-446.

Delille H.K., Agricola B., Guimaréaes S.C., Borta H., Luers G.H., Fransen
M. and Schrader M. (2010). Pex11pbeta-mediated growth and
division of mammalian peroxisomes follows a maturation pathway. J.
Cell Sci. 123, 2750-2762.

Delille H.K., Dodt G. and Schrader M. (2011). Pex11pbeta-mediated
maturation of peroxisomes. Commun. Integr. Biol. 4, 51-54.

Desikan R., A-H-Mackerness S., Hancock J.T. and Neill S.J. (2001).
Regulation of the Arabidopsis transcriptome by oxidative stress.
Plant Physiol. 127, 159-172.

Diano S., Liu Z.W., Jeong J.K., Dietrich M.O., Ruan H.B., Kim E.,
Suyama S., Kelly K., Gyengesi E., Arbiser J.L., Belsham D.D.,

Sarruf D.A., Schwartz M.W., Bennett A.M., Shanabrough M., Mobbs
C.V., Yang X., Gao X.B. and Horvath T.L. (2011). Peroxisome
proliferation-associated control of reactive oxygen species sets
melanocortin tone and feeding in diet-induced obesity. Nat. Med. 17,
1121-1127.

Dikov D. and Reichert A.S. (2011). How to split up: lessons from
mitochondria. EMBO J. 30, 2751-2753.

Dixit E., Boulant S., Zhang Y., Lee A.S., Odendall C., Shum B.,
Hacohen N., Chen Z.J., Whelan S.P., Fransen M., Nibert M.L.,
Superti-Furga G. and Kagan J.C. (2010). Peroxisomes are signaling
platforms for antiviral innate immunity. Cell 141, 668-681.

Ebberink M.S., Csanyi B., Chong W.K., Denis S., Sharp P., Mooijer
P.A., Dekker C.J., Spooner C., Ngu L.H., De Sousa C., Wanders
R.J., Fietz M.J., Clayton P.T., Waterham H.R. and Ferdinandusse S.
(2010). Identification of an unusual variant peroxisome biogenesis
disorder caused by mutations in the PEX16 gene. J. Med. Genet.
47, 608-615.

Fahimi H.D. (1969). Cytochemical localization of peroxidatic activity of
catalase in rat hepatic microbodies (peroxisomes). J. Cell Biol. 43,
275-288.

Fahimi H.D., Baumgart E., Beier K., Pill J., Hartig F. and V&lkl A. (1993).
Ultrastructural and biochemical aspects of peroxisome proliferation
and biogenesis in different mammalian species. In: Peroxisomes,
biology and importance in toxicology and medicine. Gibson G. and
Lake B. (eds). Taylos and Francis. London. pp 395-424.

Fahimi H.D., Beier K., Lindauer M., Schad A., Zhan J., Pill J., Rebel W.,
Volkl A. and Baumgart E. (1996). Zonal heterogeneity of peroxisome
proliferation in rat liver. Ann. NY Acad. Sci. 804, 341-361.

Fahimi H.D., Reinicke A., Sujatta M., Yokota S., Ozel M., Hartig F. and
Stegmeier K. (1982). The short- and long-term effects of bezafibrate
in the rat. Ann. NY Acad. Sci. 386, 111-135.

Fan C.Y., Pan J., Usuda N., Yeldandi A.V., Rao M.S. and Reddy J.K.
(1998). Steatohepatitis, spontaneous peroxisome proliferation and
liver tumors in mice lacking peroxisomal fatty acyl-CoA oxidase.
Implications for peroxisome proliferator-activated receptor alpha
natural ligand metabolism. J. Biol. Chem. 273, 15639-15645.

Faust P.L., Banka D., Siriratsivawong R., Ng V.G. and Wikander T.M.
(2005). Peroxisome biogenesis disorders: the role of peroxisomes
and metabolic dysfunction in developing brain. J. Inherit. Metab. Dis.
28, 369-383.

Funato M., Shimozawa N., Nagase T., Takemoto Y., Suzuki Y.,
Imamura Y., Matsumoto T., Tsukamoto T., Kojidani T., Osumi T.,
Fukao T. and Kondo N. (2006). Aberrant peroxisome morphology in
peroxisomal beta-oxidation enzyme deficiencies. Brain Dev. 28,
287-292.

Gandre-Babbe S. and van der Bliek A.M. (2008). The novel tail-
anchored membrane protein Mff controls mitochondrial and
peroxisomal fission in mammalian cells. Mol. Biol. Cell 19, 2402-
2412.

Gomes L.C. and Scorrano L. (2008). High levels of Fis1, a pro-fission
mitochondrial protein, trigger autophagy. Biochim. Biophys. Acta
1777, 860-866.

Gomes L.C., Di Benedetto G. and Scorrano L. (2011). During autophagy
mitochondria elongate, are spared from degradation and sustain cell
viability. Nat. Cell Biol. 13, 589-598.

Gorgas K. (1985). Serial section analysis of mouse hepatic
peroxisomes. Anat. Embryol. (Berl) 172, 21-32.

Gorgas K. (1987). Morphogenesis of peroxisomes in lipid synthesizing
epithelia. In: Peroxisomes in biology and medecine. Fahimi H.D. and



673

Peroxisome morphology in disease

Sies H. (eds). Springer-Verlag. Berlin, Heidelberg. pp 3-17.

Greenstein J.P. (1954). Biochemistry of cancer. 2nd ed. Academic
Press. New York.

Hayashi S., Fujiwara S. and Noguchi T. (2000). Evolution of urate-
degrading enzymes in animal peroxisomes. Cell Biochem. Biophys.
32, 123-129.

Hess R., Staubli W. and Riess W. (1965). Nature of the hepatomegalic
effect produced by ethyl-chlorophenoxy-isobutyrate in the rat.
Nature 208, 856-858.

Hettema E.H. and Motley A.M. (2009). How peroxisomes multiply. J.
Cell Sci. 122, 2331-2336.

Hicks L. and Fahimi H.D. (1977). Peroxisomes (microbodies) in the
myocardium of rodents and primates. A comparative ultrastructural
cytochemical study. Cell Tissue Res. 175, 467-481.

Hoepfner D., Schildknegt D., Braakman I., Philippsen P. and Tabak H.F.
(2005). Contribution of the endoplasmic reticulum to peroxisome
formation. Cell 122, 85-95.

Honsho M., Tamura S., Shimozawa N., Suzuki Y., Kondo N. and Fujiki
Y. (1998). Mutation in PEX16 is causal in the peroxisome-deficient
Zellweger syndrome of complementation group D. Am. J. Hum.
Genet. 63, 1622-1630.

Honsho M., Hiroshige T. and Fujiki Y. (2002). The membrane
biogenesis peroxin Pex16p. Topogenesis and functional roles in
peroxisomal membrane assembly. J. Biol. Chem. 277, 44513-
44524,

Hoppins S., Lackner L. and Nunnari J. (2007). The machines that divide
and fuse mitochondria. Annu. Rev. Biochem. 76, 751-780.

Horner S.M., Liu H.M., Park H.S., Briley J. and Gale M. Jr (2011).
Mitochondrial-associated endoplasmic reticulum membranes (MAM)
form innate immune synapses and are targeted by hepatitis C virus.
Proc. Natl. Acad. Sci. USA 108, 14590-14595.

Hulshagen L., Krysko O., Bottelbergs A., Huyghe S., Klein R., Van
Veldhoven P.P., De Deyn P.P., D'Hooge R., Hartmann D. and Baes
M. (2008). Absence of functional peroxisomes from mouse CNS
causes dysmyelination and axon degeneration. J. Neurosci. 28,
4015-4027.

Huybrechts S.J., Van Veldhoven P.P., Brees C., Mannaerts G.P., Los
G.V. and Fransen M. (2009). Peroxisome dynamics in cultured
mammalian cells. Traffic 10, 1722-1733.

Ishihara N., Nomura M., Jofuku A., Kato H., Suzuki S.O., Masuda K.,
Otera H., Nakanishi Y., Nonaka I., Goto Y., Taguchi N., Morinaga
H., Maeda M., Takayanagi R., Yokota S. and Mihara K. (2009).
Mitochondrial fission factor Drp1 is essential for embryonic
development and synapse formation in mice. Nat. Cell Biol. 11, 958-
966.

Islinger M. and Schrader M. (2011) Peroxisomes. Curr. Biol. 21, R800-
R801

Islinger M, Cardoso M.J.R. and Schrader M. (2010) Be different — the
diversity of peroxisomes in the animal kingdom. Biochim. Biophys.
Acta 1803, 881-897.

Issemann |. and Green S. (1990). Activation of a member of the steroid
hormone receptor superfamily by peroxisome proliferators. Nature
347, 645-650.

James D.l., Parone P.A., Mattenberger Y. and Martinou J.C. (2003).
hFis1, a novel component of the mammalian mitochondrial fission
machinery. J. Biol. Chem. 278, 36373-36379.

Jonczyk M., Pathak K.B., Sharma M. and Nagy P.D. (2007). Exploiting
alternative subcellular location for replication: Tombusvirus
replication switches to the endoplasmic reticulum in the absence of

peroxisomes. Virology 362, 320-330.

Kato H., Takeuchi O., Mikamo-Satoh E., Hirai R., Kawai T., Matsushita
K., Hiiragi A., Dermody T.S., Fujita T. and Akira S. (2008). Length-
dependent recognition of double-stranded ribonucleic acids by
retinoic acid-inducible gene-1 and melanoma differentiation-
associated gene 5. J. Exp. Med. 205, 1601-1610.

Kaur N. and Hu J. (2009). Dynamics of peroxisome abundance: a tale of
division and proliferation. Curr. Opin. Plant Biol. 12, 781-788.

Kiel J.A., van der Klei I.J., van den Berg M.A., Bovenberg R.A. and
Veenhuis M. (2005). Overproduction of a single protein, Pc-Pex11p,
results in 2-fold enhanced penicillin production by Penicillium
chrysogenum. Fungal Genet. Biol. 42, 154-164.

Kim P.K., Mullen R.T., Schumann U. and Lippincott-Schwartz J. (2006).
The origin and maintenance of mammalian peroxisomes involves a
de novo PEX16-dependent pathway from the ER. J. Cell Biol. 173,
521-532.

Knoblach B. and Rachubinski R.A. (2010). Phosphorylation-dependent
activation of peroxisome proliferator protein PEX11 controls
peroxisome abundance. J. Biol. Chem. 285, 6670-6680.

Kobayashi S., Tanaka A. and Fuijiki Y. (2007). Fis1, DLP1, and Pex11p
coordinately regulate peroxisome morphogenesis. Exp. Cell Res.
313, 1675-1686.

Koch A., Thiemann M., Grabenbauer M., Yoon Y., McNiven M.A. and
Schrader M. (2003). Dynamin-like protein 1 is involved in
peroxisomal fission. J. Biol. Chem. 278, 8597-8605.

Koch A., Schneider G., Liers G.H. and Schrader M. (2004). Peroxisome
elongation and constriction but not fission can occur independently
of dynamin-like protein 1. J. Cell Sci. 117, 3995-4006.

Koch A., Yoon Y., Bonekamp N.A., McNiven M.A. and Schrader M.
(2005). A role for Fis1 in both mitochondrial and peroxisomal fission
in mammalian cells. Mol. Biol. Cell 16, 5077-5086.

Koch J., Pranjic K., Huber A., Ellinger A., Hartig A., Kragler F. and
Brocard C. (2010). PEX11 family members are membrane
elongation factors that coordinate peroxisome proliferation and
maintenance. J. Cell Sci. 123, 3389-3400.

Kollatakudy P.E., Bohnet S., Roberts E. and Rogers L. (1987).
Peroxisomes in sebaceous glands: Biosynthetic role and hormonal
regulation. In: Peroxisomes in biology and medecine. Fahimi H.D.
and Sies H. (eds). Springer-Verlag. Berlin, Heidelberg. pp 18-31.

Kou J., Kovacs G.G., Hoftberger R., Kulik W., Brodde A., Forss-Petter
S., Hénigschnabl S., Gleiss A., Brigger B., Wanders R., Just W.,
Budka H., Jungwirth S., Fischer P. and Berger J. (2011).
Peroxisomal alterations in Alzheimer's disease. Acta Neuropathol.
122, 271-283.

Laliberté J.F. and Sanfagon H. (2010). Cellular remodeling during plant
virus infection. Annu. Rev. Phytopathol. 48, 69-91.

Lam S.K., Yoda N. and Schekman R. (2011). A vesicle carrier that
mediates peroxisome protein traffic from the endoplasmic reticulum.
Proc. Natl. Acad. Sci. USA 107, 21523-21528.

Lamberto 1., Percudani R., Gatti R., Folli C. and Petrucco S. (2010).
Conserved alternative splicing of Arabidopsis transthyretin-like
determines protein localization and S-allantoin synthesis in
peroxisomes. Plant Cell 22, 1564-1574.

Lauer C., Vélkl A., Riedl S., Fahimi H.D. and Beier K. (1999).
Impairment of peroxisomal biogenesis in human colon carcinoma.
Carcinogenesis 20, 985-989.

Li X. and Gould S.J. (2002). PEX11 promotes peroxisome division
independently of peroxisome metabolism. J. Cell Biol. 156, 643-651.

Li X. and Gould S.J. (2003). The dynamin-like GTPase DLP1 is



674

Peroxisome morphology in disease

essential for peroxisome division and is recruited to peroxisomes in
part by PEX11. J. Biol. Chem. 278, 17012-17020.

Li X., Baumgart E., Dong G.X., Morrell J.C., Jimenez-Sanchez G., Valle
D., Smith K.D. and Gould S.J. (2002a). PEX11alpha is required for
peroxisome proliferation in response to 4-phenylbutyrate but is
dispensable for peroxisome proliferator-activated receptor alpha-
mediated peroxisome proliferation. Mol. Cell. Biol. 22, 8226-8240.

Li X., Baumgart E., Morrell J.C., Jimenez-Sanchez G., Valle D. and
Gould S.J. (2002b). PEX11 beta deficiency is lethal and impairs
neuronal migration but does not abrogate peroxisome function. Mol.
Cell. Biol. 22, 4358-4365.

Lindauer M., Beier K., V6lkl A. and Fahimi H.D. (1994). Zonal
heterogeneity of peroxisomal enzymes in rat liver: differential
induction by three divergent hypolipidemic drugs. Hepatology. 20,
475-486.

Lingard M.J. and Trelease R.N. (2006). Five Arabidopsis peroxin 11
homologs individually promote peroxisome elongation, division
without elongation, or aggregation. J. Cell Sci. 119, 1961-1972.

Lingard M.J., Gidda S.K., Bingham S., Rothstein S.J., Mullen R.T. and
Trelease R.N. (2008). Arabidopsis PEROXIN11c-e, FISSION1b, and
DYNAMIN-RELATED PROTEIN3A Cooperate in Cell Cycle-
Associated Replication of Peroxisomes. Plant Cell. 20, 1567-1585.

Litwin J.A. and Bilinska B. (1995). Morphological heterogeneity of
peroxisomes in cultured mouse Leydig cells. Folia Histochem.
Cytobiol. 33, 255-258.

Litwin J.A., Beier K., Volkl A., Hofmann W.J. and Fahimi H.D. (1999).
Immunocytochemical investigation of catalase and peroxisomal lipid
beta-oxidation enzymes in human hepatocellular tumors and liver
cirrhosis. Virchows Arch. 435, 486-495.

Lopez-Huertas E., Charlton W.L., Johnson B., Graham |.A. and Baker A.
(2000). Stress induces peroxisome biogenesis genes. EMBO J. 19,
6770-6777.

Ma C., Agrawal G. and Subramani S. (2011). Peroxisome assembly:
matrix and membrane protein biogenesis. J. Cell Biol. 193, 7-16.
Malick L.E. (1972). Ultrastructure of transplantable mouse hepatomas

with different growth rates. J. Natl. Cancer. Inst. 49, 1039-1055.

Masters C.J. (1996). Cellular signalling: the role of the peroxisome. Cell.
Signal. 8, 197-208.

Matsuzaki T. and Fujiki Y. (2008). The peroxisomal membrane protein
import receptor Pex3p is directly transported to peroxisomes by a
novel Pex19p- and Pex16p-dependent pathway. J. Cell Biol. 183,
1275-1286.

Mayer D., Metzger C., Leonetti P., Beier K., Benner A. and Bannasch P.
(1998). Differential expression of key enzymes of energy metabolism
in preneoplastic and neoplastic rat liver lesions induced by N-
nitrosomorpholine and dehydroepiandrosterone. Int. J. Cancer 79,
232-240.

McCartney A.W., Greenwood J.S., Fabian M.R., White K.A. and Mullen
R.T. (2005). Localization of the tomato bushy stunt virus replication
protein p33 reveals a peroxisome-to-endoplasmic reticulum sorting
pathway. Plant Cell. 17, 3513-3531.

Meinecke M., Cizmowski C., Schliebs W., Kriger V., Beck S., Wagner
R. and Erdmann R. (2010). The peroxisomal importomer constitutes
a large and highly dynamic pore. Nat. Cell Biol. 12, 273-277.

Mochizuki Y., Hruban Z., Morris H.P., Slesers A. and Vigil E.L. (1971).
Microbodies of Morris hepatomas. Cancer Res. 31, 763-773.

Mohan K.V., Som I. and Atreya C.D. (2002). Identification of a type 1
peroxisomal targeting signal in a viral protein and demonstration of
its targeting to the organelle. J. Virol. 76, 2543-2547.

Moody D.E., Reddy J.K., Lake B.G., Popp J.A. and Reese D.H. (1991).
Peroxisome proliferation and nongenotoxic carcinogenesis:
commentary on a symposium. Fundam. Appl. Toxicol. 16, 233-248.

Moore C.B. and Ting J.P. (2008). Regulation of mitochondrial antiviral
signaling pathways. Immunity. 28, 735-739.

Motley A.M. and Hettema E.H. (2007). Yeast peroxisomes multiply by
growth and division. J. Cell Biol. 178, 399-410.

Mullen R.T. and Trelease R.N. (2006). The ER-peroxisome connection
in plants: development of the "ER semi-autonomous peroxisome
maturation and replication" model for plant peroxisome biogenesis.
Biochim. Biophys. Acta 1763, 1655-1668.

Nagotu S., Saraya R., Otzen M., Veenhuis M. and van der Klei I.J.
(2008). Peroxisome proliferation in Hansenula polymorpha requires
Dnm1p which mediates fission but not de novo formation. Biochim.
Biophys. Acta 1783, 760-769.

Nagotu S., Veenhuis M. and van der Klei I.J. (2010). Divide et impera:
the dictum of peroxisomes. Traffic 11, 175-184.

Nuttall J.M., Motley A. and Hettema E.H. (2011). Peroxisome
biogenesis: recent advances. Curr. Opin. Cell Biol. 23, 421-426.
Okamoto K. and Shaw J.M. (2005). Mitochondrial Morphology and
Dynamics in Yeast and Multicellular Eukaryotes. Annu. Rev. Genet.

39, 503-536.

Opalinski L., Kiel J.A., Williams C., Veenhuis M. and van der Klei I.J.
(2011). Membrane curvature during peroxisome fission requires
Pex11. EMBO J. 30, 5-16.

Otera H. and Mihara K. (2011). Discovery of the membrane receptor for
mitochondrial fission GTPase Drp1. Small GTPases. 2, 167-172.
Otera H., Wang C., Cleland M.M., Setoguchi K., Yokota S., Youle R.J.
and Mihara K. (2010). Mff is an essential factor for mitochondrial
recruitment of Drp1 during mitochondrial fission in mammalian cells.

J. Cell Biol. 191, 1141-1158.

Palmer C.S., Osellame L.D., Laine D., Koutsopoulos O.S., Frazier A.E.
and Ryan M.T. (2011a). MiD49 and MiD51, new components of the
mitochondrial fission machinery. EMBO Rep. 12, 565-573.

Palmer C.S., Osellame L.D., Stojanovski D. and Ryan M.T. (2011b).
The regulation of mitochondrial morphology: intricate mechanisms
and dynamic machinery. Cell. Signal. 23, 1534-1545.

Passreiter M., Anton M., Lay D., Frank R., Harter C., Wieland F.T.,
Gorgas K. and Just W.W. (1998). Peroxisome biogenesis:
involvement of ARF and coatomer. J. Cell Biol. 141, 373-383.

Pathak K.B., Sasvari Z. and Nagy P.D. (2008). The host Pex19p plays a
role in peroxisomal localization of tombusvirus replication proteins.
Virology 379, 294-305.

Poirier Y., Antonenkov V.D., Glumoff T. and Hiltunen J.K. (20086).
Peroxisomal beta-oxidation--a metabolic pathway with multiple
functions. Biochim. Biophys. Acta 1763, 1413-1426.

Poll-The B.T., Roels F., Ogier H., Scotto J., Vamecq J., Schutgens R.B.,
Wanders R.J., van Roermund C.W., van Wijland M.J., Schram A.W.,
Tager J.M. and Saudubray J.M. (1988). A new peroxisomal disorder
with enlarged peroxisomes and a specific deficiency of acyl-CoA
oxidase (pseudo-neonatal adrenoleukodystrophy). Am. J. Hum.
Genet. 42, 422-434.

Praefcke G.J. and McMahon H.T. (2004). The dynamin superfamily:
universal membrane tubulation and fission molecules? Nat. Rev.
Mol. Cell Biol. 5, 133-147.

Purdue P.E. and Lazarow P.B. (2001). Peroxisome biogenesis. Annu.
Rev. Cell Dev. Biol. 17, 701-752.

Pyper S.R., Viswakarma N., Yu S. and Reddy J.K. (2010). PPARalpha:
energy combustion, hypolipidemia, inflammation and cancer. Nucl.



675

Peroxisome morphology in disease

Recept. Signal. 8, e002.

Qi C., Zhu Y., Pan J., Usuda N., Maeda N., Yeldandi A.V., Rao M.S.,
Hashimoto T. and Reddy J.K. (1999). Absence of spontaneous
peroxisome proliferation in enoyl-CoA Hydratase/L-3-hydroxyacyl-
CoA dehydrogenase-deficient mouse liver. Further support for the
role of fatty acyl CoA oxidase in PPARalpha ligand metabolism. J.
Biol. Chem. 274, 15775-15780.

Rakhshandehroo M., Knoch B., Miller M. and Kersten S. (2010).
Peroxisome proliferator-activated receptor alpha target genes.
PPAR Res. 2010, pii 612089.

Rambold A.S., Kostelecky B., Elia N. and Lippincott-Schwartz J. (2011).
Tubular network formation protects mitochondria from
autophagosomal degradation during nutrient starvation. Proc. Natl.
Acad. Sci. USA 108, 10190-10195.

Reddy J.K. and Hashimoto T. (2001). Peroxisomal beta-oxidation and
peroxisome proliferator-activated receptor alpha: an adaptive
metabolic system. Annu. Rev. Nutr. 21, 193-230.

Reddy J.K. and Lalwani N.D. (1983). Carcinogenesis by hepatic
peroxisome proliferators: Evaluation of the risk of hypolipidemic
drugs and industrial plasticizers to humans. Crit. Rev. Toxicol. 12, 1-
58.

Reddy J.K., Azarnoff D.L. and Hignite C.E. (1980). Hypolipidaemic
hepatic peroxisome proliferators form a novel class of chemical
carcinogens. Nature 283, 397-398.

Reddy J.K., Warren J.R., Reddy M.K. and Lalwani N.D. (1982). Hepatic
and renal effects of peroxisome proliferators: biological implications.
Ann. NY Acad. Sci. 386, 81-110.

Rehwinkel J., Tan C.P., Goubau D., Schulz O., Pichimair A., Bier K.,
Robb N., Vreede F., Barclay W., Fodor E. and Reis e Sousa C.
(2010). RIG-I detects viral genomic RNA during negative-strand
RNA virus infection. Cell 140, 397-408.

Reumann S., Quan S., Aung K., Yang P., Manandhar-Shrestha K.,
Holbrook D., Linka N., Switzenberg R., Wilkerson C.G., Weber A.P.,
Olsen L.J. and Hu J. (2009). In-depth proteome analysis of
Arabidopsis leaf peroxisomes combined with in vivo subcellular
targeting verification indicates novel metabolic and regulatory
functions of peroxisomes. Plant Physiol. 150, 125-143.

Roels F., Espeel M., Pauwels M., De Craemer D., Egberts H.J. and van
der Spek P. (1991). Different types of peroxisomes in human
duodenal epithelium. Gut 32, 858-865.

Rucktéschel R., Halbach A., Girzalsky W., Rottensteiner H. and
Erdmann R. (2010). De novo synthesis of peroxisomes upon
mitochondrial targeting of Pex3p. Eur. J. Cell Biol. 89, 947-954.

Rucktéschel R., Girzalsky W. and Erdmann R. (2011). Protein import
machineries of peroxisomes. Biochim. Biophys. Acta 1808, 892-900.

Santel A. and Frank S. (2008). Shaping mitochondria: The complex
posttranslational regulation of the mitochondrial fission protein
DRP1. IUBMB Life 60, 448-455.

Saraya R., Krikken A.M., Veenhuis M. and van der Klei I.J. (2011).
Peroxisome reintroduction in Hansenula polymorpha requires Pex25
and Rho1. J. Cell Biol. 193, 885-900.

Sato K., Ito K., Kohara H., Yamaguchi Y., Adachi K. and Endo H.
(1992). Negative regulation of catalase gene expression in
hepatoma cells. Mol. Cell. Biol. 12, 2525-2533.

Schoonjans K., Staels B. and Auwerx J. (1996). Role of the peroxisome
proliferator-activated receptor (PPAR) in mediating the effects of
fibrates and fatty acids on gene expression. J. Lipid Res. 37, 907-
925.

Schrader M. (2001). Tubulo-reticular clusters of peroxisomes in living

COS-7 cells: dynamic behavior and association with lipid droplets. J.
Histochem. Cytochem. 49, 1421-1429.

Schrader M. (2006). Shared components of mitochondrial and
peroxisomal division. Biochim. Biophys. Acta 1763, 531-541.

Schrader M. and Fahimi H.D. (2006a). Peroxisomes and oxidative
stress. Biochim. Biophys. Acta 1763, 1755-1766.

Schrader M. and Fahimi H.D. (2006b). Growth and division of
peroxisomes. Int. Rev. Cytol. 255, 237-290.

Schrader M. and Fahimi H.D. (2008). The peroxisome: still a mysterious
organelle. Histochem. Cell Biol. 129, 421-440.

Schrader M. and Yoon Y. (2007). Mitochondria and peroxisomes: are
the 'big brother' and the 'little sister' closer than assumed?
BioEssays. 29, 1105-1114.

Schrader M., Baumgart E., VOlkl A. and Fahimi H.D. (1994).
Heterogeneity of peroxisomes in human hepatoblastoma cell line
HepG2. Evidence of distinct subpopulations. Eur. J. Cell Biol. 64,
281-294.

Schrader M., Burkhardt J.K., Baumgart E., Liers G., Spring H., Volkl A.
and Fahimi H.D. (1996). Interaction of microtubules with
peroxisomes. Tubular and spherical peroxisomes in HepG2 cells
and their alterations induced by microtubule-active drugs. Eur. J.
Cell Biol. 69, 24-35.

Schrader M., Krieglstein K. and Fahimi H.D. (1998a). Tubular
peroxisomes in HepG2 cells: selective induction by growth factors
and arachidonic acid. Eur. J. Cell Biol. 75, 87-96.

Schrader M., Reuber B.E., Morrell J.C., Jimenez-Sanchez G., Obie C.,
Stroh T.A., Valle D., Schroer T.A. and Gould S.J. (1998b).
Expression of PEX11beta mediates peroxisome proliferation in the
absence of extracellular stimuli. J. Biol. Chem. 273, 29607-29614.

Schrader M., Wodopia R. and Fahimi H.D. (1999). Induction of tubular
peroxisomes by UV irradiation and reactive oxygen species in
HepG2 cells. J. Histochem. Cytochem. 47, 1141-1148.

Schrader M., King S.J., Stroh T.A. and Schroer T.A. (2000). Real time
imaging reveals a peroxisomal reticulum in living cells. J. Cell Sci.
113, 3663-3671.

Schrader M., Thiemann M. and Fahimi H.D. (2003). Peroxisomal motility
and interaction with microtubules. Microsc. Res. Tech. 61, 171-178.

Shimozawa N., Nagase T., Takemoto Y., Suzuki Y., Fujiki Y., Wanders
R.J. and Kondo N. (2002). A novel aberrant splicing mutation of the
PEX16 gene in two patients with Zellweger syndrome. Biochem.
Biophys. Res. Commun. 292, 109-112.

Sinclair A.M., Trobacher C.P., Mathur N., Greenwood J.S. and Mathur J.
(2009). Peroxule extension over ER-defined paths constitutes a
rapid subcellular response to hydroxyl stress. Plant J. 59, 231-
242.

Smith J.J., Brown T.W., Eitzen G.A. and Rachubinski R.A. (2000).
Regulation of peroxisome size and number by fatty acid beta -
oxidation in the yeast yarrowia lipolytica. J. Biol. Chem. 275, 20168-
20178.

Steinberg S.J., Dodt G., Raymond G.V., Braverman N.E., Moser A.B.
and Moser H.W. (2006). Peroxisome biogenesis disorders. Biochim.
Biophys. Acta 1763, 1733-1748.

Svoboda D.J. and Azarnoff D.L. (1966). Response of hepatic
microbodies to a hypolipidemic agent, ethyl chlorophenoxy-
isobutyrate (CPIB). J. Cell Biol. 30, 442-450.

Takeuchi T., Nakamura S., Kayasuga A., Isa S. and Sato K. (2000).
Multiple elements for negative regulation of the rat catalase gene
expression in dedifferentiated hepatoma cells. J. Biochem. 128,
1025-1031.



676

Peroxisome morphology in disease

Tanabe Y., Maruyama J.I., Yamaoka S., Yahagi D., Matsuo I., Tsutsumi
N. and Kitamoto K. (2011). Peroxisomes are involved in biotin
biosynthesis in Aspergillus and Arabidopsis. J. Biol. Chem. 286,
30455-30461.

Tanaka A., Okumoto K. and Fujiki Y. (2003). cDNA cloning and
characterization of the third isoform of human peroxin Pex11p.
Biochem. Biophys. Res. Commun. 300, 819-823.

Tanaka A., Kobayashi S. and Fujiki Y. (2006). Peroxisome division is
impaired in a CHO cell mutant with an inactivating point-mutation in
dynamin-like protein 1 gene. Exp. Cell Res. 312, 1671-1684.

Thoms S. and Erdmann R. (2005). Dynamin-related proteins and Pex11
proteins in peroxisome division and proliferation. FEBS J. 272,
5169-5181.

Thurman R.G. and Handler J.A. (1989). New perspectives in catalase-
dependent ethanol metabolism. Drug. Metab. Rev. 20, 679-688.
Titorenko V.I. and Rachubinski R.A. (2004). The peroxisome:
orchestrating important developmental decisions from inside the cell.

J. Cell Biol. 164, 641-645.

Titorenko V.. and Terlecky S.R. (2011). Peroxisome metabolism and
cellular aging. Traffic 12, 252-259.

van den Bosch H., Schutgens R.B., Wanders R.J. and Tager J.M.
(1992). Biochemistry of peroxisomes. Annu. Rev. Biochem. 61, 157-
197.

van der Zand A., Braakman |. and Tabak H.F. (2010). Peroxisomal
membrane proteins insert into the endoplasmic reticulum. Mol. Biol.
Cell. 21, 2057-2065.

van Roermund C.W., Tabak H.F., van Den Berg M., Wanders R.J. and
Hettema E.H. (2000). Pex11p plays a primary role in medium-chain
fatty acid oxidation, a process that affects peroxisome number and
size in Saccharomyces cerevisiae. J. Cell Biol. 150, 489-498.

Wakabayashi J., Zhang Z., Wakabayashi N., Tamura Y., Fukaya M.,
Kensler T.W., lijima M. and Sesaki H. (2009). The dynamin-related
GTPase Drp1 is required for embryonic and brain development in
mice. J. Cell Biol. 186, 805-816.

Wanders R.J. (2004a). Metabolic and molecular basis of peroxisomal
disorders: a review. Am. J. Med. Genet. A. 126A, 355-375.

Wanders R.J. (2004b). Peroxisomes, lipid metabolism, and peroxisomal
disorders. Mol. Genet. Metab. 83, 16-27.

Wanders R.J. and Waterham H.R. (2006a). Biochemistry of mammalian
peroxisomes revisited. Annu. Rev. Biochem. 75, 295-332.

Wanders R.J. and Waterham H.R. (2006b). Peroxisomal disorders: the
single peroxisomal enzyme deficiencies. Biochim. Biophys. Acta

1763, 1707-1720.

Waterham H.R., Koster J., van Roermund C.W., Mooyer P.A., Wanders
R.J. and Leonard J.V. (2007). A lethal defect of mitochondrial and
peroxisomal fission. N. Engl. J. Med. 356, 1736-1741.

Weller S., Gould S.J. and Valle D. (2003). Peroxisome biogenesis
disorders. Annu. Rev. Genomics Hum. Genet. 4, 165-211.

Westermann B. (2010). Mitochondrial fusion and fission in cell life and
death. Nat. Rev. Mol. Cell Biol. 11, 872-884.

Yamamoto K. and Fahimi H.D. (1987a). Biogenesis of peroxisomes in
regenerating rat liver. |. Sequential changes of catalase and urate
oxidase detected by ultrastructural cytochemistry. Eur. J. Cell Biol.
43, 293-300.

Yamamoto K. and Fahimi H.D. (1987b). Three-dimensional
reconstruction of a peroxisomal reticulum in regenerating rat liver:
evidence of interconnections between heterogeneous segments. J.
Cell Biol. 105, 713-722.

Yan M., Rayapuram N. and Subramani S. (2005). The control of
peroxisome number and size during division and proliferation. Curr.
Opin. Cell Biol. 17, 376-383.

Yonekawa S., Furuno A., Baba T., Fujiki Y., Ogasawara Y., Yamamoto
A., Tagaya M. and Tani K. (2011). Sec16B is involved in the
endoplasmic reticulum export of the peroxisomal membrane
biogenesis factor peroxin 16 (Pex16) in mammalian cells. Proc. Natl.
Acad. Sci. USA 108, 12746-12751.

Yoneyama M., Kikuchi M., Natsukawa T., Shinobu N., Imaizumi T.,
Miyagishi M., Taira K., Akira S. and Fujita T. (2004). The RNA
helicase RIG-1 has an essential function in double-stranded
RNA-induced innate antiviral responses. Nat. Immunol. 5, 730-
737.

Yoon Y., Krueger E.W., Oswald B.J. and McNiven M.A. (2003). The
mitochondrial protein hFis1 regulates mitochondrial fission in
mammalian cells through an interaction with the dynamin-like protein
DLP1. Mol. Cell. Biol. 23, 5409-5420.

Yu S., Rao S. and Reddy J.K. (2003). Peroxisome proliferator-activated
receptors, fatty acid oxidation, steatohepatitis and hepato-
carcinogenesis. Curr. Mol. Med. 3, 561-572.

Zhao J., Liu T., Jin S., Wang X., Qu M., Uhlén P., Tomilin N., Shupliakov
O., Lendahl U. and Nistér M. (2011). Human MIEF1 recruits Drp1 to
mitochondrial outer membranes and promotes mitochondrial fusion
rather than fission. EMBO J. 30, 2762-2778.

Accepted January 3, 2012



