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Abstract 

 

Zellweger syndrome (ZS) is the most severe form of a spectrum of disorders 

resulting from mutations in PEX genes, genes that encode proteins necessary for 

peroxisome biogenesis. Loss of functional peroxiosmes leads to disruption of multiple 

metabolic pathways involving the peroxisome, including very long chain fatty acid 

oxidation and plasmalogen and bile acid synthesis. ZS patients exhibit a range of 

clinical abnormalities, including facial dysmorphism, cataracts, hypotonia, seizures, 

psychomotor retardation, and hearing impairment. In terms of tissue pathology, there 

are also wide ranging effects, including neuronal migration defects, hepatomegaly, 

retinopathy, and renal cysts. Pex13 encodes a peroxisomal membrane protein that is 

essential for peroxisome biogenesis. Previous work in this laboratory resulted in the 

generation of a Pex13-null mouse model for the purpose of investigating the 

pathogenesis of Zellweger syndrome. The work in the first part of this thesis extends 

these studies and describes the generation and initial characterisation of tissue-

specific Pex13 mouse models. These tissue-specific models are expected be useful 

tools for analysis of the impact of localised, brain- and liver-specific elimination of 

peroxisomes on the pathogenesis of ZS. In addition, in the second part of the thesis, 

a separate and novel hypothesis is addressed as an explanation for the molecular 

pathogenesis of ZS, through investigating the relationship between reduced 

peroxisome abundance and microtubule-mediated peroxisome trafficking. 

 

Pex13 brain mutant mice were generated by mating the previously generated 

Pex13-floxed mice with mice expressing Cre recombinase under the control of the 

neuron-specific rat nestin promoter. Pex13 brain mutant mice displayed growth 

retardation beginning at day 5 postnatal, with gradual deterioration until death at 

approximately day 22 postnatal. Other clinical features included contracted postures, 

under-developed lower body mass, abnormal and unsteady gait, and abnormal motor 

coordination. In terms of brain metabolic function, these mice exhibited significant 

defects in plasmalogen synthesis, but, surprisingly, VLCFA levels were similar to 

those of littermate control mice. Significantly, peroxisome elimination in brain resulted 

in increased levels of plasmalogen levels in liver of Pex13 brain mutant mice. 

Consistent with the expected pathology resulting from deficiency of brain 

peroxisomes, brain mutants exhibited defective neuronal migration characterised by 

increased cellular density in the intermediate zone of the neocortex. Microarray 

analysis of total brain RNA from Pex13 brain mutants revealed several functionally-
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linked pathways associated with the differentially expressed genes, including cell-cell 

signalling, cell compromise/death, lipid metabolism, cell movement, and serotonin 

synthesis. 

 

Pex13 liver mutant mice were similarly generated by crossing Pex13-floxed 

mice with mice expressing Cre recombinase under the control of the rat albumin 

promoter. In contrast to Pex13 brain mutants, liver mutants display only a growth 

retardation phenotype beginning at postnatal day 30, resulting in mice weighing 25% 

less than control animals. Biochemically, Pex13 liver mutants displayed significant 

increases in VLCFA levels in liver, however liver plasmalogen levels were normal. 

Unlike the situation in Pex13 brain mutants, elimination of peroxisomes from liver did 

not result in metabolic changes in brain of Pex13 liver mutants. Light microscopic 

analysis of liver tissue sections revealed evidence for hepatocyte damage, as 

demonstrated by the increased presence of granulomas, Kupffer cells, and cells 

undergoing apoptosis. The potential involvement of the insulin/IGF-TOR signalling 

pathway in the growth retardation of liver mutant mice was assessed, but this 

revealed no change to levels of IRS-1 and p70S6K, two components of this pathway. 

 

A common feature of a number of peroxisomal disorders is reduced 

peroxisome (remnant) abundance. To test the hypothesis that microtubule-

mediated peroxisome trafficking is perturbed in cells with reduced abundance 

and altered cytoplasmic distribution of remnant peroxisomes, immunofluorescence 

analysis was carried out on peroxisomal disorder patient cell lines and fibroblast cells 

from the Pex13-null mouse model. Remnant peroxisomes in fibroblasts from patients 

with PEX1-null Zellweger syndrome or D-BP deficiency exhibited clustering and loss 

of alignment along peripheral microtubules. Similar effects were observed for both 

cultured embryonic fibroblasts and brain neurons from the PEX13-null ZS mouse, 

and a less-pronounced effect was observed for fibroblasts from an infantile Refsum 

patient who was homozygous for a milder PEX1 mutation. By contrast, such changes 

were not seen for patients with peroxisomal disorders characterized by normal 

peroxisome abundance and size. Stable overexpression of PEX11�� to induce 

peroxisome proliferation largely re-established the alignment of peroxisomal 

structures along peripheral microtubules in both PEX1-null and D-BP-deficient cells. 

In D-BP-deficient cells, peroxisome division was apparently driven to completion, as 

induced peroxisomal structures were similar to the spherical parental structures. By 

contrast, in PEX1-null cells the majority of induced peroxisomal structures were 

elongated and tubular. These structures were apparently blocked at the division step, 
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despite having recruited DLP1, a protein necessary for peroxisome fission. These 

findings indicate that the increased size, reduced abundance, and disturbed 

cytoplasmic distribution of peroxisomal structures in PEX1-null and D-BP-deficient 

cells reflect defects at different stages in peroxisome proliferation and division, 

processes that require association of these structures with, and dispersal along, 

microtubules. 

 

In summary, this thesis describes the generation and initial characterisation of 

tissue-specific Pex13 mouse mutants as tools for investigating Zellweger syndrome 

pathology. In addition, it also provides novel information regarding the role of 

microtubule-mediated peroxisome trafficking in peroxisome distribution and 

morphology in cells from patients with peroxisomal disorders. 
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1.1 Introduction 

Peroxisome biogenesis is regulated by PEX genes, and facilitated by the 

products of those genes, proteins called peroxins.  Mutations in PEX genes result in 

defective peroxisome biogenesis, leading to a set of disorders in humans termed 

peroxisome biogenesis disorders (PBDs).  The PEX13 gene encodes a protein that is 

essential for the two major matrix protein imports pathways of the peroxisome, and 

mutations in this protein in humans have been shown to be responsible for a subset of 

the PBDs. Mouse gene knockout models have become one of the most powerful tools 

for simulating, and thus investigating, disorders that affect humans.  Accordingly, and 

because PEX genes have been shown to be highly conserved in eukaryotes, mice with 

disrupted PEX genes are providing relevant animal models for studying the underlying 

causes of the corresponding human genetic disorders. In this project, Pex13-knockout 

and conditional mouse models have been developed and analysed as models of 

Zellweger syndrome, the most severe biogenesis disorder, and as a means to dissect 

the molecular basis of this disorder. 

 

 

1.2 Peroxisomes – a background 

Peroxisomes are ubiquitous, subcellular organelles that are present in almost 

all eukaryotic cells, and are involved in many important metabolic processes in both 

plants and animals.   

 

Morphologically, peroxisomes are spherical or ovoid in shape, and range from 

0.1 to 1.5 �Pm in diameter. They are enclosed by a single trilaminar membrane of 4.5 to 

8.0 nm thickness (Figure 1.1). First observed by Rhodin in 1954, peroxisomes were 

initially assigned the term “microbody”. This term was used to describe the 

morphological appearance of the small vesicular compartment observed during 

electron microscopy of mouse kidney cells (Rhodin, 1954).    It wasn’t until 1966,   

when the biochemical  nature  of  these “microbodies” was elucidated   by   de Duve   

and co��workers,  that  it  was  discovered  that  these organelles contain the  enzymes 

urate oxidase (uricase), D��amino acid oxidase, and catalase (de Duve and Baudhuin, 

1996). The oxidases produce hydrogen peroxide which is then reduced to water by 

catalase. It was on the basis of this observation that de Duve renamed these 

organelles “peroxisomes”. 

 

 2



Chapter 1                                                                                                        Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1    Electron micrograph of a peroxisome (P) in rat liver, with mitochondria (M) 

and rough endoplasmic reticulum (at right). Bar = 0.5�Pm (From Masters and Crane, 

1995). 

 

 

 

 

1.3 Metabolic Functions of Peroxisomes 

In addition to the degradation of hydrogen peroxide, peroxisomes carry out and 

participate in numerous other metabolic functions and pathways through the use of 

more than fifty enzymes. These enzymes include catalase, oxidases, dehydrogenases, 

acyl-transferases, amino-transferases and synthetases. Among the most prominent 

metabolic processes that peroxisomes perform (in addition to the production and 

degradation of hydrogen peroxide) are the �E��oxidation of long and very long chain fatty 

acids (VLCFA) (Lazarow, 1978), and the synthesis of bile acids and ether-

phospholipids    (van den Bosch et al.,   1992;   Masters   and   Crane,   1995).    Other 

metabolic activities include synthesis of cholesterol (Thompson et al., 1987), and amino 

acid and nucleotide metabolism (van den Bosch et al., 1992).   
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1.3.1 Fatty Acid �� -oxidation  

��-oxidation of fatty acids is an important metabolic process that was initially 

thought to be exclusive to mitochondria. It is now well established that peroxisomes are 

also capable of carrying out this process; in fact, peroxisomes are the major site for ��-

oxidation of VLCFA (Lazarow, 1978) and some long chain fatty acids. Other substrates 

for the peroxisomal ��-oxidation system include branched-chain compounds such as 

phytanic acid, linolenic acid, and cholesterol, which all derive from either endogenous 

synthesis or dietary sources. Fig 1.2 depicts the enzymatic pathways of the 

peroxisomal fatty acid ��-oxidation system. VLCFA, such as C24:0 or C26:0 species, 

and branched chain fatty acids such as pristanic acid and di- and tri-

hydroxycholestanoic acid are converted to their coenzyme A esters before entering the 

peroxisome. Pristanic acid is the product of �.-oxidation of phytanic acid, a process that 

removes the methyl group from the 3-position – the presence of this methyl group 

inhibits branched-chain fatty acid ��-oxidation. Once inside the organelle, straight-chain 

and branched-chain fatty acids are oxidized by different sets of enzymes that include 

acyl-CoA oxidases, D-bifunctional protein, and thiolases to produce C26:0-CoA and 

4,8,12-trimethyl tridecanoyl-CoA respectively. ��-oxidation of cholesterol is achieved via 

the same set of enzymes as those employed for branched-chain fatty acids to yield 

choloyl-CoA esters. 

 

 

1.3.2 Plasmalogen biosynthesis 

The biosynthesis of plasmalogens is another important process that involves 

peroxisomes. The biological roles of these specialized ether-phospholipids are not at 

present clearly established, however there has been evidence to suggest functions as 

antioxidants (Reiss et al., 1997), mediators of membrane dynamics (Glaser and Gross, 

1994; Lohner et al., 1991), and in signal transduction (Farrooqui et al., 1995; Di Marzo, 

1995).  The  plasmalogen  biosynthesis  pathway  is  shared  between  the  

peroxisome,  where  it begins,  and  the  endoplasmic  reticulum  (ER)  where it ends 

(reviewed in Brites et al., 2004). Briefly, dihydroxyacetone phosphate (DHAP) is 
converted to 1-acyl-DHAP in the peroxisome by dihydroxyacetone phosphate 

acyltransferase (DHAP-AT), followed by introduction of an ether bond to yield 1-alkyl-

DHAP.  The next step involves the reduction of 1-alkyl-DHAP to 1-alkyl-glycerol-3-

phospate by the enzyme acyl/alkyl-dihydroxyacetone phosphate reductase. The 

remaining steps of the pathway are carried out in the endoplasmic reticulum. 
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Figure 1.2.  Schematic diagram of the peroxisomal �� -oxidation pathway.  The 

details of the ��-oxidation pathway is described in the text. VLCFA, very long chain fatty 

acid; THCA-CoA, trihydroxycholestanoic acid coenzyme A. (Adapted from Clayton, 

2001) 
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1.3.3 Bile acid synthesis 

Bile acids are derivatives of cholesterol that have a role in lipid emulsification in 

the small intestine. Bile acids are synthesized via a process that takes place in the 

cytoplasmic,   mitochondrial,   ER, and   peroxisomal   compartments.    A detailed 

description of the pathway has been recently reviewed (Chiang et al., 2004). 

Cholesterol undergoes a series of enzymatic alterations in different compartments to 

produce either 3�., 7�., 12�. -trihydroxy-5��-cholestanoic-CoA (THCA-CoA) or 3�., 7�.-

dihydroxy-5��-cholestanoic- CoA (DHCA-CoA). The steps of the synthesis pathway that 

take place in peroxisomes are the same as those for ��-oxidation of fatty acids. The 

side-chains of THCA-CoA and DHCA-CoA are cleaved to yield cholic acid and 

chenodeoxycholic acid, respectively. 

 

 

1.4 Peroxisome biogenesis  

 In recent years genetic and proteomic approaches in several different models 

have resulted in the elucidation of 32 proteins, collectively known as peroxins, required 

for peroxisome biogenesis (Table 1.1).  The most widely accepted model of 

peroxisome biogenesis for more than two decades suggests that these organelles are 

formed through a fission model. Proponents of this model postulate that new 

peroxisomes are formed through division of pre-existing ones into daughter 

peroxisomes (Lazarow and Fujiki, 1985).  Biogenesis is thus propagated through the 

formation of a membrane followed by the import of peroxisomal proteins through these 

membranes. These nuclear encoded proteins are synthesized on free cytosolic 

polyribosomes and imported post-translationally into the growing peroxisomes. 

 

Recent evidence points to a possible alternative de novo pathway for 

peroxisome biogenesis. The results of studies in yeast (Titorenko et al., 1996; 

Titorenko and Rachubinski, 2000) have formed the basis for a model that implicates 

the involvement of the endoplasmic reticulum (ER) in the formation of peroxisomes.    It  

is interesting to note that the original model of peroxisome biogenesis did in fact 

suggest the involvement of the ER, but this model gave way to the prevailing ‘growth 

and division’ model (Lazarow and Fujiki, 1985). The   re-emergence   of   the   ‘ER-

vesicular”   model   has   resulted   from   the observation that in Yarrowia lipolytica, 

Pex2p and Pex16p, two integral membrane proteins of the peroxisome, traffic from
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Table 1.1   Summary of peroxins involved in peroxisome biogenesisa 

Peroxin  Species b
 Characteristics c

 

Pex1p Y, H Cytoplasmic AAA-protein required for peroxisomal matrix protein import 

Pex2p Y, H Integral PMP involved in matrix protein-receptor translocation 

Pex3p Y, H Integral PMP involved in peroxisomal membrane assembly 

Pex4p Y Peripheral PMP E2-ubiquitin conjugating enzyme required for peroxisomal 
protein import 

Pex5p Y, H Mainly cytoplasmic, partly peroxisomal receptor for PTS1 proteins 

Pex6p Y, H  Mainly cytoplasmic AAA-protein required for matrix protein import 

Pex7p Y, H Mainly cytoplasmic WD-protein, receptor of PTS proteins 

Pex8p Y Luminal PMP involved in matrix protein-receptor translocation 

Pex9p Yl only Integral PMP involved in matrix protein import 

Pex10p H, Y Integral PMP, zinc RING finger protein involved in matrix protein import 
downstream of receptor docking 

Pex11p H, Y Integral PMP involved in peroxisome division and proliferation 

Pex12p H, Y Integral PMP, zinc RING finger protein required for matrix protein import 
downstream of receptor docking 

Pex13p H, Y Integral PMP, SH3-protein involved in receptor docking with Pex14p 

Pex14p H, Y  PMP acting as initial site for receptor docking 

Pex15p Sc only Integral PMP, membrane anchor for Pex6p 

Pex16p H, Y Integral PMP required for peroxisomal membrane assembly together with 
Pex3p and Pex19p 

Pex17p Sc only Peripheral PMP required for matrix protein import 

Pex18p Sc only Mainly cytoplasmic peroxin required for PTS2 protein import 

Pex19p Y, H Mainly cytoplasmic PMP receptor 

Pex20p Yl only Mainly cytoplasmic peroxin required for PTS2 protein import and thiolase 
oligomerization in Yl 

Pex21p Sc only Mainly cytoplasmic peroxin required for PTS2 protein import in Sc, binds 
Pex7p 

Pex22p Sc only Integral PMP involved in matrix protein import, membrane anchor for Pex4p 

Pex23p Yl only Integral PMP involved in matrix protein import 

Pex24p Yl only Integral PMP involved in peroxisome assembly 

Pex25p Sc only Peripheral PMP involved in regulating peroxisome size, number, and 
distribution together with Pex28p, Pex29p, and Vps1 

Pex26p H Integral PMP involved in matrix protein import, recruits Pex1p-Pex6p 
complex to peroxisomal membrane 

Pex27p Sc only Peripheral PMP, controls peroxisome size and number, extensive 
sequence similarity to Pex11p and Pex25p  

Pex28p Yl only Integral PMP involved in regulating peroxisome size, number, and 
distribution together with Pex25p, Pex29p, and Vps1 

Pex29p Yl only Integral PMP involved in regulating peroxisome size and proliferation 
together with Pex25p, Pex28p, and Vps1 

Pex30p Sc only Integral PMP involved in regulating peroxisome size and proliferation 
together with Pex28p, Pex29p, Pex31p and Pex32p 

Pex31p Sc only Integral PMP involved in regulating peroxisome size and proliferation 
together with Pex28p, Pex29p, Pex30p and Pex32p 

Pex32p Sc only Integral PMP involved in regulating peroxisome size and proliferation 
together with Pex28p, Pex29p, Pex30p and Pex31p 
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a Adapted from Wanders and Waterham, 2004. Detailed descriptions of some of the 
peroxins is presented in the text.  
b Y, yeast; H, human.  
c AAA, ATPases associated with diverse cellular activities; Yl,Yarrowia lipolytica; Sc; 
Saccharomyces cerevisiae.  
 

 

 

their site of synthesis in the cytoplasm to the ER, which then acts as a source of 

peroxisomal membrane protein (PMP)-containing pre-peroxisomal  vesicles.        These 

vesicles are then thought to bud off from the ER, fuse with each other to form larger 

pre-peroxisomal vesicles, and finally import matrix proteins and other PMPs from the 

cytoplasm to eventually form mature peroxisomes (Titorenko and Rachubinski, 2001). 

 

Furthermore, for Saccharomyces cerevisiae, it has been suggested that another 

PMP, Pex15p, is also localized in the ER (Elgersma et al., 1997).  However this has 

been countered by a recent study, which found that the localization of Pex15p in the 

ER was an artifact of over-expression and that Pex15p does not usually traffic through 

the ER (Hettema et al., 2000). 

 

There is still ongoing debate regarding which model represents an accurate 

depiction of peroxisome biogenesis. Recent accumulated results from yeast studies 

and studies previously done on human PEX genes and fibroblasts may be considered 

together to accommodate the possibility of two pathways for this process: a major 

pathway involving the synthesis by growth and division of pre-existing peroxisomes, 

and a minor pathway involving the ER (Gould and Valle, 2000). 

 

1.4.1 Peroxisome targeting signals 

Peroxisomal matrix proteins, comprising the majority of proteins and enzymes 

that catalyze the numerous metabolic reactions of peroxisomes, are encoded by 

nuclear genes and synthesized on free (cytoplasmic) polyribosomes and post-

translationally imported into   peroxisomes.    The   mechanism   by   which   proteins   

are   directed   to peroxisomes for importation involves specific peroxisome targeting 

signals – either peroxisome targeting signal 1 (PTS1) or PTS2. Peroxisomal membrane 

protein import is believed to involve targeting signals separate from PTS1 and PTS2 

(McCammon et al., 1994); these signals are discussed later in this section. 
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 PTS1 is the targeting signal that directs approximately 90% of all matrix 

proteins to peroxisomes, and consists of the tripeptide sequence serine-lysine-leucine 

(SKL), or a conserved variant of this sequence, at the carboxyl terminus (Gould et al., 

1989). Subsequent studies have identified Pex5p as the receptor for PTS1. Pex5 

contains a tetratricopeptide repeat (TPR) domain that binds the PTS1 signal (McCollum 

et al., 1993). TPR family proteins are characterized by 6 or 7 direct repeats in their 

C��terminal regions of a 34-amino acid motif that mediates protein-protein interactions 

(Blatch and Lassle, 1999).  

 

 PTS2 is the targeting signal that directs the few (approximately 10%) matrix 

bound proteins that are not PTS1-mediated.  The PTS2 is usually located between 2 to 

12 residues from the amino-terminus and has the consensus sequence 

R/K��L��X5��Q/H��L, where X is any residue (Swinkels et al, 1991). The receptor for 

PTS2 proteins is Pex7p, a member of the WD��40 protein family (Marzioch et al., 1994) 

which are characterized by repeats of approximately 40 amino��acid residues 

containing a central Trp��Asp motif, and implicated in interactions with TPR containing 

proteins. 

 

In a similar process to that for matrix proteins, PMPs are also synthesized on 

free polyribosomes and imported post-translationally from the cytoplasm. The import of 

PMPs, however, appears to be independent of the mechanism by which matrix proteins 

are imported. This was demonstrated by studies of mutants defective in PTS1- and 

PTS2-mediated protein import, in which peroxisomal membrane formation and protein 

insertion is unaffected (Santos et al., 1988; Erdmann and Blobel, 1996; Gould et al.,  

1996).   There   have   been   several attempts to elucidate the membrane-targeting 

signal (mPTS) for PMPs, however only for a small number of PMPs have defined 

sequences been proposed. Furthermore, these sequences do not show a clear 

consensus, as summarized in Table 1.2. Some PMPs have been shown to harbour 

multiple targeting signals (Jones et al., 2001; Brosius et al., 2002). A proposed reason 

for multiple mPTS might be that they are required for targeting to different populations 

of peroxisomes (Wang et al., 2004). This reasoning is of relevance to higher 

eukaryotes such as plants, which produce different populations of peroxisomes during 

development. 
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Table 1.2   Summary of mPTS sequences identified to date for PMPs  

PMPa Species b Proposed mPTS sequence c Reference 

Pex3p Y, H RX(K/R)XK Baerends et al, 2000 

Pmp47 Y KIKKR,  Dyer et al., 1996 

Peroxisomal APXd P RKRMK-COOH Mullen and Trelease, 
2000 

Pmp22 R Y3xL3xP3x(KQN) Pause et al., 2000 

 
a  PMP, peroxisomal membrane protein;  
b  Y, yeast; H, human, P, plant; R, rat. 
c
   mPTS, membrane-targeting signal 

d  APX, ascorbate peroxidase; 

 

 

 

 

 

 

 

 

 

 

1.4.2  Peroxisomal membrane assembly 

The formation of fully functional peroxisomes involves several processes, the 

first of which is the synthesis of the membrane lipid bilayer. Currently, there is limited 

knowledge regarding this process, however the lipid composition of the peroxisomal 

membrane has been shown to differ from that of the total cellular profile (Opperdoes et 

al., 1984). It is possible that there is a phospholipid exchange process with the ER 

(Ardail et al., 1993) or some other lipid source within the cell that delivers phospholipids 

to peroxisomes for formation of the bilayer (Purdue and Lazarow, 2001). Of the 32 

peroxins identified so far, only three – Pex3p, Pex16p, and Pex19p – have been shown 

to be essential for peroxisome membrane biogenesis (South and Gould, 1999; 

Hettema et al., 2000).  
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Pex3p is a 42-52 kDa PMP that was first identified in S. cerevisiae (Hohfeld et 

al., 1991), and subsequently in human (Kammerer et al., 1998) and mouse (Muntau et 

al., 2000).  This peroxin is anchored to the peroxisomal membrane via its N-terminus, 

while its C-terminus is exposed to the cytoplasm, where it has been shown to interact 

with Pex19p (Soukupova et al., 1999; Snyder et al., 1999), an interaction that is 

essential for peroxisome biogenesis. The existence of this interaction with Pex19p 

suggests that Pex3p acts as a docking point at the peroxisomal membrane. Indeed, 

Fang and coworkers have demonstrated that Pex3p is required for docking of Pex19p 

at peroxisomes, and interacts specifically with the docking domain of Pex19p (Fang et 

al., 2004).  

 

Pex19p is a farnesylated peroxin that is predominantly found in the cytoplasm. 

Despite being known to bind multiple PMPs (Sacksteder et al., 2000), its functional role 

in peroxisome biogenesis is controversial. The debate lies in whether Pex19p binds 

these multiple PMPs at their targeting signals, and thus acts as a cycling receptor, or 

whether it binds nonspecific hydrophobic regions and behaves more like a chaperone. 

Interestingly, Pex19p has been shown to interact with a variety of PMPs at their 

transmembrane domains and in the process stabilizes these domains during transport 

through the cytoplasm, followed by release upon insertion into the peroxisome 

membrane (Jones et al., 2004). In addition, Pex19p has been shown to bind to mPTSs 

of a number of PMPs (Jones et al., 2001, 2004; Brosius et al., 2002) and is essential 

for import of these PMPs.  It is thus conceivable that Pex19p is involved in peroxisomal 

membrane biogenesis as both a cytoplasmic chaperone and import receptor for newly 

synthesized PMPs. 

 

The final peroxin thought to be involved in PMP import is Pex16p.  Pex16p  is  

absent from most species and has only been reported for humans (Honsho et al., 

1998) and the yeast Y. lipolytica (Eitzen et al., 1997). Human Pex16p is an integral 

membrane protein with both its N- and C-termini exposed to the cytoplasm (Honsho et 

al., 2002). In Y. lipolytica, Pex16p behaves like a peripheral membrane protein located 

on the luminal side of the peroxisomal membrane (Eitzen et al., 1997). The association 

of Pex16p with peroxisomal membrane assembly is a tentative one, and is mainly 

based on the observation of human cells that are deficient in Pex16p not having 

detectable peroxisomal ghosts (Honsho et al., 1998). The exact role of Pex16p in 

membrane biogenesis is at this stage unknown, however it has been suggested that it 

may play a role at an early stage of peroxisome membrane assembly upstream of 

Pex3p and Pex19p (Honsho et al., 2002). 
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1.4.3 Matrix protein import  

Following the assembly of the peroxisomal membrane, the next step in the 

process of peroxisome biogenesis is the import of matrix proteins. Figure 1.3 is a 

diagrammatic representation of the current consensus view of matrix protein import. As 

mentioned earlier, matrix proteins are synthesized on free polyribosomes in the 

cytoplasm and imported into peroxisomes via either the PTS1 or PTS2 import pathway. 

PTS1 proteins are bound by the peroxin Pex5p, whose carboxy-terminal region 

harbours the high affinity PTS1-binding domain consisting of seven tetratricopeptide 

repeats (TPRs) (Gatto et al., 2000). The amino-terminal half of Pex5p contains multiple 

pentapeptide WXXXF/Y repeats that harbour the peroxisome targeting information 

(Otera et al., 2002).  

 

Pex7p is the cytoplasmic receptor for PTS2 proteins. In the yeast S. cerevisiae,   

Pex7p   interacts with the structurally  related,  yet  functionally redundant peroxins, 

Pex18p and Pex21p (Purdue and Lazarow, 2001). This interaction is presumed to 

mediate the binding of cargo-loaded Pex7p to the docking complex. Interestingly, 

Pex7p is present in all species studied so far, whereas Pex18p and Pex21p have only 

been found in yeast.  However, studies in mammals and the yeast Y. lipolytica have 

demonstrated that there are peroxins that have little sequence similarity to either 

Pex18p or Pex21p, but appear to serve similar functions. 

 

In mammals, there are two splice variants of Pex5p, a short form (Pex5pS) and 

a long form (Pex5pL) (Braverman et al., 1998). These two isoforms differ only through 

an extra 37 amino acids in Pex5pL, as a result of an additional exon in one of the 

alternatively spliced PEX5 transcripts. Expression of either type of Pex5p isoform 

restores PTS1 import in Pex5p-deficient cell lines, however, only Pex5pL rescues both 

PTS1 and PTS2 import in Chinese hamster ovary (CHO)  Pex5 mutants and patients 

with mutations in PEX5. It has been shown that Pex5pL directly interacts with Pex7p, 

acting as a shuttle to transport the Pex7p-PTS2 protein complex to peroxisomes 

(Matsumura et al., 2000; Otera et al., 2000). In addition, Pex20p is required for correct 

PTS2 import in the yeast Y. lipolytica (Einwachter et al., 2001). These findings suggest 

that PTS1- and PTS2-mediated protein import are inter-related, with Pex5pL also 

playing an important role in PTS2 protein import.  
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Figure 1.3.   Models of peroxisome matrix protein import.  The diagrams illustrate 

the simple (A) and extended shuttle (B) models for matrix protein import. Both models 

are described in detail in the main text. The simple shuttle import model proposes that 

the cargo protein dissociates from the receptors prior to being translocated into the 

peroxisomal lumen. In contrast, the extended shuttle model proposes that the cargo-

receptor complex is translocated intact across to the matrix side of the peroxisomal 

membrane at which point the cargo protein is released, followed by receptor recycling 

to the cytoplasm. (Adapted from Sacksteder and Gould, 2000). 
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Upon binding their respective PTS1 and PTS2 matrix cargo proteins, Pex5p 

and Pex7p are transported to the peroxisomal membrane where their first contact with 

the organelle occurs via the docking complex. This complex is comprised of Pex13p, 

Pex14p, and Pex17p. Pex13p is an integral PMP belonging to the Src-Homology 3 

(SH3) protein family, with both its C- and N-termini exposed to the cytoplasm. This 

peroxin, which is the focus of this thesis, is discussed in detail below (Section 1.7). 

Pex14p is an integral PMP that plays a pivotal role at the docking step of matrix protein 

import. At the peroxisomal membrane, Pex14p interacts with Pex13p (Fransen et al., 

1998) but also binds Pex5p and Pex7p (Schliebs et al., 1999). It was originally thought 

that Pex13p was the initial site for receptor docking, however, subsequent studies have 

shown that this role is carried out by Pex14p. These studies showed that PTS1-loaded 

Pex5p binds more effectively to Pex14p than unloaded Pex5p (Urquhart et al., 2000; 

Otera et al., 2002), and that unloaded Pex5p preferentially interacts with Pex13p.  

Subsequently, a consensus model was proposed in which cargo-laden receptors first 

bind the docking  complex  via  interaction  with  Pex14p,   followed  by  release  of  the  

cargo protein. The unloaded receptors are then transferred to Pex13p and shuttle back 

to the cytoplasm (Urquhart et al., 2000; Otera et al., 2002).  The other putative member 

of the import complex, Pex17p, is a peroxin that has been identified in the yeasts S. 

cerevisiae (Huhse et al., 1998) and P. pastoris. In S. cerevisiae, Pex17p behaves as a 

peripheral PMP and is thought to be part of the docking complex. In P. pastoris it is an 

integral PMP where it has been suggested that, apart from its role in the docking 

complex, it might also be involved in the import of PMPs (Snyder et al., 1999), however 

this notion was countered by studies which showed that S. cerevisiae and P. pastoris 

Pex17p mutants exhibited normal import of PMPs (Hettema et al., 2000; Harper et al., 

2002). The exact role of Pex17p is yet to be defined and no mammalian orthologue has 

yet been identified.  

 

Following docking at the peroxisomal membrane, the cargo or receptor-cargo 

complexes are translocated across the membrane into the organelle lumen. Very little 

is known about how this process occurs and attempts to elucidate its characteristics 

are hampered by the fact that peroxisomes import proteins in a folded, or even 

oligomeric state. Pex2p, Pex10p, and Pex12p are thought to form a complex which 

facilitates the translocation of the cargo proteins across the peroxisomal membrane. 

These three peroxins belong to the family of RING (Really Interesting New Gene) zinc 

finger proteins that contain a C3HC4 zinc-binding domain thought to mediate protein-

protein interaction. The hypothesis that these peroxins play a role downstream of 

receptor docking, most probably in cargo protein translocation, is based on the 
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observations that in fibroblasts from PBD patients with mutations in PEX2, PEX10, and 

Pex12, there is accumulation of Pex5p at the peroxisomal membrane (Dodt and Gould, 

1996; Chang et al., 1999). In yeast, the peroxin Pex8p is also thought to be involved in 

the translocation process. Agne and coworkers (Agne et al., 2003) have provided 

evidence for a regulated interaction between the docking complex and the translocation 

complex to form a larger complex termed the “importomer”, and that this interaction is 

mediated via Pex8p. Pex8p is the only known peroxin to reside on the luminal, or trans, 

side of the peroxisomal membrane (Waterham et al., 1994; Liu et al., 1995), and based 

on this, the authors (Agne et al., 2003) go further to suggest that subsequent to binding 

the docking sub-complex, the Pex5p-cargo complex is transferred to Pex8p on the 

trans side and then onto the RING finger domains on the cis side. This implies that the 

docking complex itself may also play a role in the translocation process, and that the 

RING finger complex comprising Pex2p, Pex10p, and Pex12p may be involved in the 

export of the receptor. Furthermore, the notion that the docking complex is involved in 

receptor-cargo translocation is consistent with the earlier stated observations in PBD 

patients with mutations in PEX10 and PEX12 where Pex5p was found inside 

peroxisomes (Dodt and Gould, 1996; Chang et al., 1999).  

 

To complete one cycle of matrix protein import, the cargo protein is dissociated 

from the receptors, which are then recycled back to the cytoplasm. Like much of the 

rest of the matrix protein import process, the exact mechanism of how this occurs is not 

known. Two peroxins that are thought to be involved in this process are the AAA 

(ATPases  Associated  with  a wide range of cellular Activities) proteins Pex1p and 

Pex6p. The subcellular localization of these two peroxins is controversial and as a 

result their specific roles are equally controversial. In humans, Pex1p and Pex6p are 

predominantly cytoplasmic and it has been demonstrated that they interact with each 

other in an ATP-dependent manner (Yahraus et al., 1996; Tamura et al., 1998). The 

implication of the involvement of these two peroxins in the recycling of at least Pex5p 

was demonstrated by Miyata and colleagues (Miyata and Fujiki, 2005) who showed 

that Pex5p interacted with Pex1p and Pex6p in CHO cells. Furthermore, these 

researchers also showed that Pex5p export from peroxisomes was severely disrupted 

in CHO pex1 and pex6 mutants. In mammals, Pex26p is also thought to be involved, 

along with Pex1p and Pex6p, in receptor recycling.  This peroxin is a membrane 

protein with a C-terminal transmembrane domain and its N-terminus exposed to the 

cytoplasm. Pex26p has been shown to interact with Pex1p-Pex6p complexes, as either 

a membrane anchor point or a recruiting agent (Matsumoto et al., 2003). Further 

evidence to support a role for Pex26p in this process is the observation that Pex5p 
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export from peroxisomes is significantly affected in CHO pex26 mutants (Miyata and 

Fujiki, 2005).  In S. cerevisiae, it has been shown that Pex6p binds to the integral 

membrane protein Pex15p (Birschmann et al., 2003), suggesting that this protein may 

be the yeast homologue of Pex26p.  

 

1.4.4 The Simple and Extended Shuttle model  

The fate of the receptors, and Pex5p in particular, after membrane docking has 

been a subject of ongoing debate and controversy. Studies using different cellular 

preparations from a variety of organisms have reported localization of the receptors 

predominantly to the cytoplasm, exclusively to the peroxisomal matrix, or 

predominantly to the peroxisomal membrane. These varying results have led to the 

proposal of two models for Pex5p dynamics (Rachubinski and Subramani, 1995). The 

first model (simple shuttle model) predicts that after the receptor delivers its cargo to 

the peroxisome membrane and releases this cargo for translocation, it returns to the 

cytoplasm for another round of import (Fig 1.3A). The second model (extended shuttle 

model) proposes that after docking, the receptor is translocated across the membrane 

bound to its protein cargo. Once inside the matrix, the receptor is triggered to release 

the cargo and is then transported back to the cytoplasm for subsequent rounds of 

protein import (Fig 1.3B). The debate seems to be favouring the extended shuttle 

model as recent studies have shown that mammalian Pex5p traverses the peroxisomal 

membrane, a process that is cargo protein-dependent, before being exported back to 

the cytoplasm (Dammai and Subramani, 2001; Gouveia et al., 2003). Furthermore, 

Rehling and coworkers (Rehling et al., 2000) have demonstrated that for S. cerevisiae, 

Pex5p binds Pex8p, the only known peroxin localized to the luminal side of the 

peroxisomal membrane.  

 

 

1.5 Peroxisome division and proliferation 

Peroxisomes are dynamic organelles possessing a high level of plasticity, 

allowing them to frequently change shape and size in response to cellular 

requirements. The regulation of peroxisome abundance appears to be a complex 

mechanism, and indeed the process of how cells control peroxisome division is 

currently not well understood. As mentioned previously, there have been numerous 
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lines of evidence to suggest that peroxisomes can form via two different pathways – 

from either pre-existing peroxisomes or via a de novo pathway.  

 

So far, of all the peroxins required for peroxisome biogenesis, only the 

peroxisome membrane peroxin Pex11��, has been shown to have a conserved role in 

peroxisome division and proliferation (Marshall et al., 1995; Passreiter et al., 1998; 

Schrader et al., 1998). These studies showed that overexpression of Pex11�� induced 

peroxisome elongation and division, whereas loss of Pex11�� resulted in reduction of 

peroxisome abundance. The exact biological role(s) of Pex11�� is not altogether clear, 

however Li and coworkers have demonstrated that overexpression of Pex11�� results in 

increased accumulation of dynamin-like protein 1 (DLP1), a protein involved in 

mitochondrial membrane fission, at the peroxisomal membrane. In addition, when 

DLP1 was depleted, Pex11��-mediated peroxisome division was blocked but did not 

affect peroxisome tubulation and elongation (Li et al., 2003). The authors interpreted 

these results as indicating Pex11�� having a more direct role in peroxisome elongation 

as well as in recruitment of DLP1 to the peroxisomal membrane, with DLP1 being 

required for division of elongated peroxisomal tubules. As mentioned above, DLP1 is 

known to be involved in mitochondrial division, and indeed, both mitochondria and 

peroxisomes share components of their respective division repertoire (reviewed in 

Schrader, 2006). Following on with this theme, it has recently been reported that 

another protein associated with mitochondrial division, Fis1, is required for recruitment 

of DLP1 to peroxisomes (Yoon et al., 2003; Koch et al., 2005). Fis1 is distributed 

evenly over the membranes of mitochondria and peroxisomes, as opposed to DLP1 

which is localized at specific regions of elongated peroxisomes. A very recent study by 

Kobayashi and coworkers suggest that Pex11��, DLP1, and Fis1 form a trimeric 

complex with Pex11�� interacting with DLP1 via Fis1 (Kobayashi et al., 2007). 

 

Despite the recent above findings, the exact mechanism of peroxisomal division 

is not clearly understood. Nevertheless, a model for peroxisomal division has been 

proposed based on the published data (Schrader, 2006). This model, described in 

Figure 1.4, proposes that the first step of the process involves the segregation of 

Pex11��, thereby inducing peroxisomes to elongate into tubules. These tubulated 

peroxisomes then undergo constriction at multiple sites along the length of the tubule. 

Both the mechanism and the molecular components involved in the constriction 

process are unknown. After constriction, DLP1 is supposedly recruited to the tubulated 

peroxisome by Fis1, which may also act as a receptor for DLP1. Peroxisome division is 
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then propagated through scission of the constricted regions of the elongated tubule by 

DLP1. 

 

This model provides a basis for further investigations into the elucidation of the 

peroxisome division machinery. It is of particular interest that mitochondria and 

peroxisomes share certain aspects of their respective division machinery, but also have 

other components that appear to be unique. The eventual characterization of the 

division machinery for both organelles should answer important questions regarding 

how abnormal organelle dynamics lead to disease, and of particular interest to the 

studies presented here, how peroxisomal dynamics are affected in disorders such as 

Zellweger syndrome. 

 

 

 

 

 

 

 

 
DLP1 

 

 
Pex11��  

 
?  

 

 hFis1  Peroxisome
 

 

elongation/ constriction   
tubulation  

 

 

fission  

Figure 1.4 Schematic diagram of a proposed model for peroxisomal division. 

Pex11�� mediates the elongation/tubulation of spherical peroxisomes. By an unknown 

mechanism, the elongated peroxisomes undergo constriction at multiple sites. 

Following constriction, DLP1 is recruited to the peroxisome by Fis1. Fission of 

constricted sites on the peroxisome is mediated by DLP1. (Adapted from Schrader, 

2006). 
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1.6 Peroxisomal Disorders 

The importance of peroxisomes and their associated physiological functions to 

human health is illustrated by the existence of multiple disorders resulting from the 

absence of functional peroxisomes. These disorders manifest as multi-organ metabolic 

defects and widespread pathology, including neurodegeneration. Peroxisomal 

disorders are comprised of two sub-groups: the first of these is the single enzyme 

disorders, where there is deficiency of a single peroxisomal enzyme/protein; the 

second sub-group, as introduced previously, is the peroxisome biogenesis disorders 

(PBDs), caused by mutations in PEX genes. 

 

1.6.1 Single Enzyme Disorders 

The majority of the peroxisomal single enzyme defects are associated with 

enzymes of the ��-oxidation pathway. The prototype of these disorders is X-linked  

adrenoleukodystrophy  (XALD), the  most  common  inherited peroxisomal disorder, 

with a minimum incidence of 1:21,000 males in the USA (Bezman et al., 2001) and 

1:15,000 males in France (Aubourg and Mandel, 1996). This disorder is caused by 

mutations in the ALD gene which encodes the integral membrane protein ALDP. The 

accumulation of saturated VLCFA in the brain is a major feature of this disease and the 

biochemical defect has been localized to lignoceroyl-CoA synthesis, a step in the ��-

oxidation of VLCFA. ALDP belongs to the superfamily of ABC (ATP Binding Cassette) 

transmembrane transporter proteins and has been proposed to function, as either a 

homodimer or heterodimer, in the transport of VLCFA (in the form of free acids or CoA-

esters across the peroxisomal membrane (Contreras et al., 1994; Moser et al., 1995).  

 

Acyl-CoA oxidase deficiency  was first described in two sibling patients 

exhibiting neonatal hypotonia, severe delayed motor development, sensory deafness, 

and retinopathy, without dysmorphism (Poll-Thé et al., 1988). In addition, liver biopsy 

specimens showed the presence of enlarged peroxisomes, but at a reduced number. 

These patients were shown to be deficient in acyl-CoA oxidase 1 (ACOX1), the first 

enzyme of the VLCFA ��-oxidation pathway. So far, there has only been a single report 

in the literature describing the molecular basis of acyl-CoA oxidase deficiency, which 

showed a large deletion (at least 17kb) in the acyl-CoA oxidase gene of the two 

aforementioned patients (Fournier et al., 1994).  
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D-bifunctional protein (D-BP) deficiency  results from mutations in either 

catalytic components of the enzyme, i.e. enoyl-CoA hydratase and D-3-hydroxyacyl-

CoA dehydrogenase (van Grunsven et al., 1998). The clinical features of this disorder 

include hypotonia, renal cysts, seizures, and failure to acquire significant development 

(Wanders et al., 2001). Biochemically, D-BP deficient patients show elevated levels of 

VLCFA and bile acid intermediates in plasma. This is consistent with the previously 

mentioned role of D-BP in the peroxisomal ��-oxidation of VLCFAs, DHCA and THCA, 

and pristanic acid. 

 

 Refsum disease was first clinically described in the 1940s and characterized 

by retinitis pigmentosa, cerebellar ataxia, and chronic polyneuropathy.  This disease 

manifests as a slowly developing, progressive peripheral neuropathy, accompanied by 

severe motor weakness and muscular wasting. Refsum disease is caused by 

mutations in the phytanoyl-CoA hydroxylase gene, deficiency of the encoded protein, 

and accumulation of phytanic acid (Jansen et al., 1997).  

 

 Rhizomelic chondrodysplasia punctata (RCDP) types 2 and 3  are single 

enzyme peroxisomal disorders characterized by hypotonia, rhizomelic shortening of the 

limbs, seizures, and delayed development (Wanders et al., 1992). The underlying 

defects in RCDP types 2 and 3 are deficiencies in the enzymes DHAPAT and alkyl 

DHAP synthase, respectively (Clayton et al., 1994; Wanders et al., 1994), and results 

in an inability to synthesize ether-phospholipids, including plasmalogens.  

 

Hyperoxaluria Type 1  results from mutations in the alanine glyoxylate 

aminotransferase gene (Danpure and Purdue, 1995) and subsequent deficiency of the 

enzyme. This deficiency results in the accumulation of peroxisomal glyoxylate, which 

precipitates in the form of calcium oxalate and deposits in the kidney parenchymatous 

tissue or the renal pelvis/urinary tract.  

 

The classical form of mevalonate kinase deficiency  is characterized by 

profound developmental delay, facial dysmorphism, hepatosplenomegaly, 

lymphodenopathy, and early death (Hoffmann et al., 1993), and is the only disorder 

associated with the peroxisomal component of isoprenoid biosynthesis. Mevalonate 

kinase deficiency has also been observed in hyperimmunoglobulinaemia D (HIDS) 

(Drenth et al., 1999; Houten et al., 1999a, b), whereby mevalonate kinase was shown 

to be reduced to 1.2-3.4% of normal levels. However, a subsequent study by 

Hogenboom and colleagues (Hogenboom et al., 1994) provided convincing evidence 
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supporting a cytoplasmic localization of mevalonate kinase, implying that this disorder 

may no longer be classified as a peroxisomal disorder. 

 

1.6.2 Peroxisome biogenesis disorders  

The second group of disorders associated with genetically determined human 

peroxisomal dysfunction are the peroxisome biogenesis disorders. PBDs can arise 

from mutations in any one of the PEX genes encoding peroxins involved in the 

peroxisome biogenesis pathway. The PBDs, as a group, are comprised of Zellweger 

syndrome (ZS), neonatal adrenoleukodystrophy (NALD), infantile refsum disease 

(IRD), and rhizomelic chondrodysplasia punctata (RCDP) (Lazarow and Moser, 1995). 

There is much phenotypic heterogeneity between the different PBDs. ZS, NALD, and 

IRD represent a clinical continuum of phenotypes called the Zellweger spectrum, with 

ZS being the most severe. RCDP is classified as a separate entity within the PBD 

group. 

 

 

1.6.2.1 Clinical phenotypes of PBDs 

Zellweger syndrome was first described by Bowen and coworkers (Bowen et 

al., 1964) and is the most severe of the PBD clinical phenotypes. The clinical 

presentation includes the typical craniofacial features and neurological abnormalities, 

and general features of profound hypotonia, severe psychomotor retardation, seizures, 

glaucoma, and impaired hearing. Multiple organ systems are affected, and include 

neuronal migration defects and neurodegeneration in the brain, enlarged and fibrotic 

liver, renal cysts, and retinal degeneration of the eyes.  

 

Neonatal adrenoleukodystrophy presents with clinical phenotypes similar, but 

milder, to that of ZS. While many affected patients will present with phenotypes in the 

newborn period, others may not exhibit clinical phenotypes until later postnatal periods.  

Like ZS, NALD patients exhibit hypotonia, however unlike ZS there is some degree of 

psychomotor development in the form of limited head movement control, unsupported 

sitting, and in some instances independent walking. NALD patients often survive into 

late infancy. Infantile Refsum’s disease patients may exhibit external features similar to 

ZS and NALD, albeit at a milder level still, but do not show the neuronal migration 
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defects and white matter abnormalities. IRD patients often survive to childhood and 

some even reach adulthood (Lazarow and Moser, 1995; Gould et al., 2001) 

 

Rhizomelic chondrodysplasia punctata is clinically distinct from the Zellweger 

spectrum disorders and is characterized by severe shortening of the proximal limbs 

(rhizomelia), generalized epiphyseal stippling (chondrodysplasia punctata), dysmorphic 

facial features, congenital contractures, dwarfism, and severe mental retardation with 

spasticity (Lazarow and Moser, 1995). Other features of the central nervous system 

can include cerebral and cerebellar atrophy, abnormailities of myelination, and 

neuronal migration (Bams-Mengerink et al., 2006). RCDP patients rarely survive past 

two years of age.  

 

 

1.6.2.2 Molecular basis of PBDs 

The molecular basis of the peroxisome biogenesis disorders has been 

progressively elucidated through patient cell complementation analysis and various 

approaches to gene discovery. Complementation analysis is a powerful method 

capable of determining whether a particular disorder, or group of disorders, is 

genetically heterogeneous or not. Complementation analysis involves the fusion of 

fibroblast cells from two different PBD patients, thereby generating hybrid cells bearing 

nuclei from the two patients’ cells.  If the defected genes in the two patients are 

different, then restoration of peroxisome formation and function would be observed – 

the normal gene complements the mutated one. On the other hand, if both patients 

carry the same defective gene, no complementation is observed. Brul and colleagues 

(Brul et al., 1988) were the first to apply this method to study the genetic basis of 

PBDs. Work by three main research groups has led to the identification of 13 

complementation groups (CGs), each one specifying a defective gene involved in 

peroxisome biogenesis.   CG1 to CG10, CG12, and CG13 represent patients with 

disorders of the Zellweger spectrum (i.e. ZS, NALD, and IRD) arising from mutations in 

different PEX genes – thus patients with the different clinical phenotypes of ZS, NALD, 

or IRD can have a defect in the same PEX gene. In addition, the classification of a 

Zellweger spectrum phenotype is dependent on the severity of the gene defect (i.e 

mutation). In contrast, RCDP patients present with a characteristic set of clinical and 

biochemical phenotypes and are represented by just one complementation group 

(CG11), corresponding to defects in the PEX7 gene. Table 1.3 summarizes the 

molecular basis of PBDs in terms of affected genes and complementation groups.  
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Most CGs comprise only a low percentage of the total known PBD patients 

(recently reviewed in Steinberg et al., 2006). The exception is CG1 – caused by PEX1 

mutations – the largest CG and accounting for more than 50% of all Zellweger 

spectrum patients (Moser et al., 1995; Portsteffen et al., 1997; Reuber et al., 1997; 

Gartner et al., 1999; Wanders et al., 1999). Of the mutations in the PEX1 gene, the 

most common is a missense mutation (c.2528G>A) in exon 15 resulting in a 

substitution of a glycine for an asparagine at position 843 of Pex1p. Patients with this 

mutation present with the mild Zellweger spectrum phenotype of NALD/IRD. The 

second most prevalent PEX1 mutation is a T-insertion in exon 13 (c.2097-2098insT) 

(Maxwell et al., 1999; Collins and Gould, 1999; Walter et al., 2001; Crane et al., 2005), 

leading to a Pex1 protein that is truncated at the second AAA domain. This mutation 

completely abolishes Pex1p function, and accordingly patients with this mutation 

display the severe Zellweger syndrome phenotype.  

 

 

 

Biochemical abnormalities of PBDs  1.6.2.3 

 As peroxisomes catalyze a number of different metabolic functions, the loss of 

peroxisomal function associated with the PBDs leads to widespread biochemical 

abnormalities.  In patients belonging to the Zellweger spectrum (ZS, NALD, and IRD), 

there is generalized peroxisomal dysfunction leading to impairment of essential 

metabolic processes such as �E-oxidation of very long-chained and branched-chained 

fatty acids, biosynthesis of plasmalogens, and �D-oxidation of phytanic acid. As a result, 

there is accumulation of C26:0 VLCFA, phytanic and pristanic acid, the bile acid 

metabolites DHCA and THCA, and marked deficiency of plasmalogens. It is important 

to note that pristanic acid and phytanic acid are derived exclusively from the diet and 

as such may be normal in newborn PBD patients. In RCDP, in which Pex7p is 

deficient, peroxisomal �E-oxidation is unaffected, resulting in a normal VLCFA profile. 

However, phytanic acid �D-oxidation and plasmalogen synthesis are affected as a result 

of impaired import of the PTS2-containing enzymes phytanoyl-CoA hydroxylase and 

DHAP-synthase respectively. Table 1.4 summarizes the major biochemical defects 

associated with the PBDs. 
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Table 1.3   Molecular basis of the PBDs 

 Matrix protein import   

Complementation 
group (KKI) a PTS1b PTS2b Gene involved Phenotypes c 

1 �í �í PEX1 ZS/NALD/IRD 

2 �í �í PEX5 ZS/NALD/IRD 

3 �í �í PEX12 ZS/NALD/IRD 

4 & 6 �í �í PEX6 ZS/NALD/IRD 

7 �í �í PEX10 ZS/NALD/IRD 

8 �í �í PEX26 ZS/NALD/IRD 

9 �í �í PEX16 ZS 

10 �í �í PEX2 ZS/IRD 

11 + �í PEX7 RCDP 

12 �í �í PEX3 NALD 

13 �í �í PEX13 ZS/NALD 

14 �í �í PEX19 ZS 
a KKI=Kennedy Krieger Institute (Baltimore) complementation group nomenclature 
b absence (-) or presence (+) of PTS1 or PTS2 import function 
c ZS, Zellweger syndrome; NALD, neonatal adrenoleukodystrophy, IRD, infantile refsum disease 
 
 

 

Table 1.4   Biochemical abnormalities associated with the PBDs 

aVLCFA=very long chain fatty acid; DHCA=dihydroxycholestanoic acid; 
THCA=trihydroxycholestanoic acid; DHA=docosahexaenoic acid;  

Biochemical parameter(s) a Zellweger spectrum 

ZS/NALD/IRDb 
RCDPc 

VLCFA �n Normal 

Pristanic & Phytanic acids �n Normal 

DHCA/THCA �n Normal 

L-pipecolic acid �n Normal 

DHA (plasma and erythrocytes) �n Normal 

Plasmalogens �p �p 

bZS=Zellweger syndrome; NALD=neonatal adrenoleukodystrophy; IRD=infantile 
refsum’s disease; �n=higher than normal; �p= lower than normal;  
cRCDP=rhizomelic chondrodysplasia punctata. 
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1.7 Pex13 protein  

The import of peroxisomal matrix proteins is dependent on a number of 

peroxisomal membrane proteins acting downstream of the steps involving matrix 

proteins binding to their respective receptors.  One such integral membrane protein is 

Pex13p, which is proposed to play an important role in the translocation of proteins 

across the peroxisomal membrane, and into the lumen.   The Pex13 gene was first 

identified in the yeasts Pichia pastoris and Saccharomyces cerevisiae (Gould et al., 

1996; Elgersma et al., 1996; Erdmann and Blobel, 1996).  Orthologues of Pex13 were 

subsequently found in the worm Caenorhabditis elegans and subsequently in humans 

(Gould et al., 1996).    A mouse orthologue of Pex13 was also identified by screening a 

bacterial artificial chromosome (BAC) genomic DNA library with a cDNA fragment, 

derived from RT-PCR of areas of sequence conservation between yeast and human 

Pex13 proteins (Bjorkman et al., 2002). 

 

The mouse Pex13 gene, which is of particular interest to this project, spans 

18kb and consists of 4 exons (Bjorkman et al., 2002).  The encoded Pex13 protein has 

a molecular mass of 44.5kDa.  As mentioned above, the cDNA for the human PEX13 

gene was initially identified by Gould and co-workers, however, a corrected full-length 

cDNA subsequently reported revealed a previously unidentified 5’-exon  containing  the 

physiological  ATG  start codon and an additional 117bp of coding sequence (Bjorkman 

et al., 1998).  A comparison of the mouse PEX13 gene structure and protein product 

with those of the human orthologue is illustrated in Table 1.5. The mouse Pex13 

protein shows significant homology with human Pex13p, with similar protein length and 

91% sequence identity.  In fact, there is striking similarity in the overall protein structure 

across the species, from yeast to mouse, through to human. Pex13 protein from each 

species contains (1) a carboxyl-terminal Src-3 (SH3) domain; (2) two hydrophobic 

membrane-spanning domains; and (3) an amino-terminal glycine-rich region. The 

genomic organization of the Pex13 gene and structure of the encoded protein is 

schematically represented in Figure 1.5. 
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Table 1.5  Comparison of mouse and human PEX13 genes.  

Species Gene length 
(including promoter region) 

No. of exons 
Protein product 

size 

Mouse 18kb 4 44.5kDa 

Human 11kb 4 44.3kDa 
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Figure 1.5 Schematic representation of the mouse Pex13 gene and its 

encoded protein.   The 4 exons of the Pex13 gene are represented by the numbered 

blue rectangles. The promoter region is indicated and shows the predicted transcription 

factor binding sites (red boxes). The 3’ untranslated region (UTR) is also indicated, 

showing the two predicted polyadenylation (PA) signals (green boxes). The size of 

each exon is indicated in base-pairs (bp), along with the total length of the gene. In the 

protein structure, the relative positions of the two transmembrane and SH3 domains 

are indicated.  The numbers represent amino acid positions, where position 1 is the 

start methionine. 
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1.7.1 Pex13p subcellular localization and function 

It has been shown that in all species, Pex13p is localized exclusively to the 

peroxisomal membrane as an integral membrane protein (Gould et al., 1996; Elgersma 

et al., 1996; Erdmann and Blobel, 1996; Fransen et al., 1998; Maxwell et al., 2003).  

The consistency of evidence pertaining to the localization of Pex13p, along with studies 

at the genetic and protein level, suggests that there is a high degree of evolutionary 

conservation of the protein between species.  This conservation of Pex13 protein 

structure thus presupposes a similar conservation in the function of the protein. The 

exact role of Pex13p however, is at present not clearly understood.  Studies on yeast 

lacking Pex13p showed a significant reduction in the level of association of Pex5p with 

the peroxisomal membrane (Gould et al., 1996).  This was accompanied by the loss of 

both PTS1 and PTS2 protein import.  These observations suggest that Pex13p plays a 

role in the docking and/or translocation of PTS1 and PTS2 proteins into the 

peroxisomal matrix. 

 

In yeast, both the amino- and carboxy-terminii of Pex13 have been shown to be 

exposed to the cytoplasm (Girzalsky et al., 1999).  The importance of this observation 

is underlined by evidence which demonstrates that the SH3 domain of Pex13p 

interacts with Pex5p, the PTS1 receptor (Gould et al., 1996; Elgersma et al., 1996; 

Erdmann and Blobel, 1996).  Furthermore, it has also been shown that the amino-

terminal region of Pex13p interacts with Pex7p, the PTS2 receptor (Girzalsky et al, 

1999).  This observation is consistent with the observation mentioned earlier, whereby 

deletion of Pex13 resulted in the loss of both PTS1 and PTS2 protein import.  Taken 

together, these results suggest that Pex13p comprises part of a protein complex, 

involving several other membrane peroxins, which plays a role in the docking and 

possibly translocation of PTS1 and PTS2 proteins.  These findings raised the question 

of whether Pex13p was the initial docking site for Pex5p and, to a lesser extent, Pex7p, 

at the peroxisomal membrane.  Indeed, a defect in receptor docking observed in early 

studies on yeast pex13 mutants supported this notion.  However, subsequent studies 

of mammalian cells containing mutant Pex13p showed that Pex5p still accumulated on 

the peroxisomal membranes (Otera et al., 2000), implying that Pex13 may not be the 

initial receptor docking site, at least in mammals.  Furthermore, it was revealed in 

another study that the integration of Pex14p into the peroxisomal membrane is 

abrogated in yeast pex13 mutants (Girzalsky et al., 1999).  This evidence suggests that 

the observed receptor-docking defect in pex13 mutants may be associated with the 

absence of Pex14p from the peroxisomal membrane.  
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A detailed study of the binding profiles of Pex5p with Pex13p and Pex14p in 

yeast was carried out by Urquhart and co-workers (Urquhart et al., 2000).  This study 

showed that the loading of Pex5p with a PTS1-containing peptide enhances its binding 

with Pex14p, while at the same time interaction with Pex13p is reduced 20-40 fold.  

These results were interpreted as suggestive of a receptor docking process whereby 

the initial binding site for cargo-laden Pex5p at the peroxisome membrane is Pex14p.  

Following, or coincident with release of the PTS1 protein, Pex5p is transferred to the 

SH3-domain region of Pex13p.  The exact functional importance of this transfer of 

Pex5p to Pex13p is not yet fully understood, but may constitute a mechanism for the 

process of receptor recycling. 

 

The notion of a receptor docking complex was proposed following yeast studies 

which indicated that Pex13p and Pex14p interact with each other via the SH3 domain 

of Pex13p (Girzalsky et al., 1999; Urquhart et al., 2000), and also with Pex5p and 

Pex7p (Gould et al., 1996; Elgersma et al., 1996; Erdmann and Blobel, 1996).  

Additionally, another peroxisomal peripheral membrane protein, Pex17p, has also been 

shown to associate with Pex14p in yeast (Huhse et al., 1998).  Evidence for Pex14p 

interaction with Pex5p and Pex13p in humans has also been reported (Fransen et 

al.,1998). In yeast, a consensus model for a receptor-docking complex at the 

peroxisomal membrane is steadily emerging. In this model, it is proposed that Pex13p 

and Pex14p directly interact with each other, while Pex17p joins the complex by 

binding Pex14p (Huhse et al., 1998; Snyder et al., 1999).  Recent studies in yeast by 

Schell-Steven and coworkers (Schell-Steven et al., 2005) have demonstrated that 

Pex13p interacts with Pex14p directly not only via the SH3 domain, but also via a novel 

intraperoxisomal site. The authors extend this model in reporting an additional indirect 

association between Pex13p and Pex14p via Pex5p, the PTS1 receptor. A 

diagrammatic representation of this interaction is illustrated in Figure 1.5. Whether an 

analogous complex is present in mammalian cells (human, rat, and CHO cells), with 

the same peroxin organization, is still to be determined.   
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Figure 1.6.  Model of peroxin organization of the receptor docking complex . In 

this model, Pex13p interacts with Pex14p at its SH3 domain and a novel 

intraperoxisomal site (black double-headed arrows). Interaction with Pex14p also 

occurs indirectly via Pex5p (white double-headed arrows). (Adapted from Schell-

Steven et al., 2005) 

 

 

 

 

 

 

1.7.2 PBDs due to mutations in PEX13 

 To date, only two mutations in human PEX13 have been identified, for two 

different patient members of complementation group 13.  One patient was homozygous 

for a W234ter nonsense mutation at nt position 702. (Shimozawa et al., 1999), which 

would be expected to prematurely truncate the Pex13 protein and result in loss of the 

putative transmembrane and SH3 domains.  Although not tested, this mutation would 

also be expected to result in nonsense-mediated decay of the Pex13 mRNA. At the 

protein level, assuming that protein is still translated from the abnormal mRNA, loss of 

both transmembrane and SH3 domains would render the protein completely non-

functional. Either of these scenarios would be consistent with the severe Zellweger 

syndrome phenotypic features that were observed for this patient. 
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 The second patient, who displayed the milder NALD phenotype, was revealed 

to have a T to C missense mutation at nt position 977 in codon 326 (Shimozawa et al; 

1999).  This mutation resulted in a change in the amino acid from an isoleucine to 

threonine (I326T).  The mutation was found to attenuate, but not abolish, peroxisome 

protein import, which is consistent with the milder clinical features observed for this 

patient.  Interestingly, it was revealed that this mutation was of a temperature-sensitive 

nature (Shimozawa et al, 1999):  patient fibroblasts cultured at 37oC showed no 

evidence of matrix protein import, whereas after 7 days of culturing at 30oC, punctate 

staining of catalase was observed, suggestive of organellar import of this peroxisomal 

matrix protein. 

 

 

1.8 Mouse models of the peroxisome biogenesis disorders 

 One of the most important advances in understanding the function of gene 

products has been the ability to generate mouse models incorporating targeted 

mutations in desired genes.  Gene disruption can provide the benefit of enabling the 

analysis of the function of a protein produced by a specific gene in vivo.  Gene and 

protein function can be predicted by assessing the phenotypic consequences of 

specific genetic modifications in the organism. To date, six different Pex gene knockout 

mouse models have been described – Pex2 (Faust and Hatten, 1997), Pex5 (Baes et 

al., 1997), Pex7 (Brites et al., 2003), Pex11�. (Li et al., 2002), Pex11�E (Li et al., 2002), 

and Pex13 (Maxwell et al., 2003). The Pex2 and Pex5 models were the first Pex gene 

knockouts to be reported, the purpose of which was to provide murine models for 

human Zellweger syndrome. Both of these models, and subsequently also the Pex13-/- 

model, reproduce many of the clinical and metabolic abnormalities typical of Zellweger 

patients. The clinical and pathological features include neonatal lethality, neuronal 

migration, hypotonia, and intrauterine growth retardation. The metabolic abnormalities 

include elevated VLCFA levels in plasma and tissues, decreased plasmalogens in 

tissues and erythrocytes, deficient DHA in brain, and plasma accumulation of the bile 

acid intermediates DHCA and THCA. In addition, as expected, all of these Pex mutants 

display defective peroxisomal matrix protein import, Furthermore, the Pex5-/- and 

Pex13-/- mice show evidence of abnormal mitochondrial morphology, with alterations to 

the outer membrane as well as cristae. Pex5-/- mice were also reported to exhibit 

reduced complex I and V activities. The significance of these latter findings is yet to be 

defined. 
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 The Pex11�. (Li et al., 2002a) and Pex11�� (Li et al., 2002b) knockout mice have 

also been very informative. Pex11 proteins are peroxins involved in peroxisome 

proliferation (Schrader et al., 1998). Pex11�. is inducible by peroxisome proliferators 

and Pex11�.-/- mice are morphologically and metabolically indistinguishable from wild-

type littermate controls. In contrast, Pex11��-/- mice exhibit a severe clinical phenotype 

resembling that of the mutant Pex2, Pex5, and Pex13 mice – the morphological and 

biochemical features of all Pex mouse mutants are summarized in Table 1.6. 

Surprisingly, these mice are not characterized by defects in peroxisomal protein import 

and show only very mild defects in �E-oxidation of VLCFA and plasmalogen 

biosynthesis. These findings have been interpreted to suggest that, at least in mice, 

neither accumulation of VLCFAs nor deficient plasmalogens contribute to the Zellweger 

phenotype, and in particular the neurodegenerative features in the brain. Further 

investigations using these and other Pex gene knockout mouse models are needed in 

order to relate the observed phenotypes to the precise biochemical defects. 

 

 Transgenic mice with homozygous deletion of Pex7 have also been generated 

as a mouse model for RCDP (Brites et al., 2003). Pex7-/- mice exhibit phenotypic and 

biochemical abnormalities resembling that of RCDP, including severe hypotonia, 

impaired growth, and deficient plasmalogens in all tissues. Neuronal migration was 

also found to be defective, but to a lesser extent than that seen in the other Pex mouse 

models. Interestingly, mice deficient in DHAPAT, the first enzyme of the ether-

phospholipid biosynthesis pathway, display a phenotype that resembles that of Pex7-/- 

mice (Rodemer et al., 2003). 

 

 The generation and characterization of a Pex13-null (classical knockout, but 

using Cre-loxP technology) mouse model has been described previously (Bjorkman et 

al., 2002; Maxwell et al., 2003). The targeting strategy used to generate the mutant 

animals is described in Figure 1.6. Animals heterozygous for a Cre recombinase-

mediated  disrupted Pex13 allele were obtained by crossing females heterozygous for 

the loxP-flanked allele with a male Cre-deleter transgenic mouse that expresses Cre 

recombinase ubiquitously from the two-cell stage onwards under the control of a 

human cytomegalovirus minimal promoter. Heterozygous Pex13-disrupted animals 

were crossed with each other to generate Pex13 homozygous knockout animals. 

Pex13 mutant animals from this model have phenotypic and metabolic features that are 

similar to those of Pex2 and Pex5 mutants.  These features include a severe Zellweger 

syndrome-like clinical phenotype, peroxisomal metabolic dysfunction, and loss of 
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peroxisomal matrix protein import, all of which correlate closely with the features of the 

human disorder. 

 

  

Table 1.6   Comparison of morphological and biochemical features of Pex 
gene knockout mouse models and Zellweger syndrome a.  

 Pex2-/- Pex5-/- Pex13-/- Pex11��-/- 
Zellweger 
syndrome 

Developmental 
delay �¥ �¥ �¥ �¥ �¥ 

Hypotonia �¥ �¥ �¥ �¥ �¥ 

Neonatal lethality �¥ �¥ �¥ �¥ �¥ 

Neuronal 
migration defects 

�¥ �¥ �¥ �¥ �¥ 

Dysmorphia X X X X �¥ 

VLCFA �9 �9 �9 = �9 

Plasmalogens �; �; �; = �; 

a �¥, feature present; X, feature absent; �Q, no change; �9, increased; �;, decreased 
 
 
 
 

 
 
 
 
 
 

 

1.9 Generation of the Pex13-null mouse model 

Characterization of the Pex13-disrupted animals showed that they were ‘null’ for 

the normal Pex13 protein.  Biochemical analyses (Maxwell et al. 2003) showed that 

C26:0/C22:0 VLCFA levels were significantly elevated (6.5-50 fold) in liver, brain, and 

cultured skin fibroblasts of Pex13-/- pups, in comparison to wild-type and heterozygous 

animals (the latter showing no clinical or biochemical phenotype).  The rates of 

oxidation in fibroblasts of the branched-chain fatty acid phytanic acid, and its �.-

oxidation product pristanic acid were reduced by between 50- and 100-fold in Pex13-/- 

pups. Measurement of plasmalogen levels revealed that C16:0 and C18:0 liver 

plasmalogens in Pex13-/- pups were reduced by 20- and 3-fold respectively, compared 

with wild-type and heterozygous animals.  In the brain, plasmalogens were   reduced   
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further   still.    These   reduced plasmalogen levels were accompanied by significant 

reductions in the activities of alkyl-DHAP synthase and DHAP-AT, the two peroxisomal 

enzymes involved in the plasmalogen synthesis pathway.  

 

Collectively, these results demonstrate severe defects in a number of 

peroxisomal metabolic pathways in Pex13-deficient mice that were not seen in Pex13+/- 

heterozygotes (or wild-type animals). 
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 Figure 1.7    Strategy for targeted disruption of the mouse Pex13 gene.   The 

wild-type Pex13 allele is shown at top, with the exons indicated as E2, E3, and 

E4 (E1 is not shown). Identically orientated loxP sites (solid arrows) were 

introduced at the HindIII and KpnI sites as indicated. A neo cassette flanked by 

FRT sites (open arrows), was introduced at the KpnI site 5’ of the second loxP 

site to allow later, separate excision using transgenic animals expressing Flpe 

recombinase.  Expression of Cre recombinase results in the excision of 

sequences located between the loxP sites, which includes exon 2 and the neo 

cassette, to generate a disrupted Pex13 allele. Restriction enzyme sites: H, 

HindIII; K, KpnI; Pv, PvuII; S, SalI. (Adapted from Bjorkman et al., 2002).  
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1.9.1 Use of the Cre/loxP system for tissue-specific gene disruption 

The generation and characterization of the Pex13 mutants is expected to 

contribute considerably to the expanding knowledge base of Zellweger syndrome 

animal models. Indeed, this model, like the previously established Pex2, Pex5, and to a 

certain extent, Pex11�E mouse model, exhibit many of the morphological, biochemical, 

and cellular phenotypes observed in Zellweger syndrome patients. However, all of 

these models are limited by the existence of a neonatal-lethal phenotype of 

homozygous pups, thus preventing the analysis of disease aetiology and pathogenesis 

in the postnatal period. To overcome such limitations, we have adopted strategies 

devised by Kilby and colleagues (Kilby et al., 1993) for the generation of conditional 

mouse models. These strategies allow for the disruption of a gene at a specific time or 

in a specific tissue to investigate the function of a gene in situ.   

 

The Cre/loxP system was successfully used to generate the Pex13 knockout 

mouse mutant (Bjorkman et al., 2002, Maxwell et al., 2003). By utilizing the already 

available Pex13 loxP-modified (floxed) mouse strain, tissue-specific disruption of the 

Pex13 gene can also be achieved. Brain-specific Pex13 disruption can be effected by 

crossing the Pex13 modified strain (loxP-flanked) with mice expressing Cre 

recombinase in a cell- or tissue-specific manner. This tissue-specific expression of Cre 

is achieved by utilizing transgenic mice in which the cre recombinase gene is placed 

under the control of a cell lineage-specific promoter. To date, there have been several 

such systems devised and used to generate CNS-specific gene disruption, including 

synapsinI-Cre (DeFalco et al., 2001; Zhu et al., 2001), NSE-Cre (under the control of 

the neuron-specific enolase promoter) (Marangos et al., 1980; Cinato et al., 2001), and 

Nestin-Cre (under the control or the rat nestin promoter) (Zimmerman et al., 1994). 

Similarly, liver-specific Pex13 disruption can  be  achieved  by  mating Pex13- modified 

mice with transgenic mice expressing Cre under the control of the albumin promoter 

(Postic and Magnuson, 2000).  This particular strain has been shown to be 100% 

efficient in achieving hepatocyte-specific recombination when crossed with 5 different 

loxP-modified alleles. In the studies reported in this dissertation, brain- and liver-

specific Pex13 disrupted animal models will be generated using the already available 

Pex13 modified strain and the transgenic Nestin-Cre and albumin-Cre mice described 

above. 
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1.10 Molecular pathogenesis of PBDs 

Despite the establishment of the Pex mouse models mentioned above, and the 

elucidation of the genetic basis of most peroxisomal disorders (Gould and Valle, 2000; 

Wanders and Waterham, 2005; Weller et al., 2005), the molecular pathogenesis of 

these disorders is still poorly understood. It has been widely accepted that the 

pathogenesis of the PBDs is linked to the accumulation of toxic metabolites, such as 

VLFCAs, as a result of defective peroxisomal metabolism. This notion was challenged, 

however, with the generation of the Pex11��-null mouse model (Li et al., 2002b).  

Pex11��-null mice display many of the severe clinical features exhibited by the Pex2, 

Pex5, and Pex13 mutant mice, and ZS patients. However, Pex11�� mutant mice do not 

show the expected biochemical abnormalities that are normally associated with the 

severe PBD phenotype. These findings represent another line of evidence to suggest 

that the underlying pathological cause of the phenotype seen in PBDs is other than the 

accumulation of VLCFA or other metabolites – findings over the last five years on 

mouse mutants with defects in components of peroxisome metabolic pathways also 

point to a non-metabolic basis for the molecular pathogenesis in the peroxisomal 

disorders (Baes et al., 2000; Heinzer et al., 2003).  

 

A novel means of classifying peroxisomal disorders that differed from the 

traditional genetic-biochemical-clinical paradigm is based on peroxisome abundance 

and proliferation (Chang et al., 1999), demonstrated as a correlation between the 

development of a severe PBD phenotype and reduced peroxisome abundance. In this 

study, cells from ZS and the single enzyme disorders D-BP deficiency and acyl-CoA 

oxidase deficiency were shown to exhibit significantly reduced peroxisome abundance. 

This correlation appears to also account for the morphological changes of peroxisomes 

in the different disorders – in ZS peroxisomes are present as enlarged empty 

“membrane ghosts” (Santos et al., 1988); in both DB-P deficiency and acyl-CoA 

deficiency peroxisomes are also enlarged and comparable in size to ZS ghosts 

(Hughes et al., 1990; Poll-The et al., 1988; Suzuki et al., 1994; van Grunsven et al., 

1999). On the other hand, peroxisome abundance is normal in other single-enzyme 

disorders such as X-ALD and RCDP. This peroxisome abundance correlation also 

extends to the Pex mutant models, including the Pex11�� mice: despite the lack of 

biochemical dysfunction, Pex11�� mice exhibit two striking features, reduced 

peroxisome abundance and increased peroxisome clustering. The observed aberrant 

peroxisome abundance and distribution provides a unifying theme for the pathogenesis 

of disease in these PBD mouse models and peroxisomal disorders. Interestingly, it has 
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been subsequently demonstrated that the reduced peroxisome abundance in ZS cells 

can be restored by overexpression of Pex11�� (Chang et al., 1999; Li and Gould, 2002), 

a peroxisomal membrane protein shown to induce peroxisome proliferation (Schrader 

et al., 1998).  

 

The above findings collectively suggest an alternative mechanism of 

pathogenesis whereby disease severity is linked to peroxisome abundance and/or 

distribution. A cellular process that may provide a basis for the aberrant organelle 

abundance and organisation is microtubule-based peroxisome morphogenesis and 

trafficking. It has been previously established that peroxisomal trafficking and 

morphology are regulated by their association with the microtubule cytoskeletal 

network (Rapp et al., 1996; Schrader, 2001; Schrader et al., 1996; Schrader et al., 

2000; Thiemann et al., 2000; Wiemer et al., 1997). In addition, it is now widely believed 

that disruption of intracellular trafficking via the cytoskeleton may be the basis of 

pathology of many neurodegenerative diseases (Aridor and Hannan, 2000). 
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1.11 Aims of the project 

     The overall goal of this project is to generate mouse models to gain a better 

understanding of the molecular mechanisms leading to the pathological and clinical 

phenotypes of the human peroxisomal biogenesis disorders, in particular Zellweger 

syndrome. This overall goal was addressed through the following specific aims: 

 

 

1. The generation and characterization of brain- and liver-specific Pex13 mouse 

mutants.  In view of the impact of the severe neurological changes in the Pex13 

mutant animals, changes that imply peroxisomal abnormalities in specific CNS 

cells, a specific analysis of brain pathogenesis is warranted. The generation of 

brain-specific Pex13 mutant animals is aimed at addressing the question of 

whether the neurological changes observed in the PBDs result from specific 

defects in cells of the nervous system. Similarly, liver-specific Pex13 mutant 

animals will be generated to assess the extent that pathological changes seen 

in PBD patients is a result of defects in liver function arising from perturbed 

peroxisome function.  Brain- and liver-specific mutant animals will be generated 

by crossing the existing loxP-flanked Pex13 mice with transgenic mice 

expressing Cre in a cell-specific manner.   

 

2. To investigate and identify a unifying mechanism of molecular pathogenesis 

that account for most, if not all, of the pathological changes seen in PBDs. 

Previous research has shown that a correlation exists between the 

development of a severe PBD phenotype and reduced peroxisome abundance 

(Chang et al., 1999). This correlation also appears to be valid for Pex2-, Pex5-, 

and Pex11��-deficient mice. A possible explanation is that reduced peroxisome 

abundance may not only result in perturbed peroxisomal metabolism, but also 

have an effect on the way these organelles interact with other cellular 

structures. An analysis of the relationship of peroxisome abundance and 

distribution with the existence of a severe PBD phenotype, and how this 

potential link impacts on the development of pathological phenotypes of 

Zellweger syndrome, will be assessed in cultured skin fibroblasts from PBD 

patients and mouse Pex13-/- cells by indirect immunofluorescence. 
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2.1 Materials 

2.1.1 Animal ethics approval 

Ethics approval for this projected was granted by the Griffith University Animal 

Ethics Committee “Mouse Pex13 mutants as models for the Peroxisome Biogenesis 

Disorders”, approval number BBS/03/02/AEC. 

 

2.1.2 Mouse strains 

C57BL6/J mice were obtained from the Animal Resource Centre (WA). The 

generation of mice with the loxP-flanked Pex13 allele and mice with heterozygous 

deletion of Pex13 has been described previously (Bjorkman et al., 2002; Maxwell et al., 

2003). 

 

2.1.3 Patient skin fibroblast cell lines 

Patient skin fibroblast cell lines were from the National Referral Laboratory 

(NRL) for Lysosomal, Peroxisomal, and Related Genetic Disorders, Women’s and 

Children’s Hospital, Adelaide, South Australia. The use of these cell lines was 

approved by the Griffith University Human Research Ethics Committee “Molecular and 

cellular analysis of the peroxisomal disorders”, approval number BBS/01/04/HREC, 

and the Children, Youth and Women’s Health Service (CYWHS) Human Ethics 

Research Committee “Changes to cell function in patients with peroxisomal disorders”, 

approval number REC1575/4/2007. 

 

2.1.4 Chemicals and biochemicals 

Nocodazole, paclitaxel, sodium dodecyl sulfate (SDS), Triton X-100, p-

phenylenediamine, poly-L-lysine, dimethyl sulphoxide, leupeptin, pepstatin A, 

chymostatin, phenylmethylsulfonyl fluoride, paraformaldehyde, Epon resin, and 3,3’-

Diaminobenzidine tetrahydrochloride were all purchased from Sigma (St, Louis, USA).  

Sodium chloride, sodium citrate, sodium hydroxide, and ethylene diamine tetra acetic 

acid (EDTA) were obtained from Chem Supply Pty Ltd (Gillman, SA).    40% 

formaldehyde solution and sodium cacodylate were purchased from BDH (Kilsyth, 

VIC). Propylene oxide was obtained from Labtek (Brendale, QLD). Tris base was 
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purchased from Boerhinger Mannheim (Indianapolis, USA).  Potassium chloride was 

from Fisions Scientific Equipment (Loughborough, UK).  Ethanol and isopropanol were 

purchased from Banksia Scientific (Newstead, QLD).  

 

Dulbecco’s Modified Eagle Medium/Nutrient mixture F-12 (HAM), Neurobasal 

medium, Opti-MEM, Dulbecco’s phosphate buffered saline pH 7.4, L-glutamine, 

penicillin/streptomycin, Trypsin – EDTA, Lipofectamine® 2000, Nerve growth factor, 

B27 supplement, and Geneticin were all purchased from Gibco-Invitrogen (Melbourne, 

Australia).  

 

2.1.5 Antibodies and cellular stains 

PEX13, PEX14, and catalase polyclonal antibodies raised against MBP fusion 

proteins were purified from rabbit serum by affinity chromatography using the 

corresponding GST-fusion protein covalently coupled to CNBr-activated Sepharose 

(carried out by Dr Jonas Bjorkman, Griffith University). Mouse monoclonal anti-��-

tubulin III and anti-�.-tubulin antibodies were from Sigma (St, Louis, USA). Mouse 

monoclonal anti-human DLP1 antibody was from BD Biosciences (Palo Alto, CA). 

Chicken c-myc antibody and FITC-conjugated goat anti-chicken IgG were from Santa 

Cruz Biotechnology (Santa Cruz, CA). Goat anti-mouse Alexa Fluor 488 and 568, and 

goat anti-rabbit Alexa Fluor 488 and 568 antibodies were obtained from Molecular 

Probes (Eugene, Oregan, USA). MitoTracker Red CMXRos and MiTotracker Green FM 

dyes were a kind gift from Dr David Maguire (Griffith University). LysoTracker Red 

DND-99 was from Molecular probes (Eugene, Oregan, USA). TRITC-Phalloidin was a 

kind gift from Dr Dianne Watters (Griffith University).  

 

2.1.6 Molecular biology reagents 

Restriction enzymes and buffers were obtained from Roche Molecular 

Biochemicals (Mannheim, Germany).  DNA grade agarose, and proteinase K were 

purchased from Progen Industries Ltd (Darra, QLD).  Agar powder was purchased from 

Difco/Becton Dickinson (Maryland, USA).  Taq DNA polymerase and 10X reaction 

buffer, and 1kb+ ladder were purchased from Invitrogen (Carlsbad, California, USA).  

PCR primers were obtained from Sigma Genosys (Castle Hill, NSW). Deoxynucleotide-

triphosphates (dNTPs) were from Promega (Annandale, NSW). 32P-labelled dCTP was 

purchased from PerkinElmer Life Sciences (Rowville, VIC). MegaPrime DNA labelling 

kit was obtained from Amersham Biosciences (Castle Hill, NSW).  
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2.2 General methods 

2.2.1 General maintenance of cell culture 

Human and mouse primary fibroblast cells were cultured in Dulbecco’s Modified 

Eagle Medium/F12 (DMEM-F12) supplemented with 10% foetal calf serum, 2mM L-

glutamine, 1% penicillin, 1% streptomycin at 37oC and 5% CO2.  Culture media was 

changed every 3-4 d.  Passaging and harvesting of cells were done by first removing 

expired media and washing with 5mL of phosphate-buffered saline (PBS), pH 7.4.  The 

PBS was aspirated and 0.5 to 1.5mL of 1X Trypsin-EDTA was added to the flask and 

incubated at 37oC for 3 to 5 min.  The cells were dislodged by applying a sharp tap of 

the flask against the palm of the hand.  An appropriate amount of fresh medium was 

then added to resuspend the cells and inactivate the trypsin.  The cell suspension was 

transferred to a new flask or plate. 

 

2.2.2 Generation of mouse embryonic fibroblast 

Mouse embryonic fibroblast primary cultures were established by first 

euthanizing pregnant female mice at embryonic day 13 (E13) and extracting embryos 

into PBS. The placental membranes were removed to release individual embryos 

which were subsequently wash three times with PBS. Individual embryos were minced 

and a tissue sample was removed for genotyping. The remaining minced embryonic 

tissue was subjected to 0.25% trypsin at 4oC, overnight. The following day the 

trypsinized tissue was warmed at 37oC for 20min followed by re-suspension with 8mL 

culture medium. The tissue was dispersed by trituration and allowed to settle by 

gravity. The supernatant was transferred to fresh tubes and centrifuged at 200g for 

5min. The supernatant was removed and the cell pellets resuspended in 5mL culture 

medium. The cells were cultured in T25 culture flasks at 37oC. 

 

2.2.3 Establishment of mouse neuronal cultures 

Whole-brain neuronal cultures from P0.5 newborn mice were established by 

decapitating and removing the brain into PBS. The brain tissue was rinsed twice with 

PBS followed by mincing with sterile dissection scissors. The minced brain tissue was 

placed in 2mL of 0.25% trypsin and incubated at 4oC overnight. The following day, the 

tissue was warmed at 37oC for 20min. 8mL of Neurobasal medium was added and the 

tissue was dispersed by trituration ten times. The suspension was allowed to settle by 

 41



Chapter 2                                                                                      Materials and Methods 
 

gravity and the supernatant was transferred to fresh tubes. The cells were centrifuged 

at 200g for 5min after which the supernatant was discarded and the cell pellet 

resuspended in 2mL of Neurobasal medium containing 100ng/mL nerve growth factor 

and 1X B-27 supplement. Cells were grown on poly-L-lysine coated cultured dishes at 

37oC and analysed after 6-7 days. 

 

2.2.4 Generating frozen stocks of cultured cells 

75cm2 flasks of confluent cells were harvested by trypsinisation and 

resuspended in 1mL of freezing medium (50% DMEM, 40% FBS, 10% DMSO). Cells 

were rapidly frozen at –30oC for 30min, followed by storing at –80oC overnight. The 

cells were then transferred to liquid nitrogen for long-term storage. 

 

2.2.5 Reviving cells from liquid nitrogen storage 

Frozen cell stocks were revived by quickly thawing in warm water. The cells 

were then transferred to 10mL centrifuge tubes containing 9mL of culture medium and 

centrifuged at 1100rpm (200g) for 5min. Cell pellets were resuspended in 5mL of 

culture medium and transferred to 25cm2 culture flasks. 

 

2.2.6 Lipofectamine TM transfection of human and mouse fibroblasts 

Fibroblast cell lines were cultured in 25cm2 flasks to a confluency of ~90%. The 

transfection solution was prepared by combining 500��L Opti-MEMI and 20��L 

LipofectamineTM 2000 transfection reagent in one 1.5mL microcentrifuge tube, and 

500��L Opti-MEMI and 8��g of DNA in another tube. After 5min incubation at room 

temperature, the contents of the two tubes were combined and incubated for 20min at 

room temperature. The transfection solution was then added to the flask containing the 

cells and incubated at 37oC for 24-48 h. For stable transfections, medium containing 

transfection reagent was replaced with fresh culture medium containing selective 

antibiotic.  

 
 
 

 42



Chapter 2                                                                                      Materials and Methods 
 

2.2.7 Indirect immunofluor escence of fibroblasts 

Cells were grown on glass coverslips in 6-well culture plates overnight.  The 

cells were washed twice with 1X D-PBS (2.7mM KCl, 1.2mM KH2PO4, 138mM NaCl, 

8.1mM Na2HPO4, pH 7.1), followed by fixation in freshly prepared 3% formaldehyde in 

D-PBS for 30 min.  Following fixation, the cells were washed twice with 1X D-PBS.  

The cells were permeabilised in freshly prepared 1% Triton X-100 in D-PBS for 10 min, 

followed by washing twice with 1X D-PBS.  The cells were then incubated with the 

appropriate primary antibody diluted at the appropriate concentration in 1X D-PBS and 

0.1mg/mL bovine serum albumin (BSA).  This was carried out by spotting 40��L aliquots 

of the antibody solution onto clean parafilm and inverting the coverslips cell-side down 

onto the aliquots and incubating  for 30 min.  The cells were then washed  seven  times  

with  1X D-PBS followed by incubation with fluorescent secondary antibody diluted at 

the appropriate concentration in 1X D-PBS/0.1mg/mL BSA,  for 10min.  The cells were 

then washed seven times with 1X D-PBS.  The backs of the coverslips were wiped to 

remove salt deposits, and mounted on glass slides with mounting medium (10mg p-

phenylenediamine, 1mL 1M Tris-HCl pH 8.7, 9mL glycerol).  Excess mounting fluid was 

aspirated and the coverslips were sealed with clear nail polish.  The slides were viewed 

under a Nikon Eclipse 800 fluorescence microscope and images were captured with a 

Photometrics Coolsnap digital camera (Roper Scientific) and V++ Digital Imaging 

Software. Confocal laser-scanning microscopy was carried out using a Leica TCS SP2 

microscope (Leica Microsystems Heidelberg, Germany).  

 

2.2.8 Actin staining of cultured cells 

Actin filaments were stained using TRITC-conjugated Phalloidin at a dilution of 

1/5000 in D-PBS. Cells were stained in the same manner as indirect 

immunofluorescence.  

 

2.2.9 Staining of mitochondria in cultured cells  

Mitotracker Red CMXRos and Mitotracker Green FM dyes were used to stain 

mitochondria. 400nM of either Mitotracker Green or Mitotracker Red was added to the 

culture medium of cells 45min prior to processing as per the usual protocol for 

immunofluorescence. 
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2.2.10 Treatment of cells with mi crotubule-perturbing drugs 

Cultured fibroblast cells were treated with either nocodazole or paclitaxel to 

perturb the microtubule network. 20�PM of nocodazole or paclitaxel was added to the 

culture medium of each well of a 6-well plate and the cells cultured for 20hr prior to 

processing for indirect immunofluorescence in the usual manner. 

 

2.2.11 Perfusion-fixation of mouse tissues 

Animals were anesthetized with ketamine-xylazene and perfused transcardially 

with 4% paraformaldehyde. The brains and livers were removed and fixed in fresh 4% 

paraformaldehyde overnight. Tissues were then embedded in paraffin for sectioning. 

Sections of 4-10�Pm thickness were prepared on Menzel-Glaser Superfrost Plus glass 

slides.  

 

2.2.12 Preparation of tissue sections for electron microscopy 

Tissues from perfusion-fixed animals were embedded into 3% agar prior to 

sectioning. Sections were cut by hand using razor blades under a dissection 

microscope. Sections to be stained with 3,3’-Diaminobenzidine tetrahydrochloride 

(DAB) were placed in polyethylene (PE) vials and washed three times with 0.1M 

cacodylate buffer (pH 7.4), followed by three washes with Theorell-Stenhagen (TS) 

buffer. DAB solution (0.05% DAB, 50mM Tris/HCl pH 7.4, 0.01% H2O2) was then 

added and sections incubated at 45oC for 2h with gentle shaking. The DAB solution 

was removed and the sections washed once with cacodylate buffer, followed by three 

washes with Milli-Q (MQ) H2O.The sections were then incubated in 1% OsO4 at 4oC 

overnight. The next morning the sections were washed three times with MQ-H2O. The 

sections were then dehydrated by washing in 70%, 80%, and 90% cold ethanol 

solutions three times for 15min each. The sections were washed three times with 

absolute ethanol at room temperature and transferred to glass vials for washing with 

propylene oxide three times, followed by one wash with propylene oxide/Epon resin 

mix (1:1) for 30min. The sections were then incubated in straight Epon resin at room 

temperature overnight. Next day, individual sections were transferred to capsules with 

fresh Epon resin and polymerized at 60oC. 
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2.2.13 Immunohistochemistry 

Immunohistochemical analysis of paraffin sections was carried out by first 

rinsing the sections with TBS (100 mM Tris·Cl pH 7.5, 150 mM NaCl), followed by 

deparaffinization in xylene and rehydration in descending 100%, 90%, and 70% 

ethanol. Sections were subjected to antigen retrieval by heating in sodium citrate buffer 

(10mM, pH 6.0) in a microwave for 1min at high power, followed by 9min at medium 

power. Sections were allowed to cool in the buffer at room-temperature for 20min, 

washed with TBS, and blocked with 5% skim milk powder in TBS and 0.2% Triton X-

100 (blocking buffer). Primary antibodies were diluted in blocking buffer and incubated 

overnight at room temperature. Sections were washed with TBS and incubated with 

secondary antibodies diluted in blocking buffer for 1h at room temperature. Hoescht 

nuclear stain was applied for 5min followed by staining with 0.3% sudan black stain for 

30min to reduce background.  

 

2.2.14 Restriction enzyme  digest of DNA 

All restriction enzyme digests were performed according to the instructions 

provided by the individual restriction enzyme manufacturers.  Typically, reactions 

included 3-10U of restriction enzyme, the appropriate amount of DNA, appropriate 

restriction buffer, and MQ-H2O.  Reactions were incubated at 37oC for 2hr, and 

analysed by agarose gel electrophoresis. 

 

2.2.15 Agarose gel electro phoresis of DNA 

Agarose gel electrophoresis was used to size fractionate DNA fragments.  Gels 

of 0.75 to 1.0% were made from DNA grade agarose in TBE buffer (90mM Tris-HCl, 

90��M Boric acid, 2mM EDTA, pH 8.0) and 0.05% ethidium bromide.  Prior to loading, 

samples were mixed with 6X gel dye (0.25% (w/v) Bromophenol blue, 30% glycerol, 

10mM Tris-HCl pH 8.0).  1��g of 1kb+ ladder (Invitrogen) was included to determine 

DNA fragment size.  Electrophoresis was carried out at a constant voltage of 90V.  

Following electrophoresis, gels were viewed on a UV transluminator and images 

captured with a UVP digital camera and VisionWorks™ Imaging Software (Version 

3.1). 
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2.2.16 Plasmid Mini- and Midi-preps 

High purity plasmid DNA was prepared using the QIAquick Plasmid Miniprep kit 

for small-scale cultures, and the QIAfilter Plasmid Midiprep kit for large-scale cultures. 

 

2.2.17 Plasmid STET preps 

2mL cultures of E.coli bacterial strain containing the plasmid of interest were 

grown overnight at 37oC with shaking. Cells were harvested by centrifugation, followed 

by addition of 400��L of STET solution (8% sucrose, 0.5% Triton X-100, 10mM Tris-HCl 

ph 8.0, 50mM EDTA) and 30��L of 10mg/mL lysozyme. The tubes were vortexed until 

the cells were completely resuspended. The samples were boiled for 1min, followed by 

centrifugation at 14000rpm (18000g) for 15min at 4oC to pellet the cellular debris. The 

cell pellet was removed and the DNA was precipitated by adding 400��L of cold 

isopropanol. Plasmid DNA was pelleted by centrifugation at 14000rpm (18000g) for 

10min and the pellet was washed with 70% ethanol. After drying the DNA was 

resuspended in 120��L of 10mM Tris-HCl, pH 8.5. 

 

2.2.18 Electroporation of E. Coli 

The E.coli strain DH10B was used as host cell to propagate plasmid DNA. 

Plasmid DNA (~10ng) or ligation products (~3��L) were mixed with 20��L of 

electrocompetent DH10B cells and chilled on ice for 1min. The mixtures were 

transferred to chilled electroporation cuvettes (0.1cm gaps, BioRad), and 

electroporated at 1.75kV and 2000�
  using a BioRad Gene Pulser. The cells were then 

resuspended in 1mL LB medium and incubated at 37oC for 1h with shaking. Various 

volumes of the cells suspension were plated onto LB agar plates containing selective 

antibiotics and incubate at 37oC overnight.  

 

2.2.19 Subcloning of DNA fragments into plasmid vectors 

Various DNA fragments were subcloned into plasmid expression vectors for use 

in transient and stable transfection of cultured cells. Insert DNA fragments were 

generated by either PCR amplification followed by restriction digest, or direct restriction 

enzyme digest to release DNA fragments from existing plasmid vectors. The desired 

expression vectors were digested with appropriate restriction enzymes to generate 

compatible ends. For ligation, 450ng of vector DNA was combined with insert DNA, 
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usually at a ratio of 3:1, in the presence of 1X T4 DNA ligase and incubated overnight 

at 4oC. 3��L of ligation mixture was used to transform E.coli DH10B cells, as per section 

2.2.14. Individual clones were analysed for the presence of the insert DNA fragment by 

plasmid STET preps (2.2.13), followed by diagnostic digest with the appropriate 

restriction enzymes. 

 

2.2.20 DNA sequencing 

Plasmid DNA and PCR products were sequenced using the BigDyeTM 

Terminator Cycle Sequencing Reaction Kit. Typical reactions consisted of 500ng of 

template DNA, 1.6pmol of primer, 4��L of 2.5X sequencing buffer (400mM Tris-HCl, 

10mM MgCl2 pH 9.0), 4��L BigDyeTM Terminator reaction mix, and MQ-H2O to final 

volume of 20��L. Cycle sequencing was carried out on a MJ Research Minicycler with a 

program consisting of an initial denaturing step at 95oC for 5min. followed by 25 cycles 

of denaturing at 96oC for 30s, ramping at 1oC per 1s to 60oC for 4min, and ramping up 

to 96oC at 1oC per 1s. Reaction products were purified by ethanol precipitation and 

analysed by the Griffith University DNA Sequencing Facility using an ABI PRISM 377 

gel or ABI 3130xl capillary automated sequencer. Sequence results were viewed with 

Chromas (Techelysium Pty Ltd, Gold Coast, Australia) and analyzed with MacVector 

(Oxford Molecular Group, Sandiego, CA). 

 

2.2.21 Extraction of tissue from mice 

Animals were euthanised by either cervical dislocation or decapitation. The 

desired tissue/organs were extracted using clean sterilized scissors and forceps and 

transferred to clean 1.5mL eppendorf tubes. Tissues were snap frozen in liquid 

nitrogen and stored at -80oC. 

 

2.2.22 Genomic DNA extraction from tissue biopsies 

Tissue biopsies were digested with 35�PL of 10mg/mL proteinase K in 700�PL of 

lysis solution (50mM Tris-HCl pH8, 20mM EDTA, 2% SDS) at 55oC overnight. Samples 

were chilled on ice for 10min, followed by addition of 250�PL of saturated NaCl, and 

chilled on ice for 5min. Samples were centrifuged at 14000rpm for 20min at room 

temperature. The supernatant was then transferred to new 1.5mL tubes and DNA was 

precipitated by addition of 700�PL of isopropanol, followed by mixing by inverting tubes 

6-8 times. Samples were centrifuged for 10min at 14000rpm (18000g) at room 
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temperature. The supernatants were discarded and the DNA pellets washed with 

250�PL of 70% ethanol, followed by a wash with 100% ethanol. DNA pellets were air-

dried for 5min and resuspended in TE buffer (10mM Tris-Cl, 1mM EDTA, pH 8.0). 

 

2.2.23 PCR genotyping 

Extracted genomic DNA samples were typically used at a dilution of 1/30. 

12.5�PL of this dilution was added to 12.5�PL of PCR master mix consisting of 1X PCR 

buffer, 1.5mM MgCl2, 0.4mM dNTP mix, 0.4�PM of forward and reverse primers, and 

0.75U of Taq DNA polymerase. For the Cre-CREB genotype PCR, the master mix 

consisted of 1.4X PCR buffer, 1.5mM MgCl2, 0.4mM dNTP mix, 0.4��m Cre forward and 

reverse primers, 0.8��M CREB forward and reverse primers, and 2U of Taq DNA 

polymerase. The primers and cycling conditions for each of the genotyping reactions 

are as follows; 

 

 
Table 2.1 Primers and thermal cycling conditions for PCR genotyping 

PCR Primers Cycling 
conditions 

loxP F 5’ ATGGCTCCCAAGTTAGTTCTG 3’ 
R 5’ TCTGTTTCCCTCCCACCTC 3' 

94OC     3min 
94OC     30s 
55OC     45s        X30 
72OC     1min 
72OC     5min 

Pex13�û F 5’ TGGCTCCCAAGTTAGTTCTGTC 3’ 
R 5’ CCTCTCATTTGTTTGCTTACCCC 3’ 

94OC     3min 
94OC     30s 
57OC     45s        X30 
72OC     1min 
75OC     5min 

Cre-CREB 

Cre-F 5’ GGGATTGCTTATAACAACCTGTTACG 3’ 
Cre-R 5’ TATTCGGATCATCAGCTACACCAGAG 3’ 
Creb-F 5’ TATGTAAAGCAAGGGAAGATACTG 3’ 
Creb-R 5’ TAGACATACTTGACCCATAGCATT 3’ 
 

94OC     3min 
94OC     1min 
54OC     1min      X30 
65OC     4min 
72OC    10min 
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2.2.24 Sephadex ® G50 spin column preparation 

Sephadex® G50 was prepared by hydrating 10g of sephadex resin in 50mL 

MilliQ water. The columns were constructed using 1mL syringes plugged with glass 

wool. The syringes were placed in 10mL centrifuge tubes and the hydrated resin was 

compacted into the syringes by centrifugation at 2700rpm. The columns were 

equilibrated with TE buffer, pH 7.6 (10mM Tris-HCl pH 7.6, 1mM EDTA) and stored at 

4oC. 

 

2.2.25 Random-primed DNA probe labeling 

Random primed labelling of DNA probes with [�.-32P]dCTP was carried out using 

the MegaPrime DNA labelling kit (Amersham Biosciences), as per the manufacturer’s 

instructions. The labelled DNA was purified using the Sephadex G50 spin columns 

(section 2.2.19). Sheared herring sperm DNA was added to the probe and denatured 

by boiling for 10min and chilled on ice for 10min prior to adding to hybridization buffer. 

 

2.2.26 Southern blot analysis 

DNA samples were digested with SacI restriction enzyme overnight at 37oC. 

Digested DNA samples were then resolved by electrophoresis on a 0.5% agarose gel. 

The gel was denatured in denaturing buffer (1.5M NaCl, 0.5M NaOH) for 30min, and 

neutralized in neutralizing buffer (0.5M Tris-HCl pH 7.2, 1.5M NaCl, 1mM EDTA) for 

30min. The DNA was then transferred to PVDF membrane by capillary transfer in 20X 

SSC (3M NaCl, 0.3M sodium citrate, pH 7.0). Following transfer, the membranes were 

washed twice with 2X SSC for 5min, UV cross-linked, and blocked in pre-hydridization 

solution (5X Denhardt’s, 10% dextran sulphate, 1% SDS) at 65oC for 4h in a 

hybridization-oven. Following incubation, the radioactive probe was added to fresh 

hybridization solution and exposed to the membranes at 65oC overnight. The 

membranes were washed twice with 2X SSC for 5min and exposed to a FujiFilm 

Imaging plate overnight. The imaging plate was visualised on a FLA-1000 phosho-

imager (FujiFilm, Japan). 

 

2.2.27 Northern blot analysis 

All electrophoresis apparatus and gel preparation equipment were treated for 

RNase contamination by soaking in 3% hydrogen peroxide for 30min, followed by 
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rinsing with MQ-H2O. Solutions were either treated with 0.1% diethyl pyrocarbonate or 

prepared from RNase-free stocks. A 1% agarose gel was prepared in 1X MNE buffer 

(20mM MOPS (3-(N-morpholino) propanesulfonic acid), 5mM sodium acetate, 1mM 

EDTA, pH 7.0) and 2.2M formaldehyde. The gel was pre-run at 60V for 30min. 15��g of 

RNA sample was diluted in 5X gel loading buffer (0.25% bromophenol blue, 20% 

glycerol, 4mM EDTA, 0.9M formaldehyde, 0.3M formamide in 1X MNE buffer), and 

heated at 65oC for 5min prior to loading. The samples were run into the gel at 60V for 

30min, after which the voltage was increased to 80V and electrophoresis continued 

until samples were sufficiently resolved. The gel was then rinsed in MQ-H2O to remove 

excess formaldehyde, followed by inspection under UV light to assess RNA integrity 

based on ribosomal RNA banding pattern. The RNA was then subjected to overnight 

capillary transfer onto Genescreen Plus PVDF membrane using 20X SSC (3M NaCl, 

0.3M tri-sodium citrate, pH 7.0) as the transfer buffer. After transfer, the membrane was 

washed twice with 2X SSC followed by crosslinking under UV light at 1200J/cm2 for 

90s to fix RNA to the membrane. The membrane was then air-dried and baked at 80oC 

for 2h to reverse the formaldehyde reaction. The membrane was then rehydrated in 2X 

SSC and incubated in pre-hybridization buffer [5X Denhardt’s solution (0.1% each of 

BSA, polyvinylpyrrolidone, Ficoll), 1% SDS, 10mM NaCl, 10% dextran sulphate) for 4h 

at 65oC in a rotating hybridization oven. The pre-hybridization buffer was removed and 

replaced with fresh buffer containing denatured [�.-32P]dCTP-labelled probed (prepared 

as in section 2.2.20) and incubated at 65oC overnight in a hybridization oven. The next 

day, the membrane was washed twice in 2X SSC, enclosed in cling wrap plastic and 

exposed to a Fujifilm Imaging plate overnight. The blot was visualized by reading the 

imaging plate on a FLA-5000 phosphoimager (Fujifilm, Japan). 

 

2.2.28 Isolation of RNA 

Total tissue RNA was extracted using the Qiagen RNeasy lipid tissue mini kit according 

to the manufacturer’s instructions. RNA quantity was measured using the NanoDrop 

ND-1000 spectrophotometer (NanoDrop Technologies, USA) and RNA integrity was 

determined using the Agilent RNA 6000 Nano kit and 2100 Bioanalyzer (Agilent, USA). 

 

2.2.29 Microarray analysis 

Microarray analysis was performed by the SRC Microarray Facility at the University of 

Queensland using Illumina Mouse Sentrix-6 V1.1 Beadchips.  
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2.2.30 Preparation of mouse liver samples for SDS-PAGE 

Liver tissue, previously harvested from mice and stored at –80oC, was thawed 

on ice, minced using a sterile surgical blade, and homogenized in 200��L of 0.25M 

sucrose/0.1% ethanol (containing 50��g/mL leupeptin, 10��g/mL pepstatin, 10��g/mL 

chymostatin, 200��M phenylmethylsulfonyl fluoride). The tissue was homogenized with 

one stroke of a Potter-Elvehjem homogenizer and pestle rotating at 750rpm. The 

samples were halved into 100��L aliquots. One half (referred to as the Total 

homogenate fraction) was homogenized with a further five strokes, and a 60��L aliquot 

added to 30��L of 3X SDS sample buffer, boiled for 5min, aliquoted and stored at –

80oC. The other half was centrifuged at 2800rpm (1000xg) on a Sorvall RC 5 centrifuge 

(SS34 rotor) for 10min at 4oC. The post-nuclear supernatant fraction generated in this 

step was carefully removed and transferred to a new tube and further centrifuged at 

12000rpm (15000g) for 10min at 4oC. Following centrifugation, the supernatant was 

transferred to a new tube and the total volume made up to 120��L with 3X SDS sample 

buffer. The pellet was resuspended in 60��L of 3X SDS sample buffer and 60��L of MQ-

H2O. The pellet and supernatant fractions were boiled for 5min, aliquoted, and stored at 

–80oC in preparation for SDS-PAGE. 

 

2.2.31 Catalase enzyme activity assay 

To assay the activity of catalase enzyme in mouse liver, frozen tissue was 

prepared in the same manner as in section 2.2.22 up to the point where the samples 

were centrifuged at (15000g) for 10min at 4oC. From this step, the pellet and 

supernatant fractions were separated, with the pellet fraction brought to equal volume 

with the supernatant fraction using 0.25M sucrose/ 0.1% ethanol. Each fraction was 

then diluted 1 in 10 by adding 2��L of sample to 2��L of 1% Triton X-100 and 16��L of 

0.25M sucrose/ 0.1% ethanol. The catalyse assay was carried out by adding 2��L of 

diluted sample to 1mL of assay mix (50mM Tris-HCl pH 7.2, 0.03% H2O2) in a quartz 

cuvette. The change in absorbance at A240 over a period of 2-3min was recorded using 

a Pharmacia Biotech Spectrophotometer connected to a Rikadenki Chart recorder.  

 

2.2.32 Protein estimation 

Protein estimation on extracted samples was carried out using the Peterson 

method (Peterson, 1977). Protein samples and duplicate bovine serum albumin (BSA) 

standard samples were brought to a volume of 1mL with MQ-H2O. 0.1mL of 0.15% 
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sodium deoxycholate (DOC) was added to all samples, mixed, and left to stand for 

10min at room temperature. 0.1mL if 72% trichloroacetic acid (TCA) was then added, 

mixed, and centrifuged at 10000rpm (9000g) for 10min. The supernatant was 

aspirated, followed by addition of 0.4mL of Reagent A [equal volumes of CTC (0.1% 

CuSO4.5H2O, 0.2% potassium sodium tartrate, 10% Na2CO3), 0.8N NaOH, 10% SDS, 

H2O]. The samples were mixed and left to stand at room temperature for 10min. 0.2mL 

of Reagent B (1 volume 2N Folin Ciocalteu, 4 volumes H2O) was then added, samples 

mixed and left to stand at room temperature for a further 30min. The absorbance at 

750nm of all samples was read on an LKB Ultrospec Plus spectrophotometer. The 

absorbance readings for the standards were used to obtain a standard curve from 

which the sample protein concentrations were determined.   

 

2.2.33 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-Polyacrylamide gel electrophoresis was carried out using the BioRad Mini-

Protean II electrophoresis apparatus (BioRad) using 10% separating gels and 4% 

stacking gels (see Table 2.1 below). All samples were boiled for 5 min prior to loading 

onto gels.  BioRad broad-range pre-stained markers were included to determine 

polypeptide size.  Electrophoresis was initially performed at 80V until the samples 

entered the separating gel, at which stage the voltage was increased to 150V.  

Electrophoresis was discontinued when the dye-front reached the bottom of the 

separating gel. 

 

Table 2.2  Componenets of SDS-PAGE separating and stacking gels 

 10% Separating gel 4% Stacking gel 
40% acrylamide solution 2.5mL 500��L 
1M Tris-HCl pH. 8.8 3.75mL  
1M Tris-HCl pH. 6.8  625��L 
10% SDS 0.10mL 50��L 
ddH20 3.60mL 3.775mL 
DMAPN 15��L 15��L 
APS 35��L 35��L 

 
 
 
2.2.34 Western blot analysis of proteins 

Following electrophoretic separation of protein samples on SDS-PAGE, 

proteins were transferred to Immobilon-P PVDF membranes using a BioRad TransBlot 

transfer system (BioRad) in chilled transfer buffer (10mM NaHCO3, 3mM Na2CO3, pH 
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9.9, in 20% methanol).  Transfer was performed at 100V for 1h and the membranes 

then blocked with 10% Blotto [10% (w/v) skim milk powder in TBST (137mM NaCl, 

3mM KCl, 25mM Tris-HCl pH 7.4, 0.1% Tween 20)] for 2h at room temperature, with 

gentle agitation.  The blocking solution was removed and the primary antibody, diluted 

to the appropriate concentration in 10% Blotto, was then applied.  The membranes 

were then incubated at 4oC overnight with gentle agitation, washed 5 times for 5 

minutes in TBST, and incubated with secondary antibody diluted at 1/7500 in 10% 

Blotto for 1h, with gentle agitation.  The membranes were again washed 5 times for 5 

minutes in TBST.  Chemiluminescent detection of the membranes was carried out 

using the ECL+ Plus Western Blotting detection system (Amersham Biosciences, 

Castle Hill, NSW), followed by visualization on the LAS-3000 imaging device (FujiFilm, 

Japan). 
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3.1 Introduction 

The establishment and subsequent characterization of the Pex13 knockout 

mouse, together with the previously reported Pex2, Pex5, and Pex11�� knockout mice, 

have proved to be very useful for investigating the pathogenesis of the PBDs, and in 

particular Zellweger syndrome.  This is reflected in the close correlation of the 

biochemical and morphological phenotypes between these mouse mutants and ZS.  

However, their usefulness as ideal animal disease models is limited by a lethal 

phenotype that is characterized by the death of homozygous pups at or shortly after 

birth. As a result, these mice mutants are not suitable for investigations into the 

function of peroxisomes in specific tissues in post-natal disease pathogenesis.  To 

circumvent these problems, conditional gene targeting strategies based on the 

Cre/loxP system were employed to generate mouse models with tissue-specific 

disruption of Pex13. 

 

ZS is generally classified as a neurodegenerative disorder, but in reality affects 

multiple organs including the brain and CNS, liver, kidneys, adrenal glands, skeleton, 

muscle, and retina (Moser 1997).  The underlying cause(s) of the pathology at these 

sites and the possible inter-relation between them are at present poorly understood. 

The pathological lesions observed in the brains of ZS patients, and the aforementioned 

knockout mouse models, are prominent and are characterized by a defect in neuronal 

migration and generalized neurodegeneration. An important question is whether the 

effects seen in the brain of ZS patients are a result of localized deficiency of functional 

peroxisomes or a consequence of metabolic dysfunction at other sites (e.g. liver). To 

address this question, a brain-specific Pex13-disrupted mouse model was established 

to allow for a more detailed investigation of the disease aetiology by looking at the 

effects of specific and localized disruption of peroxisome metabolic function in this 

organ. 

 

In this chapter the generation of a brain-specific Pex13-disrupted mouse model 

is described and its initial characterization presented.   
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3.2 Materials and methods 

3.2.1 Mouse strains and breedings  

The Pex13 modified strain (loxP-flanked, frt-flanked) and the targeting construct 

used to generate this strain has been described previously (Bjorkman et al., 2002; 

Maxwell et al., 2003).  Pex13 modified mice were crossed with mice expressing FLPe 

recombinase (Rodriguez et al., 2000) to delete the frt-flanked neomycin selection 

cassette from the loxP-flanked allele. The resultant heterozygous animals were 

designated Pex13flox/+.  Pex13flox/+ mice were crossed to generate animals that were 

homozygous for the loxP-flanked Pex13 allele (Pex13flox/flox).  Brain-specific deletion of 

Pex13 was achieved using Nestin-Cre transgenic mice (Nes-Cre/+) (Tronche et al., 

1999) (kindly provided by Dr. Tammy Ellis, IMB-UQ).  Brain-specific Pex13-deficient 

mice were generated by first crossing a mouse that was heterozygous for the Pex13-

null allele (Pex13�û/+; i.e. Pex13 null heterozygote in all tissues) with a Nes-Cre/+ 

transgenic mouse to generate Nes-Cre/+, Pex13flox/+ mice.  These mice were then 

crossed with Pex13flox/flox mice to generate mice with brain-specific deletion of Pex13 

(Pex13 brain mutants).  A schematic representation of this breeding strategy is 

presented in Figure 3.1.  Note that because one of the breeding pairs is heterozygous 

for the “null” allele, the protocol generates a high proportion of mutants, and no “true” 

wild-type litter mates; wild-type pups in these litters are defined as those with the 

genotypes Pex13flox/flox or Pex13+/flox, and heterozygotes those with the genotypes 

Pex13+/�û and Pex13flox/�û. All animals were housed under controlled temperature (24oC) 

and lighting (12 hours light/dark cycle) with free access to food and water. 

 

3.2.2 Genotyping of mice 

The isolation of genomic DNA from extracted tissues and subsequent 

genotyping by PCR and Southern blot have been described in Chapter Two. For PCR 

genotyping, the Cre recombinase gene and the CREB house-keeping gene were 

amplified using primers Cre-F (5’ GGGATTGCTTATAACAACC TGTTACG) and Cre-R 

(5’ TATTCGGATCATCAGCTACACCAGAG) and CREB-F (5’ TATGTAAAGCAAG 

GGAAGATACTG and CREB-R (5’ TAGACATACTTGACCCATAGCAAT), respectively. 

Wild-type Pex13 and floxed-Pex13 alleles were detected using primers loxP-F (5’ 

ATGGCTCCCAA GTTAGTTCTG)   and   loxP-R (5’ TCTGTTTCCCTC CCACCTC), to 

generate PCR products of 492 bp and 526 bp, respectively. A 426-bp fragment specific 

for the Pex13-disrupted allele was detected using primers Pex13�û-F (5’ 
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TGGCTCCCAAGTTAGTTCTGTC) and Pex13�û-R (5’ CCTCTCTATTTGTTGCT 

TACCCC). The efficiency of Pex13 exon 2 excision was assessed by Southern blot 

analysis of genomic DNA samples using a probe directed against exon 3 of the wild-

type Pex13 allele. This probe detects a 10kb wild-type band, a 5.9kb band for the exon 

2-excised, allele, and a 4.5kb band for the Pex13 floxed allele. A diagrammatic 

representation of these genotyping strategies is presented in the Results section (Fig. 

3.2) 
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Figure 3.1    Breeding strategy for generating brain-specific Pex13-deficient mice 

and littermate controls. Pex13 +, wild-type Pex13 allele; Pex13�' , Pex13 null allele 

(exon 2 excised, all tissues); Pex13flox, Pex13 allele with exon 2 flanked by loxP sites; 

Nes-Cre, Cre transgene under the control of rat nestin promoter. 
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3.2.3 Western blot analysis of  mouse brain tissue  

Mouse whole-brain tissue was pulverised under liquid nitrogen and 

resuspended in extraction buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 5mM EDTA, 

1% SDS). The resultant homogenate was passed through a Hamilton syringe ten times 

and centrifuged at 14000rpm (18000g) for 20min. The supernatant was collected and 

aliquoted for storage at -80oC. Prior to SDS-PAGE and Western blot analysis, a single 

aliquot of homogenate was subjected to protein estimation using the DC protein assay 

kit (BioRad Laboratories, NSW). SDS-PAGE and Western blot analysis are described 

in detail in sections 2.2.28 and 2.2.29, respectively. 

 

3.2.4 Biochemical analyses  

Catalase activity in mouse liver fractions was assayed by a kinetic 

spectrophotometric procedure as described in section 2.2.24. Levels of VLCFA in a 

total lipid extract from tissue samples were determined as previously described (Poulos 

et al., 1994). Plasmalogen levels were assayed essentially as previously described 

(Poulos et al., 1988), except cis-3-O-nonadec-1’-enylglycerol 1, 2 carbonate was used 

as the internal standard. The rate of phytanic acid and pristanic acid oxidation and of 

the activities of DHAP synthase and DHAP-AT were determined as previously 

described (Paton et al., 1996). 

 

3.2.5 Microarray gene expression analysis  

Isolation of tissue total RNA has been described in section 2.2.28. Microarray 

analysis was performed by the SRC Microarray Facility (University of Queensland) 

using Illumina Mouse Sentrix-6 V1.1 Beadchips. Microarray data analysis was 

performed using Genespring GX7 software (Agilent Technologies, USA). Biological 

pathway analysis of differentially expressed genes was carried out using Ingenuity 

Pathway Analysis (IPA) software v5.5.1 (Ingenuity Systems, USA). 
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3.3 Results 

3.3.1 Brain-specific deletion of Pex13 

The Cre-loxP system, in combination with mice expressing nestin-cre, was used 

to generate transgenic mice with brain-specific deletion of Pex13, hereafter denoted as 

brain Pex13 mutant mice.  The targeting construct (Fig. 1.6) and the generation of the 

Pex13-modified strain (Pex13-floxed, frt-flanked) have been described previously 

(Bjorkman et al., 2002).  Exon 2 of the mouse Pex13 gene was modified to be flanked 

by loxP sites (or “floxed”).  As exon 2 is by far the largest Pex13 exon, Cre 

recombinase-mediated excision between these loxP sites results in the expression of a 

severely truncated protein – lacking the SH3 and membrane domains required for 

normal Pex13 protein function (Bjorkman et al., 2002). Using the mating scheme 

outlined in Figure 3.1, efficient brain-specific homozygous disruption of Pex13 was 

achieved by crossing Pex13flox/flox mice with Nestin-Cre/+,Pex13�û/+ mice expressing Cre 

recombinase under the control of the rat-nestin promoter and nervous system-specific 

enhancer (Tronche et al., 1999).   

 

3.3.2 Confirmation of Pex13 gene  disruption in brain 

Pex13 gene disruption in brain tissue was assessed using both PCR and 

Southern blot analysis on extracted whole-brain genomic DNA. PCR was used as an 

initial screen to detect animals bearing the desired deletion genotype. Subsequently, 

Southern blot analysis was used to determine the efficiency of Pex13 gene disruption. 

Using PCR, wild-type Pex13 alleles were detected as 492-bp bands, floxed alleles as 

526-bp bands, and disrupted (exon 2-excised) alleles as 426-bp bands. Figure 3.2A 

depicts the locations of the primers and their expected product sizes. For Southern blot 

analysis, a ~450-bp probe against exon 3 was used to hybridize genomic DNA 

fragments produced by digestion with Sac I restriction enzyme. This method detects 

wild-type, floxed, and Pex13�' alleles of approx. 9.8kb, 4.2kb, and 6.4kb, respectively. 

Figure 3.2B illustrates   the   restriction   enzyme   sites and   probe binding site for 

interpretation of the Southern blot analyses. 
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Figure 3.2    Strategy for genotype analysis of tissue-specific Pex13-disruption in 

mice using PCR and Southern blot analysis. (A) Location of primers used for PCR 

genotyping of mouse genomic DNA. Detection of the wild-type Pex13 allele was 

achieved using primers loxP-F and loxP-R (492bp product). The same primer pair was 

used to detect Pex13-floxed alleles (includes 34bp loxP site) as a 526bp product. The 

Pex13 exon 2-excised (disrupted, �') allele was detected using primers Pex13 �û-F and 

Pex13�û-R which generate a 426bp product. Note the excised region of the allele, 

encompassing and flanking exon 2, represented by the dashed line. (B) Schematic 

representation of Sac I enzyme sites and Southern probe hybridisation site. Sac I and 

loxP sites marked with an asterisk (*) are present only in the Pex13 floxed allele. E2-

E4; exons 2-4. The numbers refer to relative nucleotide positions at restriction enzyme 

sites in the gene. 
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            The breeding strategy used to generate Pex13 brain mutant mice (described in 

Figure 3.1) was expected to produce animals with the deletion genotype of Pex13�' /flox 

at a frequency of fifty percent. PCR and Southern blot analyses of genomic DNA from 

brain tissue of Pex13 brain mutant mice confirmed homozygous disruption of the 

Pex13 in animals bearing the Pex13�' /flox genotype (Figure 3.3A and 3.3B –  samples 2 

and 3). Homozygous disruption of Pex13 was dependent on animals bearing the Cre 

transgene. Densitometric analysis demonstrated that there was a high level of deletion 

efficiency of Pex13-floxed alleles in animals that harboured the Cre transgene (Figure 

3.3C). In contrast, as expected, there was no excision of the Pex13-floxed allele in 

animals lacking the Cre transgene. Southern blot analysis of brain, liver, and kidney 

genomic DNA from an animal (Pex13�' /flox, Nestin-Cre/+) with effective homozygous 

disruption of Pex13 in brain showed that Cre-mediated excision was specific for brain 

tissue (Fig 3.3D).  Efficient disruption of Pex13 was further demonstrated by Northern 

blot analysis, which showed that the normal Pex13 mRNA transcript (approximately 

2.1kb) was not expressed in the targeted brain tissue (Fig 3.3E), but was present in 

wild-type and heterozygous littermates of Pex13 brain mutant mice.  

 

Western blot analysis demonstrated the loss of immunoreactive full-length 

Pex13 protein (apparent molecular mass of approximately 49kDa) in brain tissue of 

Pex13 brain mutant mice with high efficiencies of Pex13 deletion (Fig 3.3F). These 

analyses also detected a lower molecular weight protein of approximately 26kDa that 

appeared to segregate with the disrupted Pex13 allele, a protein previously identified in 

liver extracts of the Pex13-null mouse (Maxwell et al., 2003). The identity of this protein 

is unclear and experiments aimed at characterizing it, as described by Maxwell et al., 

have not resolved its identity.  The fact that this protein is immunoreactive to the Pex13 

antibody is confounding as the disrupted Pex13 mRNA predicts a truncated protein 

lacking the C-terminal third of Pex13 that is recognized by the Pex13 antibody and 

does not contain an alternative downstream translation start codon to generate a 

protein of this size. High-speed differential centrifugation (100,000 x g for 60min) 

showed that the 26-kDa protein was found in the supernatant (cytoplasmic) fraction. In 

addition, in vitro transcription and translation of Pex13-/- cDNA yielded a single product 

of approximately 5-kDa that was not immunoreactive to the Pex13 antibody.  Combined 

with the observation that Pex13+/- heterozygous mice did not exhibit a phenotype, the 

authors concluded that these findings collectively demonstrate that this 26-kDa protein 

is not acting in a dominant-negative manner and does not posses any Pex13-related 

functions. These findings however cannot rule out the possibility that this unidentified 

protein is an alternatively spliced form of wild-type Pex13. The fact that the protein is 
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immunoreactive to the Pex13 antibody supports this notion as the gene sequence 

encoding the antigenic region of the Pex13 protein is not deleted during exon 2 

removal. An alternatively spliced form of Pex13 predicted by the targeted deletion of 

exon two would presumably contain the SH3 domain but not the transmembrane 

domains. In this situation, the protein would be immunoreactive to the Pex13 antibody 

but would not retain normal functionality as it would not be inserted into the 

peroxisomal membrane. This scenario is consistent with the previously mentioned 

finding that the 26-kDa protein is found in the supernatant (cytoplasmic) fraction of 

differentially centrifuged livers of Pex13-/- animals and is reconcilable with the exhibited 

phenotype of these animals. 

 

The Western blot analysis also demonstrated that although Pex13 was deficient 

in mutant animals, Pex14 was still present at high levels. As Pex14 is a peroxisomal 

membrane protein, this result is consistent with the presence of peroxisomal 

membrane vesicles in these cells that are unable to import matrix proteins, similar to 

what was previously demonstrated for the Pex13-null animals (Maxwell et al., 2003). 

 

Collectively, these results on tissue Pex13 genotype and gene transcript, and 

tissue Pex13 protein levels, demonstrate brain-selective Pex13 disruption in mice with 

high Cre-mediated excision. 
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Figure 3.3 Analysis  of Pex13 gene disruption in brain.  (A) Representative PCR 

analysis of brain tissue genomic DNA from a litter containing brain Pex13-disrupted 

mice. Top panel – PCR product (213bp) indicating presence of Cre transgene, and  

500bp product of the CREB gene, the latter included to validate gDNA integrity. Middle 

panel – detection of Pex13 wild-type and Pex13 floxed alleles as PCR products of 

492bp and 526bp, respectively. Bottom panel – Pex13�û allele detected as an amplicon 

of 426bp. L, DNA ladder, with sizes of representative markers indicated; 1-6, brain 

gDNA from Pex13 brain mutant litter; +, positive control; - ,DNA-free PCR negative 

control. (B) Southern blot genotype analysis of brain tissue genomic DNA from same 

litter of brain Pex13 mutant mice as in (A). (C) The efficiency of Cre-mediated deletion 

of Pex13-floxed alleles was assessed by densitometric analysis of the Southern blot in 

(B). Deletion efficiency is expressed as the ratio of Pex13-floxed alleles (white bars) to 

Pex13-deleted alleles (black bars). Note that animals #1 and #5 do not have the Cre-

transgene, and therefore retain the Pex13-floxed allele. Note also that although 

animals #4 and #6 have high efficiency deletion of the floxed allele, they are 

heterozygous for Pex13 deletion as both have wild-type alleles. (D) Southern blot 

analysis of genomic DNA from brain, liver, and kidney tissue of a Pex13 brain mutant 

mouse. (E) Northern blot analysis of total RNA from brain tissue of Pex13 brain mutant 

mouse showing WT (2.1kb) and Pex13-excised (1.6kb) transcripts  (top panel), and 

corresponding RNA staining to indicate RNA loading (bottom panel). (F) Western blot 

analysis of total brain homogenate from Pex13 brain mutant mice using antibodies to 

Pex13 and the peroxisomal membrane protein Pex14; Western analysis of tubulin, to 

show protein loading in these samples, is also shown. The mobility of the bands 

detected was determined against molecular mass standards. WT, wild-type; Het, 

heterozygous; Hz; Pex13 brain-specific homozygous mutant; Br, brain; Liv, liver; Kid, 

kidney. 
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3.3.3 Macroscopic and phenotypic evaluation  

Pex13 brain mutant mice were indistinguishable from normal littermates at birth 

and during the first few postnatal days. However, evidence of growth retardation was 

observed at approximately postnatal days 5-6 (P5-P6). The growth of these animals, in 

terms of weight gain, was significantly slower than that of normal littermates and was 

characterized by a plateauing effect followed by gradual weight loss and deterioration 

culminating in the death of affected animals at approximately P20-P22 (Fig 3.4A). In 

addition, brain Pex13 mutant mice exhibited contracted postures, under-developed 

lower body mass, abnormal and unsteady gait, and abnormal motor coordination (Fig 

3.4B). Interestingly, a number of animals displaying the above mentioned phenotype 

survived beyond P22, and up to 6 weeks. Genotype analysis of these animals using 

Southern blot analysis demonstrated that the efficiency of Cre-mediated Pex13 

excision was not as high (<85% by densitometry) as that of animals that died before 

P22 (data not shown). Thus, as expected, the severity of the phenotype correlated 

directly with the efficiency of Pex13 deletion. The growth defect phenotype displayed 

by brain Pex13 mutant mice was characterized by a 50% reduction in overall body 

weight of affected animals at age of death (approx. day 20) compared to normal 

controls. Accordingly, the weights of livers and kidneys from brain Pex13 mutant mice 

were reduced, however brain weights were similar to those of littermate controls (Fig 

3.4C and 3.4D). These results are consistent with the previously mentioned 

observation that Pex13 brain mutants exhibit markedly under-developed lower body 

regions. 

 

3.3.4 Analysis of peroxisome matrix protein import function in Pex13 
brain mutant mice 

It has been well established that Pex13 is an essential component of the 

peroxisome biogenesis process, specifically playing a role in the matrix protein import 

mechanism (see Chapter 1). Its purported role as part of the docking complex for 

PTS1-Pex5 and PTS2-Pex7 complexes at the peroxisomal membrane underlines its 

essential nature.  It was therefore expected that deficiency, or at least significantly 

reduced levels of Pex13, in brain tissue of Pex13 brain mutant mice should manifest as 

impaired peroxisomal matrix protein import. To assess matrix protein import status in 

brains of Pex13 brain mutants, immunohistochemical analysis of brain sections was 

carried out using an antibody specific for the abundant PTS1-containing matrix protein 

catalase.  The same sections were counter-stained with antibody to the neuron-specific 

 66



Chapter 3                                                                     Brain-specific disruption of Pex13 

A 
  

 

 
 
 
 
 
 
 
 
 
 B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.4 Pex13 brain mutant mice display an early-onset growth retardation 

phenotype.  (A) Growth curve showing onset of growth retardation for Pex13 brain 

mutant mice at P6 followed by cessation of growth. Pups #I, 2, 4 and 6 are those with 

high excision efficiency (>85%). (B) Morphological appearance of Pex13 brain mutant 

mice. Left panel, heterozygote for Pex13 deletion in brain; Right panels, mice with 

homozygous deletion of Pex13 in brain from the same litter. (C) Comparison of organ 

tissue weights of Pex13 brain mutant mice (solid bars) and littermate controls (open 

bars). (D) Organ tissue weight of Pex13 brain mutant mice (solid bars) and control mice 

(open bars) expressed as the percentage of the total body weight. All data are 

represented as mean �r SEM (n = 3); *P < 0.05, Student’s t-test. 
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protein, NeuN, to label cells of neuronal lineage. In neurons from control mice, catalase 

fluorescence was visualized as punctate fluorescent structures, indicating normal 

localization and import of this PTS1 protein to peroxisomes (Fig 3.5). In contrast, 

neurons from littermate Pex13 brain mutant mice displayed a diffuse cytoplasmic 

pattern of catalase staining with very few punctate structures, which is indicative of 

mislocalization of this protein to the cytoplasm. These results indicate that cells of 

neuronal lineage in brain of Pex13 brain mutant mice are impaired for peroxisomal 

matrix protein import, at least at the level of PTS1 protein import. 

 

3.3.5 Biochemical abnormalities of Pex13 brain mutant mice 

The previously reported Pex13-null mice (Maxwell et al., 2003) display 

widespread metabolic abnormalities that are characteristic of Zellweger syndrome. To 

assess the metabolic effect of selective elimination of peroxisomes in the brain, and on 

a remote organ, i.e. liver, biochemical analyses were carried out on these two tissue 

types from Pex13 brain mutant mice. These analyses included assays for the levels of 

VLCFA, bile acids, plasmalogens, and for the activity of enzymes involved in 

plasmalogen synthesis.  

 

VLCFA levels, expressed as the C26:0/C22:0 ratio, were, surprisingly, not 

significantly changed in brain tissue of 3 week-old Pex13 brain mutant mice compared 

with control animals (Fig 3.6A). Similarly, no significant changes in levels of C26:0/C22:0 

fatty acids were detected in liver of Pex13 brain mutants. VLCFA levels, when 

expressed as the C24:0/C22:0 ratio, were, surprisingly, reduced (by 40%) in the brain, 

but unchanged in liver (Fig 3.6B). In comparison, C26:0/C22:0 VLCFA levels in Pex13-

null pups have been previously shown to be elevated 6.5-fold and 9-fold in brain and 

liver, respectively, while C24:0/C22:0 levels were elevated 2-fold in both brain and liver 

(Maxwell et al., 2003). The absence of a change in C26:0/C22:0 levels in brain of 

Pex13 brain mutant mice is at odds with the reported 2.8-fold elevation seen in brains 

of Pex5 brain mutant mice (Krysko et al., 2007).  

Plasmalogen biochemistry was assessed by measuring brain and liver 

plasmalogen levels and also the activity of peroxisomal enzymes required for 

plasmalogen synthesis. The levels of C16:0 and C18:0 plasmalogens in brain of Pex13 

brain mutant mice were reduced 20-fold and 40-fold respectively, when compared   to   

heterozygous   littermates (Fig 3.6C).   The levels of activities of the plasmalogen
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Figure 3.5   Peroxisome protein import is defective in neurons of Pex13 brain 

mutant mice.  Representative immunohistochemical images of coronal sections of 

brain neocortex of control and Pex13 brain mutant mice. The PTS1-containing 

peroxisomal protein catalase was detected with polyclonal rabbit anti-sera (green). 

Neurons were detected with a mouse monoclonal NeuN antibody (red) and nuclei were 

stained with Hoescht (blue). Bars = 20µm. 

 

 

 

 

 

 

 69



Chapter 3                                                                     Brain-specific disruption of Pex13 

synthesis enzymes DHAP-AT and DHAP-synthase in the brain were correspondingly 

markedly reduced (Fig 3.6E). These results are consistent with those reported for the 

Pex13-null mice (Maxwell et al., 2003). Surprisingly, C16:0 plasmalogen levels in the 

livers of Pex13 brain mutant mice were elevated 3-fold, while C18:0 plasmalogens were 

also slightly increased (Fig 3.6D). These changes in liver plasmalogen levels were 

accompanied by a 5-fold increase in DHAP-AT activity, while DHAP-synthase activity 

was unchanged (Fig 3.6E).  

 

The levels in blood plasma of the bile acid intermediates DHCA and THCA were 

also measured. These intermediates were undetectable in blood plasma of both 

heterozygous controls and Pex13 brain mutant mice (data not shown).  

 

 

3.3.6 Cortical neuronal migration de fects in Nes-cre-Pex13 mice 

Abnormal cortical neuronal migration is a well-established feature of Zellweger 

syndrome patients (Volpe et al., 1972; Evrard et al., 1978; Powers et al., 1998). This 

phenotypic change is also exhibited by all of the Pex mutant mouse models, including 

the Pex7 (Brites et al., 2003) and Pex11�� mutant mice (Li et al., 2002). In Pex13-null 

mice the neuronal migration defect is characterized by reduced thickness of and 

disorganization of the neocortex and increased cellularity of the subcortical 

intermediate zone (Maxwell et al., 2003). To assess cortical development in brains of 

Pex13 brain mutant mice, 21 day-old paraffin-embedded brain sections were stained 

with haematoxylin and eosin (H&E). Stained coronal and sagittal sections from Pex13 

brain mutants revealed increased cellular densities in the intermediate zone 

(prospective white matter) of the neocortex, when compared to wild-type littermates 

(Fig 3.7). It was also noticed that there was a higher number of cells with 

hyperchromatic (pyknotic) nuclei in mutant brains compared with wild-type brains. 

Usually, this observation would be regarded as further evidence for a neuronal 

migration defect with accompanying neurodegeneration. However, caution should be 

taken with such interpretations as it has been shown that the same pyknotic neurons 

can be artificially reproduced by mechanical depression of brain tissue during 

dissection and removal (Jortner, 2006). Nevertheless, the observations mentioned 

above are consistent with a neuronal migration defect and are in agreement with those 

seen in the Pex13-null mice and the recently generated brain-specific Pex5 mouse 

model (Krysko et al., 2007).  
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Figure 3.6 Peroxisomal biochemical abnormalities in Pex13 brain mutant 

mice. VLCFA measurements in the brain and liver expressed as a ratio of C26:0/C22:0 

(A) or C24:0/C22:0 (B) fatty acids. Levels of C16:0 and C18:0 plasmalogens in brain (C) 

and liver (D). (E) Activity levels of peroxisomal enzymes required for plasmalogen 

synthesis in brain and liver.  Grey bars, heterozygous control mice; Black bars, 

littermate Pex13 brain mutant mice. All data are represented as mean �r SEM (n �• 4); 

*P < 0.05, **P < 0.01, Student’s t-test. 
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Figure 3.7 Abnormal neuronal migration in brain neocortex of Pex13 brain 

mutant mice.  Matched coronal (A, B) and sagittal (C, D) sections stained with 

haematoxylin and eosin to assess neuronal migration in wild-type (WT) controls (A, C) 

and Pex13 brain mutant mice (B, D).  gz, germinative zone; iz, intermediate zone.  
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3.3.7 Analysis of gene expression profile in brain of Pex13 brain mutant 
mice 

To further understand the molecular basis underlying the brain pathology 

resulting from Pex13 inactivation, DNA microarray analysis was used to identify 

changes in the gene expression profile in brain of Pex13 brain mutant mice. 

Identification of differentially expressed genes in mutant animals is expected to provide 

links to novel pathways contributing to the observed brain pathology. Microarray 

analysis of total brain RNA from Pex13 brain mutant and wild-type control mice was 

performed using the Illumina Mouse Sentrix-6 Beadchips containing approximately 

46000 probe sets, each representing an expressed gene. Gene filtering between the 

control and experimental groups using the Student’s t-test (p < 0.05) and a fold-change 

value of 1.5 (up- and down-regulated) identified 15 genes with known functions that 

were differentially expressed in brain of Pex13 brain mutant mice versus wild-type mice 

(Fig 3.8). Of these 15 genes, 4 were up-regulated and 11 were down-regulated. Table 

3.1 provides the identities of these 15 genes and their relative expression levels in 

brain tissue of Pex13 brain mutants compared to wild-type controls. Based on their 

functions, the genes were grouped into several categories, with the major groups 

reflecting immunity/inflammatory response, apoptosis, and neural homeostasis and 

signalling. Surprisingly, none of the genes that were differentially expressed in brain of 

Pex13 brain mutants are associated with peroxisome biogenesis/metabolism. 

 

To assess the biological significance of these differentially expressed genes, 

pathway analysis was carried out using the Ingenuity Pathway Analysis (IPA) tool. All 

15 genes were mapped to functional networks as defined by the IPA tool. The networks 

generated by IPA describe functional relationships between gene products based on 

known interactions in the literature, and are assigned scores as a measure of the 

likelihood of the focus genes in a network being found together due to random chance, 

with the higher the score, the less likely that this is the case. Five networks were found 

to be significant, with the network having the highest significance score being 

associated with cell-to-cell signalling and cellular growth. Other networks included cell 

proliferation, cell death, serotonin biosynthesis, lipid metabolism, and cell movement 

(Table 3.2). A merge of all the networks, except for network 2 which is associated with 

the down-regulated tryptophan hydroxylase 2 (TPH2) gene, is shown in Figure 3.9 (B). 

TPH2 is the neuron-specific isoform of TPH (Walther et al., 2003; Patel et al., 2004), 

both of which are involved in the synthesis of the neurotransmitter, serotonin 

(Grahame-Smith, 1964).  
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Figure 3.8  Representative scatter-plots of microarray data.  (A) Scatter-plot for 

all genes detected; (B) genes that passed Student’s t-test (p < 0.05), and (C) genes up- 

and down-regulated �t1.5-fold in brain of Pex13 brain mutant mice. 



 

 
 
Table 3.1 Changes in gene expression profile in brain of Pex13 brain mutant mice 

Gene  RefSeq 
transcript ID 

Fold-
change Function 

Immunity/inflammatory response     
Glycoprotein (transmembrane) nmb Gpnmb NM_053110 2.80 Marcophage inflammatory response 
Glial fibrilliary acidic protein Gfap NM_010277 2.28 Astrogliosis/reactive gliosis, neural inflammation 
Chemokine (C-C motif) ligand 4 Ccl4 NM_013652 1.50 Inflammatory response 
CD59a antigen CD59a NM_007652 -1.52 Complement regulatory protein (inhibitory) 
     

Apoptosis     
B-cell leukemia/lymphoma 2 related protein A1 Bcl2a1 NM_007536 1.89 Apoptosis, antiapoptosis, inflammatory response 
Pleckstrin homology-like domain, family A, member 3 Phlda3 NM_013750 -1.67 Apoptosis, induction of FAS, death receptor pathway 
Milk fat globule-EGF factor 8 protein Mfge8 NM_008594 -1.71 Apoptosis, apoptotic cell marker 

     
Neural homeostasis and signalling     

Solute carrier family 5 (choline transporter), member 7 Slc5a7 NM_022025 -1.52 Choline transporter 
Fatty acid 2-hydroxylase Fa2h NM_178086 -1.72 Synthesis of 2-hydroxy galactolipids 
Tryptophan hydroxylase 2 Tph2 NM_173391 -2.96 Brain serotonin synthesis 
     

Cell adhesion     
Podocalyxin-like Podxl NM_013723 -1.52 Anti-adhesion molecule 
Vitronectin Vtn NM_011707 -1.59 Homeostasis, immune defense, cell adhesion 

     
Signal transduction     

LIM-domain containing, protein kinase LIMK1 NM_010717 -1.54 Actin cytoskeleton reorganisation 

     
Cell chemotaxis/proliferation     

Stromal cell derived factor 1 isoform gamma precursor Cxcl12 NM_013655 -1.69 Cellular chemotaxis, angiogenesis, cell proliferation 

     
Cartilage development     

Homeo box D4 Hoxd4 NM_010469 -1.50 Cartilage development 
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Table 3.2  Biological networks associated with differentially expressed genes in 
Pex13 brain mutants 
Network Molecules in Network a Score b Associated 

functions 
1 Akt, ANGPTL1, Ap1, APP, BCL2A1 , C3AR1, CCL4, 

CD33 (includes EG:945), CXCL12, DAP3, DEFB103A, 
DMPK, GFAP, GPNMB, HOXD4, HRK, IFNG, IL6, 
LIMK1, MFGE8, P38 MAPK, PAPPA, PDGFC, PDX1 
(includes EG:29535), PHLDA3, SLC5A7, SSBP1, ST13, 
TNFRSF11A, TNFSF11, TXK, ULBP1, ULBP2, VTN, 
VTNR 

 

28 Cell-cell signalling 
and interaction, 
cellular growth 

2 TPH, TPH2, Tryptophan 5-monooxygenase 
 
 

3 Serotonin 
biosynthesis 

3 C5AR1, CD2, CD59A, PIGA 
 
 

3 Cellular 
compromise, cell 
death 

4 C16 ceramide, C18-ceramide, FA2H, fatty acid 
 

3 Lipid metabolism 

5 CD34, CTNNB1, EPO, F2, GLYCAM1, KITLG (includes 
EG:4254), PODXL, PODXL2, SELL, SLC9A3R2, TP53, 
VIL2, WT1 

2 Cell movement 

a Molecules in bold represent corresponding genes that were identified from microarray data as being 
differentially expressed. 
b Network score is a numerical value generated by the IPA tool as a measure of the likelihood 
  of the focus genes in a network being found together due to random chance – the higher the  
  score, the higher the significance. A score of 2 is statistically significant at the level of p < 0.01. 
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Figure 3.9    Merged network plot illustrating pathways associated with the 

differentially expressed genes in brain of Pex13 brain mutant mice.  The boxed 

regions, A-D, depict the major pathways affected: A, cell signalling and growth; B, lipid 

metabolism; C, cell movement; D, cellular compromise and cell death. Red, green, and 

white nodes represent up-regulated, down-regulated, and unchanged genes, 

respectively. 
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3.4   Discussion 

 The ubiquitous elimination of Pex13 in mice has been previously described by 

this laboratory (Maxwell et al., 2003). Pex13-/- mice exhibit phenotypic, metabolic, and 

cellular changes characteristic of those seen in Zellweger syndrome, the most severe 

form of peroxisome deficiency disorder. These changes are consistent with the known 

role of Pex13 in matrix protein import mechanism of the peroxisome biogenesis 

process. Previously reported ubiquitous Pex gene-disrupted mouse models, such as 

the Pex2 (Faust and Hatten, 1997), Pex5 (Baes et al., 1997; Brites et al., 2003), and 

the above mentioned Pex13 mutant mice, demonstrated that functional peroxisomes 

were required for normal neuronal development. This chapter describes the generation 

and initial characterization of a brain-specific Pex13 disrupted mice. The establishment 

of such a model will allow for the study of the extent to which elimination of functional 

peroxisomes in brain neuronal tissue contributes to not only the neurological pathology, 

but also the metabolic and tissue pathology at other tissue sites. 

 

 To achieve selective elimination of peroxisomes in neuronal brain tissue, the 

Cre/loxP recombinant system was used. Pex13 brain mutant mice were generated by 

crossing mice homozygous for a loxP-flanked Pex13 allele, which has been previously 

described (Bjorkman et al., 2002), with mice expressing Cre recombinase under the 

control of the neuron-specific nestin promoter. The loxP-flanked Pex13 allele 

incorporates loxP sites that flank exon 2, which upon Cre-mediated excision results in 

the expression of a severely truncated Pex13 protein devoid of the functionally 

essential SH3 domain (Maxwell et al., 2003). Targeted deletion of Pex13 in brain was 

demonstrated by Southern blot analysis and confirmed by Northern blot analysis which 

showed the absence of Pex13 mRNA transcript in Pex13 brain mutant mice compared 

to wild-type littermate controls. In contrast to the Pex13-null mice, and consistent with 

one of the objectives for generating tissue-specific Pex13 mutant animals, Pex13 brain 

mutant mice do not display a neonatal lethal phenotype. The lack of any obvious 

morphological phenotype until day 6 was surprising as it was expected that some 

phenotypic change would be evident at birth. This expectation was based on published 

data demonstrating maximal nestin-driven Cre expression by E14-15 (Bates et al., 

1999; Dubois et al., 2006). The later onset of phenotype seen in Pex13 brain mutant 

mice is similar to that reported for Pex5 brain mutants, which attained maximal Cre-

mediated excision by birth. This later onset of the growth retardation and eventual 

deterioration in both Pex5 and Pex13 brain mutants may reflect the time required for 
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complete turnover of all functional peroxisomes from all cells in the brain, followed by 

the response from other systemic organs to the depletion of peroxisomes in the brain.  

 

 The absence of functional peroxisomes is usually accompanied by disruption of 

the metabolic processes associated with this organelle. In brain tissue of Pex13 brain 

mutant mice, there were surprisingly no statistically significant changes in C26:0/C22:0 

VLCFA levels, but significant reduction in C24:0/C22:0 levels. These results differ 

greatly from those of Pex13-null mice whereby VLCFA levels were increased by at 

least 6.5-fold in brain and liver tissue. In addition, C26:0/C22:0 VLCFA levels were 

reported to be increased 2.5-fold in Pex5 brain mutant mice (Krysko et al., 2006). 

These results suggest that elimination of peroxisomes in brain of mice does not result 

in VLCFA accumulation to the extent seen following ubiquitous loss of tissue 

peroxisomes in mice. Another possible explanation for the lack of accumulation of 

VLCFA in Pex13 brain mutant mice is that there may be residual peroxisomal function 

in a small number of cells in brain that is sufficient for ��-oxidation. Not surprisingly, 

VLCFA levels in liver of Pex13 brain mutants were not significantly changed. In 

contrast to the situation with VLCFAs, the levels of C16:0 and C18:0 plasmalogens in 

brain of Pex13 brain mutants were reduced 20- and 40-fold respectively, and 

accompanied by marked reductions in activities of the plasmalogen synthesis enzymes 

DHAP-AT and DHAP synthase. These results are in good agreement with those seen 

in Pex13-null mice. In comparison, plasmalogen levels in brain of E18.5 Pex5 brain 

mutant mice were reduced by 65%, but were accompanied by only a 25% reduction in 

DHAP-AT activity. The increases in C16:0 and C18:0 plasmalogens and also DHAP-AT 

activity in liver of Pex13 brain mutants was yet another interesting observation, and 

may suggest that metabolic changes, at least those associated with plasmalogen 

synthesis, resulting from selective elimination of peroxisomes in brain of Pex13 brain 

mutant mice may also cause changes at other sites. 

 

 A defect in cortical neuronal migration is one of the major hallmarks of 

Zellweger syndrome and mouse models of Zellweger syndrome. Consistent with this, 

Pex13 brain mutant mice also display defective neuronal migration in the form of 

increased cellular density in the intermediate zone, as revealed by H&E staining of 

cortical sections. This result further reinforces the notion that functional peroxisomes 

are required for normal neuronal migration, as previously demonstrated by Janssen 

and coworkers (Janssen et al., 2003). It can be argued that analysis of neuronal 

migration by H&E staining can be subjective and that the technique is not favourable 

for detecting minor levels of defective migration. Although the migration defect in Pex13 
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brain mutant mice is relatively obvious through H&E staining upon close inspection, 

analysis using methods such as pulse-chase 5’, 3’-bromo-2’-deoxyuridine (BrdU) 

staining would provide a more quantitative and precise measure of the migration 

defect. This would be particularly useful for investigating such defects in Pex13 brain 

mutants at different stages of development.  

 

In addition to the experiments presented in this chapter, other immunochemical 

and EM analyses to assess cellular changes in brain and liver of the Pex13 brain 

mutant mice were also attempted as part of this project. Unfortunately, none of these 

analyses provided valid results, due apparently to inadequate preservation of tissue 

integrity following the transcardial perfusion/fixation procedures employed.  

Nevertheless, such analyses are vital for a comprehensive characterisation of these 

animal mutants, and are being followed up in the laboratory by others. 

 

 Microarray analysis was used to investigate the consequence of targeted 

deletion of Pex13 on global gene expression in brain of Pex13 brain mutant mice. This 

was undertaken to provide new and original leads into the cellular and molecular 

changes that underpin Zellweger pathology. It was anticipated that ablation of Pex13 

activity would to some extent alter the expression of genes associated with peroxisome 

biogenesis and/or metabolism. Microarray analysis of total RNA from brain of mutant 

mice using the Illumina Mouse Sentrix-6 chip, which contains 46000 gene probes, did 

not however show differential expression of any genes related to peroxisome 

biogenesis or metabolism. A possible explanation for this finding may be that the tissue 

organ that has the highest activity of peroxisome metabolism is the liver, rather than 

brain, and if microarray analysis were to be carried out on liver tissue of mice with 

Pex13 deletion then changes in expression of peroxisome metabolic genes may be 

observed. Microarray analysis on brain tissue of Pex13 brain mutant mice did, 

however, reveal 15 genes of known function that were differentially expressed (Table 

3.1) with 4 genes up-regulated and 11 genes down-regulated. To ascertain the 

biological significance of these differentially expressed genes, pathway analysis was 

carried out using the IPA software tool.  This revealed 5 functional networks, or 

pathways, that were relevant to expression data – cell-cell signalling and cell growth, 

serotonin biosynthesis, cell compromise/death, lipid metabolism, and cell movement. 

Of these 5 networks, the cell-cell signalling and cell growth network was by far the most 

significant, as determined by IPA, by virtue of it containing 11 of the 15 differentially 

expressed genes (Table 3.2). This result is not surprising, and in fact can be reconciled 

with the brain pathology seen in Pex13 brain mutant mice, and indeed other Zellweger 
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syndrome mouse models, as well as Zellweger syndrome patients. It is well established 

that cell-cell signalling is important for facilitating cell growth, differentiation, and tissue 

development, amongst other things. Therefore, if such pathways are affected then one 

could expect deleterious or abnormal downstream consequences of cell and tissue 

development. The neuronal migration defect exhibited by Pex13 is a logical example of 

such a consequence. The other networks identified by IPA, cell compromise/death, 

lipid metabolism, and cell movement (chemotaxis), are also functionally connected to 

the cell-cell signalling pathway as demonstrated by Figure 3.9. The identification of lipid 

metabolism as an affected pathway is also of particular significance as the gene 

affected, FA2H (1.72-fold down-regulated), has recently been shown to be involved in 

the synthesis of galactolipids (Alderson et al., 2006). Transgenic mice defective for 

synthesis of galactolipids exhibit myelin defects in the CNS, characterised by disrupted 

axo-glial junctions (Hirahara et al., 2004; Ishibashi et al., 2002). In addition, a very 

recent study has shown that selective elimination in mice of peroxisomes from 

myelinating oligodendrocytes caused widespread axonal degeneration and progressive 

subcortical demyelination (Kassmann et al., 2007).  Myelination of neuronal axons 

requires association of myelin-forming glia and the axons to be ensheathed, and 

involves the formation of large cell-cell adhesion complexes, or the aforementioned 

axo-glial junctions (reviewed in Sherman et al., 2005). In the context of the Pex13 brain 

mutants, it is assumed that peroxisome depletion affects all cells of neuronal lineage, 

including glia. Defective synthesis of galactolipids in glia, in combination with 

decreased plasmalogen synthesis, the pathological significance of their marked 

reduction may manifest in the form of defective formation of the axon-glial junctions. 

Considering the severity of the phenotype of Pex13 brain mutant mice and the potential 

involvement of the above-mentioned pathways, it is interesting and perhaps surprising 

to note that none of the differentially expressed genes were up- or down-regulated by a 

magnitude of greater than 3-fold. Although the use of simple fold-change cut-offs is 

widely used to select and screen for differentially expressed genes, it has been argued 

that this selection criterion does have inherent limitations. As argued by Claverie (1999) 

and Baldi et al. (2001), genes of low absolute expression have a greater inherent error 

in their measured levels and are therefore more likely to numerically meet any given 

fold change cut-off even if the gene is not truly differentially expressed. Inversely, 

genes that are constitutively highly expressed have less error in their measured levels, 

and thus may not meet an arbitrary fold-change cut-off of 2.0 even when they are truly 

differentially expressed. Thus the relatively low fold-change observed for the 

differentially expressed genes in brain of Pex13 brain mutant mice may reflect the fact 

that these genes are inherently high-expressing genes. 
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It was anticipated that ablation of Pex13 activity would alter, at least to some 

extent, the expression of genes associated with peroxisome biogenesis and/or 

metabolism. However, microarray analysis of total RNA from brain of mutant mice 

using the Illumina Mouse Sentrix-6 chip, which contains 46000 gene probes, did not 

show differential expression of any genes related to peroxisome biogenesis or 

metabolism. A possible explanation for this finding may be related to the low 

abundance of peroxisomes in brain tissue, and correspondingly low peroxisome gene 

transcript levels. It would be of interest to compare the findings here on brain with those 

using a similar analysis of liver tissue, since liver has by far the highest peroxisome 

abundance and peroxisomal metabolism of any organ. Furthermore, since Pex13 

disruption is restricted to the neuronal cell lineage population, which only constitutes 

approximately 2-10% of the total brain cell population, the change in expression levels 

of the 15 genes identified may reflect a global expression change rather than neuronal-

specific change. Thus, any change in expression levels of peroxisome biogenesis 

genes in the neuronal cell population as a result of neuron-specific disruption of Pex13 

may not be detected on a global whole-brain analysis such as the one carried out in 

this study. 

  

In summary, this chapter describes the generation and initial characterization of 

a brain-specific Pex13 disrupted mouse model. Pex13 brain mutant mice are 

morphologically indistinguishable to control mice at birth, but exhibit growth retardation 

at approximately day 7 postnatal. Growth retardation onset is followed by gradual 

deterioration until eventual death at day 22 postnatal, during which signs of 

neurological dysfunction are evident.  Not all of the biochemical changes expected for 

elimination of peroxisomes in brain of mice were present, most notably the absence of 

increased VLCFA levels was surprising, as was the observed metabolic changes in 

liver in parallel to those observed in brain. Microarray analysis revealed several 

affected pathways that are consistent with the pathology of Pex13 brain mutant mice 

and reiterates the need for further studies to understand how these pathways impact 

on the observed pathologies. Pex13 brain mutant mice should prove to be valuable 

tools for investigating brain-localised peroxisomal function and the impact of these 

functions on other organ systems.  
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4.1 Introduction 

Zellweger syndrome patients display severe hepatic pathology that develops 

during the postnatal period, and which includes hepatomegaly, fibrosis, micronodular 

cirrhosis, cholestasis, hyperbilirubinemia, and elevated aminotransferases (Kelley, 

1983; Gould et al., 2000). However, these liver pathologies are not reproduced in 

Zellweger mice, presumably as a result of the neonatal lethal phenotype.  Therefore, 

the generation of mice with selective elimination of peroxisomes from hepatic tissue are 

expected to provide a means for studying the development of these hepatic changes.  

Furthermore, an important question is whether the profound brain pathology observed 

in Zellweger mice results from local brain peroxisome deficiency or by extra-neural loss 

of peroxisome metabolic function. In this regard, Janssen and colleagues (Janssen et 

al., 2003) have demonstrated that selective reconstitution of peroxisomes in either 

brain or liver of Pex5-null mice resulted in significant correction of the neuronal 

migration defect, indicating that peroxisomal activity in non-brain tissue does affect the 

development of this organ.   

 

The previous chapter described the generation and characterization of a brain-

specific Pex13-disrupted mouse model. Together with data obtained from the 

previously reported Pex13-null mouse model, this brain-specific model will be used to   

further extend our investigations of the factors relating to the pathogenesis of Zellweger 

syndrome. The Pex13 brain mutants have the advantage of bypassing the neonatal-

lethal phenotype of the Pex13 knockout mice, thereby allowing for analysis of disease 

aetiology and pathogenesis in the postnatal period. For similar reasons, a second 

tissue-specific mouse model with selective elimination of peroxisomes in the liver will 

allow for analysis of both macroscopic and subcellular changes resulting from 

peroxisome loss in hepatocytes in liver tissue as well as extra-hepatic tissue such as 

brain. 

 

In this chapter the generation of a liver-specific Pex13-disrupted mouse model 

is described and its initial characterization presented.  The generation of this mouse 

model will again take advantage the already available Pex13-floxed transgenic mouse 

line, together with a mouse line that expresses Cre-recombinase under the control of 

the hepatocyte-specific albumin promoter.  
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4.2  Materials and methods 

4.2.1 Mouse strains and breedings  

The Pex13 modified strain (loxP-flanked, or floxed) and the targeting construct 

used to generate this model is the same as that used for generation of the Pex13 brain 

mutant mice.  Liver-specific deletion of Pex13 was achieved by using Albumin-Cre 

transgenic mice (Alb-Cre/+) (kindly provided by Dr. N. Subramaniam, QIMR) (Postic et 

al., 1999).  Liver-specific knockout mice were generated by first crossing a mouse that 

was heterozygous for the Pex13-null allele (PEX13�û/+) with an Alb-Cre/+ transgenic 

mouse to generate Alb-Cre/+, Pex13flox/+ mice.  These mice were then mated to 

Pex13flox/flox mice to generate mice with liver (hepatocyte)-specific deletion of Pex13 

(Pex13 liver mutants).  A schematic representation of this breeding strategy is 

presented in Figure 4.1.  All animals were housed under controlled temperature (24oC) 

and lighting (12h light/dark cycle) with free access to food and water. 

 

4.2.2 Genotyping of mice 

The isolation of genomic DNA from extracted tissues and subsequent 

genotyping by PCR and Southern blot has been described in Chapter 2. PCR 

genotyping was performed as described in sections 2.2.22 and 3.2.2 using the same 

primer sets and conditions. Southern blot analysis was performed to assess the 

efficiency of Cre-mediated Pex13 excision as described in section 2.2.25. 

 

4.2.3 Phenotypic observation and beh avioural analysis of mice  

Mice were monitored from birth and phenotypic observations were recorded. In 

addition the SHIRPA (SmithKline Beecham Pharmaceuticals; Harwell, MRC Mouse 

Genome Centre and Mammalian Genetics Unit; Imperial College School of Medicine at 

St Mary’s; Royal London Hospital, St Bartholomew’s and the Royal London School of 

Medicine; Phenotypic Assessment) procedure was used to directly test for phenotypic 

differences between PEX13 liver mutant mice and littermate controls. 

4.2.4 Tissue fractionation and Western blot analysis of mouse liver tissue 

Detailed protocols for the fractionation of mouse liver tissue and subsequent 

analysis by Western blotting have been described previously in sections 2.2.27, 2.2.30, 

and 2.2.31. 
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Figure 4.1    Breeding strategy for generating liver-specific Pex13-disrupted mice 

and littermate controls. Pex13 +, wild-type Pex13 allele; Pex13�' , Pex13 null allele 

(exon 2 excised, all tissues); Pex13flox, Pex13 allele with exon 2 flanked by loxP sites; 

Alb-Cre, Cre transgene under the control of rat albumin promoter. 
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4.2.5 Biochemical analyses 

Catalase activity in mouse liver fractions was assayed by a kinetic 

spectrophotometric procedure as described in section 2.2.28. Levels of VLCFA in a 

total lipid extract from tissue samples were determined as previously described (Poulos 

et al., 1994). Plasmalogen levels were assayed essentially as previously described 

(Poulos et al., 1988), except cis-3-O-nonadec-1’-enylglycerol 1,2 carbonate was used 

as the internal standard. The rates of phytanic acid and pristanic acid oxidation, and 

the activities of DHAP synthase and DHAP-AT, were determined as previously 

described (Paton et al., 1996). All biochemical analyses, except for the catalase activity 

assay, were performed by staff in the Department of Genetic Medicine, Women’s and 

Children’s Hospital, Adelaide.  

4.2.6 Tissue ultra-structural analyses 

Mouse tissue sections used for ultrastructural analysis via light and electron 

microscopy were prepared as described in section 2.2.12. Light and electron 

microscopy analyses were performed by Prof. E. Baumgart-Vogt, Institute of Anatomy 

and Cell Biology, Justus-Leibig University, Giessen, Germany.  

4.2.7 Real-time PCR analysis 

Extraction of total RNA from tissue has been described in section 2.2.28. Reverse-

transcription PCR was performed using Superscript III Reverse transcriptase according 

to the manufacturer’s instructions (Invitrogen). Quantitative real-time PCR analysis was 

performed using primers IRS1-F 5’ AGCCCAAAAGCCCAGGAGAATA 3’ and IRS1-R 

5’ TTCCG AGCCAGTCTCTTCTCTA 5’, and actin house-keeping gene primers Actin-F 

5’ AGAGG GAAATCGTGCGTGAC 3’ and Actin-R 5’ CAATAGTGATGACCTGGCCGT 

3’. PCR amplification was carried using the Quantitect SYBR green kit (Qiagen) and 

thermal cycling was performed using the Rotor Gene 3000 (Corbett Research). 

 

 

4.3 Results 

4.3.1 Liver-specific disruption of Pex13 

To generate transgenic mice with liver-specific disruption of Pex13, Alb-Cre 

mice were first crossed with mice that were heterozygous for the Pex13-null allele 

(Pex13�û/+), to generate Alb-Cre/+, Pex13�' /+ mice. These mice were then crossed with 
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Pex13flox/flox mice to generate offspring with hepatocyte-specific disruption of the Pex13 

gene and Pex13 deficiency (Pex13 liver mutants).  As with the generation of the Pex13 

brain mutants, wild-type pups in these litters are defined as those with the genotypes 

Pex13flox/flox   or Pex13+/flox, and heterozygotes those with the genotypes Pex13+/�û and 

Pex13flox/�û. 

4.3.2 Genotype confirmation of P ex13 deletion in liver tissue 

Pex13 gene deletion in liver tissue was assessed using both PCR and Southern 

blot analysis on extracted liver genomic DNA. PCR was used as an initial screen to 

detect which animals had the desired deletion genotype, and subsequently Southern 

blot analysis was used to determine the efficiency of Pex13 gene disruption (exon 2 

excision). PCR and Southern blot genotyping of mice were carried out using the same 

primer sets, probes, and conditions as those used to genotype the Pex13 brain mutant 

mice.  

 

PCR and Southern blot analyses of genomic DNA from liver tissue 

demonstrated Cre-mediated excision of the loxP-flanked Pex13 allele in the targeted 

tissue (Fig 4.2A). Densitometric analysis showed that Cre-mediated excision was 

highly efficient (Fig 4.2C) and specific to the targeted liver tissue (Fig 4.2D). Efficient 

and tissue specific disruption of Pex13 was further demonstrated by Northern blot 

analysis, which showed that the normal mRNA transcript (approximately 2.1kb) was not 

expressed in the targeted liver tissue (Fig 4.2E), whereas in brain and kidney tissue, 

only full-length wild-type transcript was observed. At the protein level, Western blot 

analysis of liver tissue homogenate from Pex13 liver mutant mice demonstrated that 

Pex13 protein levels were undetectable in animals exhibiting high Pex13 disruption     

(�•80%), compared to heterozygous littermates (Fig 4.2F). Again, the presence of a low-

abundance protein of approximately 26kDa appeared to segregate with the disrupted 

Pex13 allele, as previously described for the Pex13-null animals (Maxwell et al., 2003).

 

Collectively, these results demonstrate that Pex13 liver mutant mice show 

tissue specific and high efficiency Pex13 exon 2 excision and corresponding Pex13 

protein deficiency. 
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Figure 4.2 Confirmation  of gene disruption in liver-specific Pex13-disrupted 

mice. (A) Representative PCR analysis of liver tissue genomic DNA from a litter 

containing liver Pex13-disrupted mice. Top panel – PCR product (213bp) indicating 

presence of Cre transgene, and 500bp product CREB gene to validate gDNA integrity. 

Middle panel – detection of Pex13 wild-type and Pex13 floxed alleles as PCR products 

of 492bp and 526bp, respectively. Bottom panel – the Pex13�û allele was detected as 

an amplicon of 426bp. L, DNA ladder, with sizes of representative markers indicated; 1-

8, brain gDNA from Pex13 liver mutant litter; +, positive control; -, DNA-free PCR 

negative control. (B) Southern blot genotype analysis of liver tissue genomic DNA from 

same litter of liver Pex13 mutant mice as in (A). The fragments corresponding to wild-

type, floxed and exon 2-excised (�¨) alleles are indicated. (C) The efficiency of Cre-

mediated deletion of Pex13-floxed alleles was assessed by densitometric analysis of 

the Southern blot in (B). Deletion efficiency is expressed as the proportion of Pex13-

excised allele as the percentage of the sum of the quantities of excised allele plus 

floxed allele (Pex13�¨ / Pex13�¨ + Pex13flox). (D) Southern blot analysis of genomic DNA 

from liver, brain, and kidney tissue of a Pex13 liver mutant mouse showing quantitative 

excision in liver tissue, but not in brain and kidney. Note also that due to the breeding 

scheme, all animals carry at least one Pex13 disrupted allele in all tissues (see Fig. 

4.1) (E) Northern blot analysis of total RNA from liver tissue of a Pex13 liver mutant 

mouse showing wild-type (WT, 2.1kb) and Pex13-excised (�¨, 1.6kb) transcripts  (top 

panel), and corresponding RNA staining to indicate RNA loading (bottom panel). (F) 

Western blot analysis of total liver homogenate from Pex13 liver mutant mice using 

antibodies to Pex13 and to tubulin to indicate sample protein loadings (bottom panel). 

WT, wild-type; Het, heterozygous; Hz; Pex13 brain-specific homozygous mutant; Liv, 

liver; Br, brain; Kid, kidney. 
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4.3.3 Macroscopic and phenotypic evaluation  

Pex13 liver mutant mice (defined as those with exon 2 excision �•80%) did not 

display any obvious macroscopic abnormalities (Fig. 4.3) apart from a growth 

retardation phenotype presenting from postnatal day 30 onwards. Seven-week old 

growth retarded Pex13 liver mutant animals weighed 25-30% less than normal 

littermates (Fig 4.4A), and did not show a recovery from the growth retardation 

phenotype – the animals still weighed 25-30% less than normal littermates at 3 months 

(19.5�r0.58 vs 26.6�r0.96 grams, n=3) .  Comparison of organ tissue weight showed that 

liver and kidney, but not brain tissue weights of Pex13 liver mutant were significantly 

reduced compared to control mice (Fig. 4.4B). As expected, the organ tissue weight as 

a percentage of total animal weight was unchanged between Pex13 liver mutants and 

control mice (Fig. 4.4C). 

 
The lack of other obvious macroscopic phenotypes in these mice was 

surprising, considering that the liver is a major site of peroxisome abundance and 

metabolic function. Consequently, Pex13 liver mutant mice were subjected to the 

SHIRPA animal behavioural screen to assess for the presence of phenotypic changes 

that were not readily obvious at the macroscopic level. The results of this screen 

revealed no other phenotypic differences between Pex13 liver mutant mice and normal 

littermate controls (Table 4.1).  

 

 

 

 

 

 

 

 

 
 
 
 
  
Figure 4.3 Morphological appearance of Pex13 liver mutant mice.  Pex13 liver 

mutant mice (indicated by white arrow) displayed a growth retardation phenotype 

starting from day 30 postnatal, and weighed 25% less than littermate controls (black 

arrow). 
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Figure 4.4 Growth and developmental characteristics of liver-specific 

Pex13-deficient mice.  (A) Pex13 liver mutant mice (#2, #4, #8, #9, and 

#11 female mice – top graph, and, #1 and #3 male mice – bottom graph) 

display a late-onset growth retardation phenotype. (B) Comparison of organ 

tissue weight of 60 day-old Pex13 liver mutant mice (solid bars) with control 

animals (open bars). (C)  Organ tissue weight of Pex13 liver mutant mice 

(solid bars) and control mice (open bars) expressed as a percentage of the 

total body weight. All data represented as mean �r SEM (n=3), *P < 0.05, 

Student’s t-test 
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Table 4.1 Behavioural analysis of Live r-Pex13 mutant mice as assessed using the 
SHIRPA screen.  

Tests  Controls  Liver-specific Pex13 
deficient 

Viewin g jar 
Respiration rate  2.0 ± 0  2.0 ± 0 

Tremor  1.0 ± 0  1.0 ± 0 
Body position  3.0 ± 0  3.0 ± 0 

Spontaneous activity   2.0 ± 0  2.0 ± 0.7 
  
Open field     

Locomotor activity  5.3 ± 2.5  4.1 ± 0.8 
Transfer arousal  3.5 ± 0.5  3.7 ± 0.2 

Piloerection  0 ± 0  0 ± 0 
Parapebral closure  0 ± 0  0 ± 0 

Startle response  2.0 ± 0  1.9 ± 0.1 
Gait  0.3 ± 0.3  0 ± 0 

Pelvic elevation  2.0 ± 0  2.0 ± 0 
Tail elevation  1.0 ± 0  1.0 ± 0 

Touch escape  1.3 ± 0  1.1 ± 0.1 
  
Tail lifting     

Positional passivity  0.5 ± 0.3  0.6 ± 0.2 
Trunk curl  1.0 ± 0  1.0 ± 0 

Limb grasping  1.0 ± 0  1.0 ± 0 
Visual placing  2.0 ± 0  2 ± 0 
Grip strength  2.0 ± 0  1.8 ± 0.2 

  
Horizontal grid     

Body tone  1.0 ± 0  1.0 ± 0 
Morphology of head  0 ± 0  0 ± 0 

Pinna reflex   0 ± 0  0 ± 0 
Corneal reflex  1.0 ± 0  1.0 ± 0 

Toe pinch  2.0 ± 0  2.0 ± 0 
Lacrimation  1.0 ± 0  1.0 ± 0 

Provoked biting  1.0 ± 0  0.9 + 0.1 
Heart rate  1.0 ± 0  1.0 ± 0 

Abdominal tone  1.0 ± 0  1.0 ± 0 
Limb tone   1.0 ± 0  1.2 ± 0.2 

  
Horizontal wire     

Wire maneuver  0 ± 0  0 ± 0 
  

Righting     
Righting reflex  0 ± 0  0 ± 0 

Contact righting  1.0 ± 0  1.0 ± 0 
  
Vertical grid     

Negative goetaxis  0 ± 0  0 ± 0 
  
Handling     

Fear  0 ± 0  0 ± 0 
Irritability  1.0 ± 0  1.0 ± 0 

Aggression  1.0 ± 0  1.0 ± 0 
Vocalization  1.0 ± 0  1.0 ± 0 

  
Body measurements     

Body weight  21.5 ± 2.4  16.9 ± 0.9* 
  

Values represent test scores for indicated tests of the SHIRPA primary screen 
of seven-week old Pex13 liver mutant mice and litter-mate heterozygote 
controls. Values represent mean �r S.E.M (n=5).  *p < 0.01 vs controls 
(unpaired t-test). 
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4.3.4 Analysis of peroxisome biogenesis function in Pex13 liver mutant 
mice  

Peroxisome matrix protein import was assessed in liver-specific Pex13-deficient 

mice using Western blot analysis of fractions prepared by differential centrifugation of 

liver homogenates. Pex13 deficiency in the liver mutants was again confirmed using 

the Pex13 antibody (Fig. 4.5A). A catalase antibody was used to detect levels of this 

abundant PTS1-containing peroxisomal matrix protein in total, pellet (organelle – 

including predominantly peroxisomes, mitochondria and lysosomes), and post-

organelle supernatant fractions from liver homogenate. In Pex13 liver mutant mice, the 

distribution of catalase was drastically altered, with the majority of catalase present in 

the post-organellar supernatant fraction, compared with wild-type mice where catalase 

was present predominantly in the peroxisome-containing organelle fraction, as 

expected (Fig 4.5A). In animals heterozygous for liver-specific Pex13 disruption, some 

catalase mislocalisation to the post-organellar supernatant was observed, but not to the 

extent seen in the mutant animals. Catalase enzymatic activity was assessed on the 

same fractionated liver homogenates and showed a corresponding shift from the 

organelle fraction to the post-organellar supernatant fraction for Pex13 liver mutants 

(Fig 4.5B). The distribution of Pex14, a peroxin that closely associates with Pex13 in 

the peroxisomal membrane, was also assessed. As expected, Pex14 behaved as an 

organelle-associated membrane protein in being almost exclusively present in the 

organelle pellet fraction of wild-type mice. For Pex13 liver mutants, a significant 

proportion of Pex14 was shifted to the post-organellar supernatant fraction. This result 

was interpreted as indicating the presence of Pex14 on the membranes of peroxisomal 

ghosts, organelles lacking matrix proteins due to defective matrix protein import. These 

empty remnant peroxisomes have lower densities and thus reduced capacity to be 

pelleted by centrifugation. This result with the liver mutants is consistent with previously 

reported data on the Pex13-null mouse (Maxwell et al., 2003; Nguyen et al., 2006). 

 

 In toto, these results are consistent with loss of peroxisomal matrix protein 

import in hepatocytes of the Pex13 liver mutants, consistent with the known role of 

Pex13 in these processes. 

 

4.3.5 Biochemical analysis of Pex13 liver mutant mice 

As described in the previous chapter, disruption of peroxisome function in brain 

of Pex13 brain mutant mice also resulted in disturbance of metabolic function in liver. 
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Figure 4.5 Peroxisome matrix protein import is impaired in Pex13 liver mutant 

mice.  (A) Western blot analysis of liver homogenate fractions from Pex13 liver mutant 

mice and littermate controls to determine the distribution of peroxisomal proteins Pex14 

(membrane protein) and catalase (PTS1-containing matrix protein). Tubulin levels 

indicate protein loading (20µg protein loaded for all samples).  T, total homogenate 

fraction; P, organelle pellet fraction; S; post-organellar supernatant fraction. (B) 

Catalase enzymatic activity of Pex13 liver mutant mice in organelle (white bars) and 

post-organellar supernatant fractions (black bars) as a percentage of total activity 

(organelle plus supernatant). Data presented as mean �r SEM (n=3). WT, wild-type; 

Het, heterozygous; Mut, Pex13 liver-specific mutant. 
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To assess the metabolic consequence of selective elimination of peroxisomes in liver 

and whether there is reciprocal alteration of metabolic function in brain, biochemical 

analyses were carried out on these two tissue types from Pex13 liver mutant mice.  

 

VLCFA levels, expressed as the C26:0/C22:0 ratio, were significantly elevated 

(6.5-fold) in liver, but unchanged in brain, of Pex13 liver mutant mice compared to 

heterozygous “control” animals (Fig 4.6A).  VLCFA levels, when expressed as the 

C24:0/C22:0 ratio, were also increased (>2-fold) in liver, and like C26:0/C22:0 

VLCFAs, unchanged in brain of liver mutants (Fig 4.6B). These results are in 

agreement with those reported for the Pex13-null mice, which displayed a 9-fold and 2-

fold increase in C26:0/C22:0 and C24:0/C22:0 VLCFA, respectively.  

 

Plasmalogen biochemistry was analysed by measuring plasmalogen levels and 

levels of activities of plasmalogen synthesis enzymes. Plasmalogen levels, both C16:0 

and C18:0 species, were unchanged in both brain and liver of Pex13 liver mutant mice 

compared to heterozygous controls (Fig 4.6C and 4.6D). This result is somewhat 

surprising, in particular for liver, considering plasmalogen synthesis is a major 

peroxisomal process. The surprising result of unchanged plasmalogen levels in liver of 

Pex13 liver mutant mice was accompanied by the equally surprising finding that levels 

of DHAP-AT activities were increased 6.5-fold (Fig 4.6E). No significant change in 

DHAP-AT activity levels were detected in brain of liver mutant animals. In contrast, 

levels of DHAP-synthase activities were significantly reduced in liver, but not in brain, 

of Pex13 liver mutant mice.  

 

Measurement of the levels of bile acid intermediates in blood plasma of Pex13 

liver mutant mice revealed significant increases in both DHCA and THCA compared to 

heterozygous controls, indicating an inability of hepatocytes to convert these 

intermediates to bile acids.  

 

Overall, these results indicate severe impairment of a number of peroxisomal 

metabolic processes in mice with selective elimination of peroxisomes. Most of these 

changes are consistent with expectations of a deficiency of functional peroxisomes in 

hepatocytes, with the exception of the unchanged plasmalogen levels and increased 

DHAP-AT activities.  
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Figure 4.6 Peroxisomal biochemical abnormalities in Pex13 liver mutant mice. 

VLCFA levels in the brain and liver expressed as a ratio of C26:0/C22:0 (A) or 

C24:0/C22:0 (B) fatty acids. Levels of C16:0 and C18:0 plasmalogens in brain (C) and 

liver (D). (E) Activity of peroxisomal enzymes required for plasmalogen synthesis in 

brain and liver.  (F) Levels of plasma bile acids DHCA and THCA. Grey bars, 

heterozygous “control” mice; Black bars, littermate Pex13 liver mutant mice. Data are 

represented as mean �r SEM, n=4; **P < 0.01, Student’s t-test. 
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4.3.6 Tissue ultrastructure analysis  

To further demonstrate the elimination of peroxisomes from hepatocytes, light 

microscopic analysis was carried out on liver sections. Perfusion-fixed liver sections 

from Pex13 liver mutant mice were incubated in diaminobenzidine (DAB) for detection 

of catalase activity, and Richardson’s stain for cell nucleus staining and morphology. 

Whereas hepatocytes from 7 week-old control mice displayed numerous catalase-

containing peroxisomes intensely stained by DAB, liver sections from Pex13 liver 

mutants showed an absence of catalase-containing peroxisomes in the majority of 

hepatocytes (Fig 4.7A, B) – only a few cells still showed peroxisome localisation of 

catalase. The detection of granulomas (Fig 4.7C) and activated Kupffer cells (4.7D) in 

liver of Pex13 liver mutants, which were not seen in liver of control mice, suggests an 

enhanced inflammatory response to liver damage or insult. In addition, higher numbers 

of hepatocytes undergoing apoptosis were detected in Pex13 liver mutants, compared 

to liver of control mice (Fig 4.7E). The presence of a number of cells undergoing cell 

division (mitosis) indicates liver tissue regeneration in response to damage (Fig 4.7F). 

Taken together, these results confirm the loss of functional peroxisomes from liver 

hepatocytes of Pex13 liver mutant mice, and further indicate that hepatocytes of Pex13 

liver mutants are subjected to increased cellular insult and damage, and resultant 

apoptosis. 

 

4.3.7 Molecular analysis of the growth defect of Pex13 liver mutant mice 

As mentioned above, the only obvious phenotype displayed by Pex13 liver 

mutant mice was the late-onset growth retardation phenotype. To further investigate 

the significance of this phenotype, molecular pathways involved in growth and 

development were assessed to determine a possible molecular basis for this defect.  In 

particular, the functionally connected insulin/IGF-PI3K and TOR signalling pathways 

have been implicated in cell growth and metabolism (Figure 4.8, reviewed in Martin and 

Hall, 2005; Wullschleger et al., 2006). To assess whether these pathways were 

affected in Pex13 liver mutant mice, levels of two proteins, insulin receptor substrate 1 

(IRS-1) and p70S6K were analysed.   

 

Western blot analysis demonstrated that levels of IRS-1 protein, a member of 

the insulin/IGF-PI3K signalling pathway (Sun et al., 1991) and an upstream regulator 

the TOR signalling network, was unchanged in liver (homogenates) of Pex13 liver
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Figure 4.7 Light microscopic analysis of liver of Pex13 liver mutant mice.  PFA 

perfusion-fixed liver sections were stained with diaminobenzidine (DAB) for detection of 

catalase activity, and Richardson’s stain for detection of cell nucleus and morphology. 

A, numerous peroxisomes (arrow, inset) are observed as darkly stained catalase-

containing puncta in liver of control mice. B-F, liver sections of Pex13 liver mutants 

showing: B, cytoplasmic localisation of catalase in most hepatocytes (inset), with 

residual catalase-containing peroxisomes (puncta) in some cells (black arrows) ; C, 

increased presence of granulomas (black arrowheads); D, increased presence of 

activated Kupffer cells (white arrow); E, increased presence of apoptotic cells 

(asterisks); F, mitosis during division of a hepatocyte (white arrowhead). Scale bars: A, 

B = 20µm; C, D = 15µm; E, F = 7µm. 
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mutant mice and heterozygotes, compared to wild-type littermates (Fig 4.9A). This 

result was confirmed by Real-time PCR analysis of total liver RNA which showed no 

change in levels of IRS-1 mRNA transcripts in Pex13 liver mutants (Fig 4.9B). Western 

blot analysis of the levels of p70S6K, a regulator of translation (Thomas, 1992) and 

downstream effector of TOR signalling, was found to be also unchanged in livers of 

Pex13 mutant mice compared with heterozygote and wild-type littermates. (Fig 4.9C). 

 
 

In conclusion, these results demonstrate that the insuling/IGF-TOR pathway is 

not involved in the growth retardation phenotype of Pex13 liver mutants, at least not at 

the level of IRS-1 or p70S6K. It remains to be established whether other components 

pathway are affected in Pex13 liver mutant mice. 
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Figure 4.8 Intracellular mTOR signalling pathway.  IRS-1 and p70S6K are 

components of the insulin/IGF-TOR signalling pathway that is associated with growth 

and development. Arrows indicate activation, bars indicate inhibition. IRS-1, insulin 

receptor substrate-1; PI3K, phosphatidylinositol 3’ kinase; TSC (1&2), tuberous 

sclerosis complex; mTOR, mammalian target of rapamycin; p70S6K, p70 ribosomal S6 

kinase; 4E-BP, eIF4E-binding protein (Adapted from Dietmar and Hall, 2005). 
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Figure 4.9 Analysis of mTOR signalling pathway components in Pex13 liver 

mutant mice. Western blot analysis of liver homogenates of Pex13 liver mutants for 

levels of IRS-1 (A) and p70S6K (C). The results presented are representative of 2 

independent experiments (B) Corresponding levels of IRS-1 mRNA obtained using 

real-time PCR analysis of total liver RNA. Bars represent mean �r SEM (n=3). 
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4.4 Discussion 

This chapter describes the generation and initial characterisation of a liver-

specific Pex13 mouse model. Peroxisomes are highly abundant in mammalian liver, 

and as a result, the liver is a major site of pathology in Zellweger syndrome (Kelley, 

1983; Gould et al., 2000). A liver-specific Pex13 mouse model will be a valuable tool for 

studying the impact of these pathological processes in liver and in non-hepatic tissue, 

such as brain. In addition, it was the prediction at the start of the project that liver 

Pex13 mouse mutants would not exhibit the neonatal lethal phenotype characteristic of 

both Zellweger syndrome patients and previously generated Pex gene knockout 

Zellweger mice, thus making these mutants particularly useful for the investigation of 

postnatal pathology.. 

 

Pex13 liver mutant mice were generated by crossing homozygous Pex13-floxed 

mice with mice heterozygous for Pex13 deletion and expressing Cre recombinase 

under the control of the liver-specific albumin promoter. Southern and Northern blot 

analyses on genomic DNA extracted from liver, brain, and kidney tissue demonstrated 

liver-specific deletion of Pex13 in liver of Pex13 liver mutants. As expected, Pex13 liver 

mutant mice did not display a neonatal phenotype, but also did not exhibit any obvious 

morphological or physiological changes during the first 4 weeks postnatal period. 

Thereafter, these mice displayed a growth retardation that resulted in a 25% lower body 

weight compared to control mice at 3 months of age. In a similar study on Pex5 liver 

mutant mice, growth retardation was reported as the only observable phenotype from 

the third postnatal week in these animals, with this leading to a 30-40% reduction in 

weight compared to control animals (Dirkx et al., 2005). This growth defect, however, 

receded by 3 months, such that the body weights of the Pex5 liver mutants were similar 

to those of controls. In contrast, Pex13 liver mutant mice did not recover from the 

growth defect and still weighed 25% less than controls at 6 months of age.  

 
 The late-onset of growth retardation and the lack of other macroscopic changes 

in Pex13 liver mutant mice is a surprising observation, particularly as it has been 

demonstrated that expression from the albumin promoter begins at the E9 stage 

(Gualdi et al., 1996). However, a study using the same Albumin-Cre mice as the one 

used in this project showed that maximal Cre-mediated excision of floxed glucokinase 

(gk) alleles was only achieved at postnatal week 6 (Postic et al., 2000). This is 

consistent with the observed onset of growth retardation at 30 days postnatal in Pex13 

liver mutants. Interestingly, the same group that generated the Pex5 liver mutant mice 
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recently generated a second Pex5 liver mouse model, whereby Pex5 excision was 

driven by Cre recombinase expressed under the control of the mouse albumin 

promoter and �.-fetoprotein enhancers (Krysko et al., 2007). These mice exhibit 

maximal Pex5 excision at E18.5, and had a significantly more severe and earlier onset 

growth retardation – 80% of mutant pups died within the first 8 days. These findings 

suggest that Cre-mediated excision driven by the mouse albumin promoter and alpha-

fetoprotein enhancers is more efficient and occurs at an earlier developmental stage 

than seen with the albumin-Cre generated Pex13 liver mutant mice. As Postic and 

coworkers have suggested, the incomplete recombination at birth in gk liver knockout 

may reflect expression of Cre recombinase below the threshold level required for total 

and rapid recombination (Postic et al., 2000). This may also be the case for Pex13 liver 

mutant mice. 

 

 The observed lack of other obvious phenotype in Pex13 liver mutant mice was 

further scrutinized by use of the SHIRPA primary screen protocol. The SHIRPA 

protocol is a set of tests that provides a behavioural profile of test animals for detecting 

changes in physiological and behavioural aspects such as gait and posture, motor co-

ordination, changes in excitability and aggression, salivation, and muscle tone. A 

previous study demonstrated that SHIRPA was effective in identifying subtle 

neuromuscular differences in dystrophin-deficient mice, which were otherwise visually 

indistinguishable from wild-type mice (Rafael et al., 2000). However, SHIRPA analysis 

of Pex13 liver mutant mice revealed no significant differences to control mice in any of 

the individual tests , with the exception of animal weight measurements (Table 4.1). 

These results indicate that Pex13 liver mutant mice are not behaviourally or 

physiologically different to control mice, at least not to the level that is detectable by 

SHIRPA testing.  

 

 Based on observations of previous Pex gene knockout mice, it was expected 

that selective elimination of functional peroxisomes in liver would result in dramatic 

changes associated with the key biochemical pathways of peroxisomes. Indeed, levels 

of C26:0/C22:0 and C24:0/C22:0 VLCFA in liver of Pex13 liver mutants were increased 

6- and 2-fold respectively, results that are in good agreement with those of Pex13-null 

mice (Maxwell et al., 2003). Interestingly, 20-week old Pex5 liver mutants have normal 

VLCFA levels (Dirkx et al., 2005). Further disturbance of metabolic function in liver of 

Pex13 liver mutants was demonstrated by increased serum levels of bile acid 

intermediates DHCA and THCA. These two metabolites are involved in the synthesis of 

bile acids, which is a liver specific peroxisomal process. 
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Unexpected however, were the combined findings that DHAP-AT, a 

plasmalogen synthesis enzyme, was increased, but at the same time plasmalogen 

levels were unchanged, in livers of Pex13 liver mutants. Despite the surprising nature 

of the unchanged plasmalogen levels, it is an observation that concurs with those 

obtained for both of the Pex5 liver mutant mouse models (Dirkx et al., 2005; Krysko et 

al., 2007). However, the levels of liver DHAP-AT activity in Pex13 liver mutants are at 

odds with those obtained for both Pex5 liver mutant strains, where DHAP-AT was 

reduced, and for Pex13-null mice, where levels of plasmalogens and DHAP-AT and 

DHAP-synthase activity levels were all significantly reduced. Levels of VLCFA, 

plasmalogens, DHAP-AT, and DHAP synthase were all unchanged in brain tissue of 

Pex13 liver mutant mice.  

 

 The consequence of hepatocyte-specific deletion of Pex13 on liver tissue 

ultrastructure was investigated using light microscopy analysis of perfusion-fixed liver 

sections of Pex13 liver mutants. This provided direct visual confirmation of loss of 

catalase-containing peroxisomes from the majority of hepatocytes. It was also 

revealed, however, that there were a small number of cells that still had punctate 

catalase-positive peroxisomes, indicating incomplete elimination of peroxisomes from 

the hepatocyte cell population. These results may be significant in relation to the late 

onset of growth retardation and lack of other phenotypic changes observed in Pex13 

liver mutants. It can be argued that the small percentage of cells still harbouring 

functional peroxisomes is sufficient to provide residual peroxisomal metabolic function 

for the mutant animals. Nevertheless, the loss of peroxisomes in liver, as identified by 

analysis of liver sections of Pex13 liver mutant mice, was accompanied by the 

increased presence of granulomas and activated Kupffer cells compared to control 

mice, indicating an inflammatory response to hepatic tissue damage of insult. In 

addition, the observed increase in apoptotic cells in liver tissue of Pex13 liver mutant 

mice further supports the indication of cellular damage. It remains to be determined 

what the precise cause of the cellular damage is, and how these relate to defective 

peroxisomal metabolism. Considering the anti-oxidative capacity of peroxisomes, one 

mechanism of cellular stress that is conceivable in this context is oxidative stress. Loss 

of functional peroxisomes would render hepatocytes susceptible to reactive oxygen 

species. Supportive of this notion is the consistent observation of altered mitochondrial 

inner membrane in Zellweger patients (Goldfischer et al., 1973; Mathis et al., 1980) and 

previous Zellweger mouse models (Baes et al., 1997; Maxwell et al., 2003; Dirkx et al., 

2005) that are similar to those seen in conditions of oxidative stress (Treem and Sokol, 

1998). [It should be noted here that EM analysis of Pex13 liver mutants was attempted 
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as an important component of the characterisation of these mutants, but, as with the 

brain mutants (Chapter 3), the animals analysed were apparently not sufficiently fixed 

by the cardiac PFA-perfusion procedure employed (results not shown)]. In addition to 

this, Pex5 liver mutant mice were reported to have reduced mitochondrial complex I 

activity, which is indicative of increased generation of reactive oxygen species (Dirk et 

al., 2005). Despite the mounting evidence to suggest an oxidative stress-associated 

mechanism for liver pathology in mice devoid of functional peroxisomes, oxidative 

stress has yet to be directly demonstrated in patients with peroxisome biogenesis 

defects. This may reflect the inadequacy of current techniques to reliably detect 

reactive oxygen species. More studies are required to conclusively demonstrate 

whether or not oxidative stress is associated with PBD patients and Zellweger mouse 

models. 

 

 The growth retardation phenotype in Pex13 liver mutant mice was further 

investigated by Western blot analysis of proteins belonging to pathways known to be 

associated with cell growth and development. The functionally connected insulin/IGF-

PI3K and TOR (target of rapamycin) signalling pathways have been implicated in cell 

growth and metabolism (reviewed in Martin and Hall, 2005; Wullschleger et al., 2006). 

Two components of these interconnected pathways that are important regulators of cell 

growth are IRS-1, an upstream regulator of this signalling pathway, and p70S6K, a 

downstream effector of the pathway. IRS-1 is the major substrate for the insulin and 

insulin growth-like factor 1 (IGF-1) receptors (White et al., 1985; Beguinot et al., 1989). 

IRS-1 deficient mice exhibit growth retardation and insulin resistance (Araki et al., 

1994; Tamemoto et al., 1994). In this regard, Pex5-null mice were found to have 7-fold 

increase in IGF-1 plasma levels (Baes et al., 1997), which was interpreted by the 

authors to indicate insulin/IGF-1 resistance. These results led us to suspect that the 

growth retardation of Pex13 liver mutant mice may be associated with the insulin/IGF-

TOR pathway. However, Western blot analysis revealed no change in levels of IRS-1 in 

liver homogenates of Pex13 liver mutant mice, which was confirmed by real-time PCR 

analysis of IRS-1 mRNA levels. Levels of the downstream effector of TOR, p70S6K, 

which has been shown to induce protein synthesis and metabolism upon activation by 

TOR (Fumagalli et al., 2000), was also found to be unchanged. These results indicate 

that these two components of the insulin/IGF-TOR pathways do not appear to be 

involved in the growth retardation of Pex13 liver mutant mice, however, involvement of 

other components of the pathways cannot be ruled out. For example, it has been 

shown that Drosophila with mutant TOR also show a small cell size and reduced body 

weight (Oldham et al., 2000; Zhang et al., 2000). Thus more investigations are needed 
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to elucidate the basis for the growth retardation phenotype seen in Pex13 liver mutant 

mice. 

 

In summary, this chapter describes the generation and initial characterisation of 

a liver-specific Pex13 mouse model.  Pex13 liver mutant mice displayed only a growth 

retardation phenotype and only some of the hallmark biochemical defects expected 

despite the elimination of peroxisome from the majority of hepatocytes. Indeed, it may 

be that this incomplete ablation of peroxisomes from the whole hepatocyte cell 

population is preventing the generation of more severe phenotypes. This notion is 

supported by the observation that Pex5 liver mutant mice with Cre-mediated excision 

driven by the nestin promoter and �.-fetoprotein enhancers exhibited more severe 

phenotypes and at an earlier stage (Krysko et al., 2007). Despite this, Pex13 liver 

mutant mice will still be a useful system for studying the effect of loss of functional 

peroxisomes on growth and development, and the relationship between liver 

peroxisome function and the disease phenotype of Zellweger syndrome.  
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5.1 Introduction 

Peroxisomal disorders have traditionally been classified along genetic, clinical, 

and biochemical lines. A proposed alternative means of differentiating peroxisomal 

disorders that crosses the traditional criteria is based on peroxisome abundance 

and morphology (Chang et al., 1999). Disorders of low peroxisome abundance include 

ZS and two single-enzyme disorders, acylCoA oxidase deficiency and D-bifunctional 

protein (D-BP; or multifunctional enzyme/protein 2, MFE2/MFP2) deficiency. The 

'peroxisome abundance' classification also seemingly accounts for the 

morphological differences of peroxisomes in the different disorders: in ZS, remnant 

peroxisomes are present as 'membrane ghosts', enlarged vesicles lacking 

content proteins (Santos et al., 1988); in both D-BP deficiency and acyl-CoA 

oxidase deficiency, peroxisomes are also enlarged, for reasons that are not 

understood, and comparable in size to ZS ghosts (Hughes et al., 1990; Poll-The et 

al., 1988; Suzuki et al., 1994; van Grunsven et al., 1999). By contrast, 

peroxisomes are of normal abundance and morphology in other single-enzyme or 

single-protein deficiencies such as X-linked adrenoleukodystrophy (X-ALD),  and 

in rhizomelic chondrodysplasia punctata (RCDP), the latter representing the non-

Zellweger syndrome class of biogenesis disorders characterized by loss of 

PTS2 import (Purdue et al., 1999; Purdue et al., 1997; Smith et al., 1999). 

Intriguingly, Gould and colleagues (Chang et al., 1999; Li and Gould, 2002; 

Schrader et al., 1998) demonstrated that the reduced peroxisome abundance 

of ZS cells could be restored by overexpression of the peroxisomal membrane 

protein PEX11�� , a peroxin implicated in peroxisome proliferation and division 

(Schrader et al., 1998). These findings indicate that remnant peroxisomes are 

competent for PEX11�� -mediated proliferation and division, and that this 

process does not require peroxisomal metabolic activity (Li and Gould, 2002). 

 

In the context of these findings, the phenotype of the PEX11�� -null 

mouse is of particular relevance. Peroxisomes, with an apparent complement of 

content proteins, are present in PEX11�� -null cells (Li et al., 2002). Surprisingly, 

however, these mice show many of the clinical hallmarks of the severe ZS 

phenotype, but little loss of the 'signature' peroxisomal metabolic pathways of 

VLCFA ��-oxidation and ether lipid (plasmalogen) synthesis (Li et al., 2002). In 

exploring an alternative explanation for the molecular pathogenesis of PEX11�� -

null mice, it is of interest that two significant changes accompanied the loss of cellular 

PEX11�� , namely reduced peroxisome abundance and increased peroxisome 
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clustering. Taken together, these findings point to an alternative model of 

pathogenesis in which disease phenotype correlates with abnormalities in 

peroxisome abundance and/or distribution in cells. 

 

 One cellular process that may provide a unifying theme for these  f ind ings  

i s  m ic ro tubu le -based  perox isome morphogenesis and movement. 

Previous studies have established that peroxisomes associate with microtubules, 

and that microtubule-mediated peroxisome motility is the primary mode of regulation of 

peroxisome morphology and trafficking in cells (Rapp et al., 1996; Schrader, 2001; 

Schrader et al., 1996; Schrader et al., 2000; Thiemann et al., 2000; Wiemer et 

al., 1997). Also, in the context of disease pathogenesis, it is now acknowledged that 

mutations affecting proteins involved in intracellular traff icking via the 

cytoskeleton underl ie many neurodegenerative diseases (Aridor and Hannan, 

2000). 

 

In this chapter, the hypothesis that microtubule-mediated peroxisome 

trafficking is perturbed in cells with reduced abundance and altered cytoplasmic 

distribution of remnant peroxisomes is tested, using peroxisomal disorder patient cell 

lines and fibroblast cells from the Pex13-null mouse model.  
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5.2 Materials and methods 

5.2.1 Plasmid  constructs 
 

A pcDNA3-based plasmid encoding human PEX11��  protein fused to a C-

terminal myc epitope tag (pcDNA3-PEX11��) was created by PCR of human cDNA 

using primers PEX11��-F 5'-GGTGGTGTTGGATCCGTCATGGACGCCTGGGTCC-

GCTTCAGTG-3' and PEX11��-myc-R 5'-GGTGTTGAATTCTCACAGGTCCTCCTCG- 

CAGATCAGCTTCTGCTCGGGCTTGAGTCGTAGCCAGGGATAG-3' (myc tag codons 

underlined). The product was cloned in between the BamHl and EcoRI sites of 

pcDNA3 (Gibco-Invitrogen, Melbourne, Australia). The PTS2-EGFP plasmid, encoding 

the minimal rat PTS2 signal fused to the N-terminal end of EGFP, has been 

described (Maxwell et al., 2003). A pcDNA3-based plasmid expressing PTS1 fused to 

the C-terminus of EGFP was a gift from S. Gould (Johns Hopkins University, 

Baltimore, MD).  

 

5.2.2 Cells and cell culture 
 

Human skin fibroblasts (HSFs) from a PEXI-null ZS patient (4065) and an 

infantile Refsum disease (IRD) patient with residual PEXI activity (1772) have 

been previously characterized (Maxwell et al., 2002). The D-BP deficient (patient IC) 

(Paton and Pollard, 2000; Paton et al., 1996), X-ALD and PEXI-deficient RCDP cell 

lines were from patients with typical clinical and biochemical findings for the respective 

disorder. In each case, diagnosis was confirmed by molecular analysis of the relevant 

gene. Mouse embryonic fibroblast (MEF) cultures were generated as described in 

section 2.2.2. All fibroblasts were cultured as described in section 2.2.1.  

 

5.2.3 Fluorescence microscopy 
 

Indirect immunofluorescence was carried out as described in section 2.2.5. 

Confocal laser-scanning microscopy was carried out using a Leica TCS SP2 

microscope (Leica Microsystems Heidelberg, Germany). Quantification of peroxisomal 

abundance and size was carried out using a MAT-lab-based algorithm (Pham et al., 

2004) and expressed as the mean �r s.e.m. of five or more separate cell analyses, from 

experiments replicated at least twice.  
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5.2.4 Liver fractionation a nd western blot analysis 
 

Differential centrifugation of mouse liver homogenates to generate a large 

organelle fraction (containing peroxisomes, mitochondria, and lysosomes) and a 

postorganellar supernatant, and western blot analysis of these fractions, was carried 

out as previously described in sections 2.2.23, 2.2.26, and 2.2.27.  
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5.3 Results 

5.3.1 Peroxisome dist ribution along microtubules 
 

It has been demonstrated that peroxisomes associate with microtubules in 

certain mammalian cell types (Schrader, 2001; Schrader et al., 1996; Schrader et 

al., 2000; Schrader et al., 2003; Wiemer et al., 1997), but such an association has not 

been well established for mouse or human fibroblasts. To detect peroxisomal 

membranes in both normal cells and those with abnormalities in peroxisome matrix 

content and morphology, a rabbit antibody against the murine peroxisomal 

membrane protein PEX14 was generated. This antibody recognized a protein of 

approximately 57 kDa molecular mass, which is in accord with that reported for 

the human and CHO cell PEX14 proteins (Fransen et al., 1998; Shimizu et al., 

1999). As expected, the identified protein behaved as an organelle protein upon 

analysis of liver fractions from a wild-type mouse, in that it was distributed in a 

similar way to both the peroxisomal membrane protein PEX13 and the matrix protein 

catalase (Fig. 5.1A, left panel). In liver fractions from PEX13-null mice, in which 

peroxisomal matrix protein import is defective, PEX14 was still present, albeit 

at slightly lower levels, and shifted from the organelle pellet fraction to the post-

organellar supernatant containing unimported catalase (Maxwell et al., 2003) 

(Fig. 5.1A, right panel). This latter result is consistent with the presence of 

remnant peroxisomes (peroxisomal ghosts) with lower density and thus 

reduced capacity to be pelleted by centrifugation. To validate the use of PEX14 as 

a marker in cel l  s tudies,  immunofluorescence analysis was carried out on wild-

type mouse embryonic fibroblasts (MEFs; not shown) and normal human skin 

fibroblasts (HSFs; Fig. 5.1B) expressing EGFP protein fused to the consensus 

peroxisome targeting signal type 1 (PTS1). In both cell types, the PEX14 antibody 

decorated cytoplasmic organelles that had imported EGFP, confirming the specificity 

of this antibody in recognizing peroxisomal structures in both mouse and human cells. 

 

To determine the distribution of peroxisomes relative to the microtubule 

network in cultured normal control HSFs and wild-type MEFs, 

immunofluorescence microscopy was carried out using the PEX14 antibody in 

combination with an �D-tubulin subunit antibody to decorate microtubules (Fig. 5.2A). In 

both HSFs and MEFs, peroxisomes were abundant and distributed throughout the 

cytoplasm. The use of confocal laser-scanning microscopy (CLSM) to examine the 

proximity of peroxisomes to peripheral microtubules revealed that most 
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peroxisomes aligned adjacent to and along individual microtubules. This result 

concurs with findings on other mammalian cells (Rapp et al., 1996; Schrader, 

2001; Schrader et al., 1996; Schrader et al., 2000; Thiemann et al., 2000; 

Wiemer et al., 1997). 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1   PEX14 localizes to peroxisomal structures in 

mammalian cells.  (A) Western blot analysis of mouse liver 

fractions. T, total liver homogenate; P, organelle pellet; S, Post-

organellar supernatant. +/+, wild-type mice; –/–, PEX13-null mice. 

(B) Immunofluorescence microscopy of a normal human skin 

fibroblast transfected with plasmid expressing EGFP-PTS1 fusion 

protein. Green, EGFP; red, PEX14. Bar, 20µm. 
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5.3.2 Disruption of peroxisomal organi zation in cultured fibroblasts 
 

To establish whether microtubules are essential for normal peroxisome 

distribution in fibroblasts, nocodazole, a microtubule-depolymerising drug, was 

used to disperse the microtubule network. Treatment of normal HSF cells with 

20 µM nocodazole for 20h led to microtubule depolymerization, as evident by the 

diffuse cytoplasmic staining with tubulin antibody (Fig. 5.2-B, top panels). 

Peroxisomes in these cells clustered at several locations, including at the 

cytoplasmic face of the nuclear envelope. A more extreme clustering of 

peroxisomes near the cell surface was observed for normal MEFs similarly 

treated (Fig. 5.2B, bottom panels). The generality of the disruptive effect of 

nocodazole was assessed by also observing effects on mitochondria, another 

organelle whose motility requires microtubules (Welte, 2004). Mitochondria in 

untreated cultured HSFs, stained using MitoTracker Green FM dye, were 

dispersed as an intricate reticulum throughout the cell cytoplasm (Fig. 5.2C, top 

panels). In HSFs treated with nocadozole, mitochondrial distribution was severely 

disrupted and characterized by clustering near the nucleus, including some 

distinct perinuclear clustering as seen for peroxisomes (Fig. 5.2C, bottom panels). 

The effect was similar in wild-type MEFs (not shown). As predicted, these results 

demonstrate that perturbation of the microtubule network leads to aberrant 

peroxisome (and mitochondrial) distribution, including clustering. The inference from 

these findings is that the normal cellular distribution of peroxisomes is dependent on 

motility via the microtubule network. 

5.3.3 The distribution and microt ubule association of remnant 
peroxisomes is perturbed in ce lls with peroxisome biogenesis 
disorders and reduced peroxisome abundance 

 
To address the primary hypothesis that reduced peroxisome abundance and 

altered morphology correlate with perturbed microtubule-based peroxisomal 

distribution, immunofluorescence microscopy was carried out using HSFs from 

patients representing a range of peroxisomal disorders, as well as of MEFs from 

the PEX13-null mouse with a ZS-like phenotype. 

 

In cells from a PEX1-null ZS patient (patient 4065), in which there is loss 

of both PTS1 and PTS2 peroxisomal import (Maxwell et al., 2002; Maxwell et al., 

1999), the microtubule network appeared normal, but the abundance of (remnant)
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Figure 5.2  Peroxisomes align with, and are dispersed along, 

microtubules in cultured fibroblasts.  (A) Immunolluorescence microscopy 

of peroxisomes and microtubules in control HSFs (top panels) and wild-type 

MEFs (middle panels). The bottom panel shows confocal laser-scanning 

microscopy of a HSF. Green, PEX14; red, �D-tubulin. (B) HSFs (top panels) 

and wild-type MEFs (bottom panels) treated with 20µM nocodazole 

for 20h. PEX14 (green); �D-tubulin (red). (C) Mitochondria (green) and 

microtubules (red) detected using MitoTracker Green FM dye and �D-tubulin 

antibody, respectively, in untreated (–NCZ, top panels) and nocodazole 

treated (+NCZ, bottom panels) HSFs. Bars, 20µm (top and middle panels 

in A, B, C); 5µm (bottom panel in A). 

 

 

 

 

 

 

peroxisomes was reduced to ~20% of the normal level (87�r14 vs 421�r31 

peroxisomes/cell for normal control cells; mean ± s.e.m., n=5 cells/experiment), 

whereas the size of these structures was increased (cross-sectional area of 

14.0±1.1 pixels vs 9.8±1.5 pixels for normal controls; n=5) (Fig. 5.3A). These 

latter observations are in accord with results from previous studies and reflect the 

formation of fewer, enlarged peroxisomal vesicular 'ghosts' (Chang et al., 1999; 

Santos et al., 1988). Of particular interest, however, was the spectacular change in 

the distribution of these remnant peroxisomes in PEX1-null cells, characterized by 

varying degrees of clustering and altered distribution. Cells fell into three roughly 

equally represented groups (Fig. 5.3A): the first group (top panels) showed slight 

retraction of peroxisomal structures towards the cell center and minor clustering; 

the second group (middle panels) showed more pronounced perinuclear 

segregation of peroxisomal structures, again with minor clustering; the third 

group (bottom panels) showed striking clustering of most peroxisomal 

structures at different locations in different cells, but never at the microtubule 

organizing centre (MTOC, see arrow). Although it was predicted that the 

peroxisomal structures in these cells might no longer associate with microtubules, 

CSLM showed instead that most, but not all, of these structures were still aligned 

along microtubules (Fig. 5.3B). 
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Figure 5.3 Peroxisome abundance and distribution along peripheral 

microtubules are perturbed in PEX1-null ZS cells.  (A) PEX1-null patient HSFs 

processed with antibodies against PEX14 (green) and �D-tubulin (red). Top panels, 

minimal retraction of remnant peroxisomes; middle panels, pronounced remnant 

peroxisome retraction, with initial signs of clustering; bottom panels, dramatic 

clustering of remnant peroxisomes. Arrow indicates MTOC, corresponding to 

microtubule nucleation/anchor region. (B) Confocal laser-scanning microscopy 

showing remnant peroxisomes aligning (white arrowhead) or not aligning (white 

arrows) with microtubules. (C) PEX1-null cells stained for remnant peroxisomes using 

PEX14 antibody (green), and for lysosomes using LysoTracker Red DND-99 (red). 

(D) PEX1-null HSF cells stained for mitochondria using MitoTracker Green FM and 

MitoTracker Red CM-H2XRos dyes. Bars, 20µm (A,C,D); 5µm (B). 
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As additional controls, it was demonstrated that the peroxisomal 

structures in PEX1-null cells did not colocalize with LysoTracker dye (Fig 

5.3C), thereby discounting a potential accumulation in lysosomes as part of an 

autophagic process. Possible changes to the distribution of mitochondria in these 

cells were also tested using MitoTracker dyes. The mitochondrial network (Fig. 5.3D) 

was not significantly altered when compared with those in normal control cells. A 

similar result was shown for PEX13-null MEFs (not shown). Moreover, there 

was apparent absolute f luorescence colocalization in these cells of MitoTracker 

Red CM-H2Y.ROS dye (representative of actively respiring mitochondria) and 

MitoTracker Green FM dye (a measure of mitochondrial abundance) (Fig. 5.3D), 

a finding that is consistent with normal metabolic activity of the majority of 

mitochondria in these cells. Thus, the organelle-trafficking defect observed for 

peroxisomes does not extend to mitochondria, nor, it is assumed, to other organelles. 

In cells from an IRD patient (1772), corresponding to a milder PEX1 

mutation in which PEX1 function is attenuated but not abolished (Maxwell et al., 

2002), the abundance of remnant peroxisomes was also reduced (102±15 vs 421±31 

peroxisomes/cell, n=5), but the size of these structures was not significantly increased 

(11.2±1.3 pixels vs 9.8±1.5 pixels). The association of remnant peroxisomes with 

the microtubule network was also perturbed, but at a level intermediate between that 

seen in normal controls and PEX1-null cells, with some of these structures still 

aligned along peripheral microtubules (Fig. 5.4A). Thus, this phenotype is 

consistent with the less severe PEX1 mutation being reflected in a less 

severe disturbance of microtubule-mediated peroxisome dispersal. 

 

In addition, cells from an RCDP patient with PEX7 deficiency, a mutation 

leading to a specific defect in PTS2-dependent peroxisomal import were also tested.  

This disorder differs from ZS where both PTS1- and PTS2-dependent import are 

impaired. Both abundance (432±34 vs 421±31 peroxisomes/cell, n=5) and size 

(7.8±0.4 pixels vs 9.8±1.5 pixels) of remnant peroxisomes were normal in 

the PEX7-deficient cells. In addition, the peroxisomal structures were distributed 

uniformly throughout these cells, including at the microtubule plus ends near the cell 

surface (Fig. 5.4B). 

 

The situation with PEX13-null MEFs was similar to that for the PEX1-null 

(4065) HSFs. Remnant peroxisomes were readily detected using the PEX14 

antibody, confirming that PEX14 is recruited to peroxisomal membranes in the
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Figure 5.4 Peroxisome abundance and distribution along peripheral 

microtubules are perturbed in fibroblasts from patients with IRD but not 

RCDP. Abundance and distribution of remnant peroxisomes along microtubules of 

cultured patient HSFs from patients with IRD (A) and RCDP (B), assessed by 

immunofluorescence using PEX14 (green) and �D-tubulin (red) antibodies. Bars, 

20µm. 
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absence of PEX13. These remnant structures were mostly located near the cell 

centre, displayed some minor clustering (Fig.  5.5A),  reduced abundance 

(104±21 vs 284±43 peroxisomes/cell for normal control cells; mean ± s.e.m., 

n=5) and significantly increased size (15.2±1.3 vs 8.0±0.3 pixels for normal 

controls; n=5). As abnormal neuronal migration and neurodegeneration are 

hallmarks of severe peroxisomal disorders, and a feature of the PEX13-null 

mouse (Maxwell et al., 2003), experiments were carried out to test whether the 

distribution of remnant peroxisomes was perturbed in cultured brain 

neurons from these mice. It was found that whereas in neurons from PEX13 

heterozygotes peroxisomes were abundant and distributed throughout the cell soma 

and along cel l  processes, in PEX13-null  neurons, the remnant peroxisomes 

were clustered and restricted to the cell soma (Fig. 5.5B), similar to the effect 

observed for PEX13-null MEFs. Astrocytes in these cultures showed the same 

somal concentration of remnant peroxisomes (not shown). 

 

Thus, the loss of distribution of remnant peroxisomes along microtubules, and 

specifically peripheral microtubules, only occurs in cells with a peroxisome 

biogenesis defect where the defect also leads to significantly reduced 

peroxisome abundance. 
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Figure 5.5 Cultured MEFs and neurons from PEX13-null mice exhibit 

decreased remnant peroxisome abundance and distribution along 

peripheral microtubules.  (A) PEX13-null MEFs and (B) PEX13 heterozygote 

(top panel) and PEX13-null (bottom panel) neurons (elongated cells in each 

case), assessed by immunofluorescence using PEX14 (green) and �D-tubulin 

(red) antibodies. Bars, 20µm. 
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5.3.4 The distribution and microt ubule association of remnant 
peroxisomes is also perturbed in single-enzyme disorders with 
reduced peroxisome abundance 

 

To determine whether perturbations in peroxisomal distribution and 

microtubule association were also characteristic of cells from patients with a 

single-enzyme defect in which there is also a concomitant reduction in peroxisome 

abundance, HSFs from a D-BP deficient patient were assessed. The microtubule 

network in D-BP deficient HSFs appeared normal. However peroxisomes in these 

cells were larger (16.0±8.5 vs 9.8±1.5 pixels) and less abundant (71±27 vs 

421±31) than in normal cells and showed the perturbation of peroxisomal 

distribution and microtubule alignment typical of PEX1-null Zellweger syndrome 

HSFs (Fig. 5.6A). CLSM demonstrated that most residual peroxisomes in 

these cells sti l l  aligned with microtubules (Fig. 5.6B). For comparison, cells from 

an X-ALD patient were also analyzed, as peroxisome abundance has 

previously been shown to be normal for such patients (Chang et al., 1999). It was 

demonstrated that cells from this patient showed near-normal peroxisomal 

abundance (272±24 vs 421±31 peroxisomes/cell), normal peroxisome size 

(11.8±1.1 vs 9.8±1.5 pixels) and, of particular relevance here, normal 

cytoplasmic distribution and alignment of these peroxisomes along microtubules 

(Fig. 5.6B). 

 

Taken together, the results indicate that a significant reduction in 

peroxisome abundance (down to ~20% of the normal level), correlates, in all 

cases, with loss of distribution of remnant peroxisomes along peripheral microtubules. 

 

5.3.5 PEX11�E induces proliferation and di stribution of peroxisomal 
structures along peripheral microtubules in PEX1-null and D-BP 
deficient cells 

 
The previously reported effect of PEX11��  in increasing the abundance of 

peroxisome ghosts (Chang et al., 1999; Li and Gould, 2002; Schrader et al., 1998) 

implied that this effect may have also restored the distribution of these structures along 

microtubules. To test this, PEX1-null and D-BP deficient cells stably overexpressing a 

C-terminal myc-epitope-tagged version of human PEX11��  (PEX11�� myc) were 

generated. I t  was observed that PEX11�� myc overexpression led to increased 
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Figure 5.6  The single-enzyme disorder, D-BP deficiency, is also 

characterized by decreased cellular peroxisome abundance and distribution 

along peripheral microtubules.  (A) Peroxisome abundance and distribution along 

microtubules in HSFs from a D-BP deficient patient. (B) Confocal laser-scanning 

microscopic image of a D-BP deficient cell showing alignment of residual 

peroxisomes with microtubules. (C) Abundance and distribution of peroxisomes 

along microtubules in HSFs from an X-ALD patient. PEX14, green; �D-tubulin, red. 

Bars, 20µm. 
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abundance of peroxisomal structures in both PEX1-null (>fivefold) and D-BP deficient 

(>threefold) cells, and to a more uniform cellular distribution of these structures in 

both cases (PEX1-null cells: Fig. 5.7A; D-BP deficient cells: Fig. 5.7D). Such 

effects were not seen in cells stably transfected with vector alone (not shown). 

Importantly, CLSM confirmed that PEX11�� myc-decorated peroxisomal structures 

were aligned along peripheral microtubules in PEX1-null cells (Fig. 5.7C) and D-

BP deficient cells (Fig. 5.7F). However, the morphology of the induced peroxisomal 

structures was different in the two cell types. In D-BP deficient cells they were 

spherical in shape, similar to those in mock-transfected and untransfected D-BP 

def ic ient cel ls (Fig. 5.7E). In contrast,  many of  the PEX11�� myc-decorated 

structures in PEX1-null cells had an elongated, tubular morphology (Fig. 5.7B) 

and exhibited alternating bands of PEX11�� myc immunostaining, similar to those 

previously identified following the very early periods of PEX11��  activity (Schrader et 

al., 1998). These f ind ings  were in te rpre ted  to  ind ica te  that  in  response 

to  PEX11��  overexpression, peroxisomes in D-BP deficient cells are 

competent for proliferation and division to daughter organelles, whereas remnant 

peroxisomes in PEX1-null cells are competent for proliferation but are blocked, 

at least partially, at the division step. 

 

5.3.6 DLP1 recruitment to induced peroxisomes 
 

A reported function of PEX11��  is to recruit the dynamin-like protein DLP1 

to the peroxisomal membrane, at sites where PEX11��  itself is sequestered away 

from other peroxisomal membrane proteins. It has been suggested that the role of 

DLP1 at this site may be to act as a `pinchase' to release the daughter organelle (Koch 

et al., 2003; Li and Gould, 2003; Schrader et al., 1998). In view of this potentially 

central role of DLP1, its association with remnant peroxisomal membranes in D-

BP deficient cells and PEX1-null cells was tested using CLSM. In untransfected cells, 

DLP1 was essentially segregated from peroxisomal structures in both cases (Fig. 

5.8A). In D-BP deficient cells overexpressing PEX11�� myc, DLP1 was detected on 

a sub-population of peroxisomal structures, and was more abundant on the 

PEX11�� myc-decorated tubular structures generated in PEX1-null cells (Fig. 5.8B). 

For D-BP deficient cells, these findings were interpreted to indicate that the overall 

process of peroxisomal proliferation and division has occurred effectively under the 

influence of PEX11�� myc, but that DLP1 is still associated with some peroxisomes 

owing to the ongoing PEX11�� myc activity. By contrast, for PEX1-null cells,
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Figure 5.7  PEX11 ��myc overexpression leads to remnant peroxisome 

proliferation and redistribution along microtubules in PEX1-null and D-BP 

deficient cells.  (A-C) PEX1-null and (D-F) D-BP deficient patient HSFs stably 

expressing human PEX11�� myc. For epifluorescence microscopy, cells were 

double-labeled with PEX14 antibody (red) and myc antibody (green) (A,B,D,E). 

Panels B and E are magnifications of regions shown in overlay panels in A 

and D, respectively. For confocal laser-scanning microscopy, cells were double-

labeled with PEX14 antibody (green) and �D-tubulin antibody (red) (C and F). Bars, 

20µm (A,C,D,F); 5µm (B,E). 
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Figure 5.8   PEX11 �� myc overexpression recruits DLP1 to peroxisomal 

structures in PEX1-null and D-BP deficient cells.  (A) Confocal laser-scanning 

microscopy of untransfected PEX1-null fibroblasts, and fibroblasts from patients 

deficient in D-BP, double-labeled with PEX14 antibody (red) and DLP1 antibody 

(green). (B) Confocal laser-scanning microscopy of PEX1-null and D-BP deficient 

cells stably expressing PEX11�� myc, and double labeled with c-myc antibody 

(green) and DLP1 antibody (red). Bars, 20µm (A); 5µm (B). 
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i t  can be speculated that PEX11�� myc-dependent recruitment of DLP1 to 

elongating peroxisomal structures is occurring, but this alone has not been sufficient to 

drive these peroxisomal structures through the division step, thus explaining 

the significantly greater retention of DLP1 at these membranes. 

 

5.4 Discussion  

Reduced (remnant) peroxisome abundance is a feature common to a 

number of peroxisomal disorders (Chang et al., 1999). Disorders with this phenotype 

do not belong to any one genetic or disorder sub-group, but comprise those at the 

severe end of the Zellweger spectrum, along with the two single-enzyme 

disorders D-BP deficiency and acyl-CoA oxidase deficiency (Chang et al., 1999). 

Reduced peroxisome abundance of this order is not a feature of the 

remaining peroxisomal disorders, which include the non-Zellweger biogenesis 

disorder RCDP, and other single-enzyme or single-protein disorders such as X-ALD. 

The findings reported in this chapter concur with these previously reported 

relationships, but extend this link to include an effect on the distribution of 

peroxisomes along the microtubule network. Specifically, the data presented 

indicate that reduced abundance of remnant peroxisomes correlates with 

decreased dispersion of these structures along peripheral microtubules. 

 

Vesicle and organelle transport along microtubules can be both plus-end 

kinesin-directed and minus-end dynein-directed. It was demonstrated that most 

remnant peroxisomes of PEX1-null and D-BP deficient cells were still aligned with 

microtubules, but principally with the more centrally located regions of microtubules. 

Clustering of these structures was also observed in many cells, but this was not 

specifically at the MTOC – this effect therefore does not appear to represent a shift to 

minus-end transport. Instead, the general defect is more consistent with an inability 

of remnant peroxisomes, once associated with centrally located segments of 

microtubules, to travel towards the cell periphery. Additionally, the results 

demonstrated that microtubule morphology and function per se are not affected 

in these cells, but that the loss of microtubule-mediated plus-end peroxisome 

dispersal is inherent in the molecular properties of the abnormal peroxisomal 

structures. 
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A possible explanation for the observed clustering of remnant 

peroxisomes, is that they are sequestered for pexophagy (Farre and Subramani, 2004). 

However several lines of evidence do not support this view. First, peroxisomal ghosts 

did not colocalize with lysosomes, in agreement with previous findings (Santos 

et al., 2000). Second, most remnant peroxisomes still aligned with 

microtubules, implying residual biological function. Finally, PEX11��  

overexpression restored the abundance and distr ibution of remnant 

peroxisomes along peripheral microtubules, indicating that these structures 

are proliferation- and transport-competent. 

 

The effect of PEX11�� myc overexpression is of particular significance in 

considering a molecular basis for these changes. The earlier findings of Gould 

and co-workers demonstrated that elevated levels of PEX11�� myc lead to increased 

peroxisome abundance (Chang et al., 1999; Li and Gould, 2002).  The data 

reported here extend these f indings in demonst ra t ing that  PEX11��  

res tores  the distr ibution of newly formed peroxisomal structures along 

peripheral microtubules. Thus, microtubule-mediated distr ibut ion of  the 

peroxisomal structures in these cells is dependent on the abundance of 

peroxisomes: overexpression of PEX11�� , in inducing peroxisome proliferation, also 

drives the plus-end dispersal of the newly synthesized organelles. 

 

The other feature common to the peroxisomal structures of fibroblasts 

from ZS and D-BP deficient patients is their increased size. ZS cells contain 

enlarged peroxisomal ghosts (Santos et al., 2000; Santos et al., 1988), whereas the 

enlarged peroxisomes in D-BP deficient cells presumably selectively lack D-BP. 

Given the known effect of PEX11��  in inducing peroxisome proliferation, it is 

conceivable that these enlarged structures represent intermediates blocked in the 

process of peroxisome formation. In the main pathway of peroxisome biogenesis, 

new peroxisomes form from pre-existing peroxisomes through a pathway of 

elongation and division (Gould and Valle, 2000; Lazarow and Fujiki, 1985; Purdue 

and Lazarow, 2001). Although the exact function of PEX11��  is unclear, it has 

been shown to induce peroxisome proliferation in normal cells – peroxisomes are 

converted from spherical-shaped organelles into elongated tubules and then 

back into spherical structures (Schrader et al., 1998). An essential role for 

PEX11��  in peroxisome formation is also indicated by the finding that peroxisomes 

in hepatocytes from PEX11�� -null mice are less abundant, clustered and 

elongated (Li et al., 2002; Li and Gould, 2002). It is therefore possible that 
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peroxisomal structures in ZS and D-BP deficient cells have initiated expansion 

(reflected in enlarged structures) but not progressed to division. Surprisingly, 

however, remarkably different responses of these cells to overexpression of 

PEX11��  were observed. In D-BP deficient cells, induced peroxisomes had the same 

spherical morphology as the parent peroxisomes, implying that peroxisome 

division was driven to completion. By contrast, in PEX1-null cells, induced 

peroxisomes displayed elongated, tubular structures displaying a 

PEX11�� myc banding pattern. These structures appear identical to those 

described at early stages following transfection of normal human skin fibroblasts 

with PEX11�� , which were interpreted to reflect membrane sub-domains where 

PEX11��  segregates prior to the division step (Schrader et  a l . ,  1998).  I t  

therefore appears that PEX11�� myc overexpression in PEX1-null cells 

induces elongation and tubulation of the peroxisomal ghosts, but is not sufficient to 

efficiently drive the division step. Thus the peroxisomal structures in PEX1-

null cells and D-BP deficient cells are similar in being stalled at the proliferation 

process, but differ in their capacity to be driven through the division step. 

 
 

What molecular changes could explain the reduced peroxisome 

abundance and the different response to PEX11��  overexpression? One protein 

implicated in the PEX11��  -mediated process of peroxisome division is DLP1, a large 

dynamin-like GTPase protein (Yoon et al., 1998) that tubulates vesicle membranes in 

a nucleotide-dependent manner (Yoon et al., 2001). DLP1 is necessary only for 

the fission step of peroxisome division (Koch et al., 2004; Koch et al., 2003; Li and 

Gould, 2003) and is recruited to the peroxisomal membrane by PEX11��  (Li 

and Gould, 2003). Significantly, disruption of DLP1 function reduces peroxisome 

abundance and generates organelles with long, tubular morphology (Koch et al., 

2004; Koch et al., 2003; Li and Gould, 2003). The structures and peroxisome 

profile reported in these studies are similar to those we observed in PEX1-null cells 

overexpressing PEX11�� myc. Thus, reduced peroxisome abundance and the 

generation of tubular peroxisomes following a  PEX11�� -proliferative challenge 

are features compatible with those resulting from abrogation of cellular DLP1 

function. In evaluating this link, it was established that, as expected, DLP1 was 

absent from the majority of peroxisomal structures in (untransfected) D-BP deficient 

cells and PEX1-null cells. In cells overexpressing PEX11�� myc, however, DLP1 was 

found on membranes of some peroxisomes of D-BP deficient cells, and at apparent 

higher levels on membranes of the elongated, tubular structures induced in PEX1-null 

cells. In the case of PEX1-nul l  cel ls,  the retention of DLP1 on induced 
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peroxisomal tubules suggests that PEX11�� myc has successfully recruited 

DLP1 to these membranes, but that the process of fission is blocked at a 

subsequent, currently unknown step. 

 

The investigations of this chapter have focused on the role of PEX11��  in 

peroxisome proliferation because of its established role in peroxisome proliferation and 

its known involvement in recruiting DLP1 to the peroxisomal membrane. However, the 

PEX11 family also includes PEX11�D and PEX11�J. Although these proteins are not 

apparently associated with significant changes to peroxisome abundance, PEX11�J at 

least may have some role in peroxisome tubulation, enlargement and 

clustering (Li et al., 2002). Therefore, future experiments focusing on the levels of 

these two PEX11 proteins in patient cells may be warranted.  

 

As to the role of microtubules in these processes, it is proposed that 

peroxisome proliferation and division on one hand, and peroxisome binding to 

microtubules on the other hand, are mechanistically linked processes. It is possible that 

peroxisome proliferation triggers the binding and transport of newly formed 

peroxisomes along microtubules. Indeed, it has been suggested that peroxisome 

division would require microtubule motor proteins to facilitate the constriction and 

subsequent division of peroxisomes (Koch et al., 2003). This is in accord with 

recent findings that demonstrate a requirement for microtubules in the earliest 

stages of peroxisome biogenesis (Brocard et al., 2005). 

 

What is the potential impact of defective microtubule-mediated peroxisome 

transport? In normal cells, peroxisome transport to cytoplasmic regions would be 

necessary for specific metabolic imperatives, such as oxidation of fatty acids, synthesis 

of ether lipids, or disposal of reactive oxygen species. Interestingly, one of the 

common pathological consequences of ZS, D-BP de f i c iency  and  acy l -CoA 

ox idase  de f i c iency ,  i s  neurodegeneration. In this investigation, it was 

established that cultured brain neurons from the PEX13-null mouse also exhibit a 

reduction in abundance, and loss of distribution, of remnant peroxisomes along 

peripheral microtubules. Thus, one can speculate that loss of peroxisome 

trafficking in typical high energy-dependent, multi-polar brain neurons could lead to 

degeneration of these cells. Equally, regional loss of peroxisomes could lead to 

oxidative damage. Indeed, overexpression of tau, which inhibits kinesin-dependent 

transport of peroxisomes, increases vulnerability of neurons to oxidative stress 
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(Stamer et al., 2002). Regional loss of essential peroxisomal metabolism would also 

appear to reconcile the ZS-like phenotype of the PEX11�� -null mouse, characterized 

by reduced peroxisome abundance, peroxisome clustering, and a mild defect in 

neuronal migration (Li et al., 2002). However it remains to be established whether 

regional loss of peroxisomal activities are causative in the molecular pathogenesis of 

these disorders. 
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6.1 Introduction 

The studies presented in this thesis had two major focuses. The first was to 

generate tissue-specific Pex13 disrupted mice as models for studying the pathological 

consequence of selective elimination of functional peroxisomes from either brain or 

liver. The Pex13 protein is a member of the set of proteins, designated peroxins, 

involved in the biogenesis of peroxisomes. Although the exact role of Pex13 is not 

clearly understood, there is strong evidence to suggest that it acts as a member of a 

receptor docking complex for cargo-laden Pex5 and Pex7 (Gould et al., 1996; 

Elgersma et al., 1996; Erdmann and Blobel, 1996; Girzalsky et al., 1999; Urquhart et 

al., 2000). Importantly, these studies also demonstrated that Pex13 was required for 

normal import of PTS1 and PTS2 proteins into peroxisomes. Moreover, mutations in 

Pex13 that result in functional inactivation of the protein lead to development of 

Zellweger syndrome, the most severe form of the peroxisome biogenesis disorders. 

Studies previously carried out in this laboratory resulted in the identification and 

characterisation of the mouse orthologue of Pex13 (Bjorkman et al., 2000). As a result 

of this work, Pex13-null mice were generated as models for studying the pathogenesis 

of the expected Zellweger syndrome-like phenotype (Maxwell et al., 2003). Pex13-null 

mice indeed display many of the clinical features associated with Zellweger syndrome. 

However, these mice suffer neonatal lethality and are therefore not suitable for 

studying the pathogenesis of disease during post-natal developmental stages. 

Furthermore, the severity of the neurological and metabolic abnormalities seen in 

Zellweger syndrome patients and mice warranted investigations into the impact of 

localised peroxisome ablation on disease pathogenesis. Accordingly, brain- and liver-

specific Pex13 disrupted mouse models were generated for the purpose of assessing 

whether the observed pathological changes seen in brain and liver were due to defects 

in cells specific to those tissue organs. 

 

The second major aim of this thesis was to investigate and identify a unifying 

mechanism of molecular pathogenesis that account for most, if not all, of the 

pathological changes seen in PBDs. Prior to the generation of the Pex11�� mouse 

model, it was widely believed that the severe pathological changes seen in PBD 

patients and mice were due to accumulation of toxic metabolites resulting from 

defective peroxisome metabolism. This hypothesis was well received as it was 

consistent with known peroxisomal metabolic abnormalities, such as the observation of 

significantly elevated levels of VLCFA in tissues of PBD patients and mice. However, 

the generation of Pex11��-deficient mice provided the first line of evidence to suggest 
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that peroxisomal metabolic disturbance may not provide the full explanation for disease 

pathogenesis (Li et al., 2002b). Pex11��-null mice exhibit may of the severe clinical 

features seen in other Zellweger mice (Pex2-, Pex5-, and Pex13-deficient) and 

Zellweger patients, but surprisingly, apparently exhibit little peroxisomal metabolic 

dysfunction. Thus, these mice provide direct evidence to suggest that accumulated 

metabolites resulting from defective peroxisome metabolism are not responsible, at 

least not directly or completely, for the pathological changes in Zellweger syndrome. It 

had been demonstrated previously that development of a severe PBD phenotype could 

be correlated with reduced peroxisome abundance and proliferation (Chang et al., 

2000). This correlation represented a shift away from the traditional genetic-

biochemical-clinical paradigm for disease classification. The study demonstrated that 

cells from Zellweger syndrome (ZS) patients and patients with the single enzyme 

disorders D-BP deficiency and acyl-CoA oxidase deficiency exhibited significantly 

reduced peroxisome abundance, while peroxisomes in cells from X-ALD and RCDP 

patients were of normal abundance. The significance of this correlation to Pex11��-null 

mice was that despite the lack of biochemical dysfunction, these animals exhibited two 

striking cellular features, reduced peroxisome abundance and increased peroxisome 

clustering. Moreover, this correlation between reduced peroxisome abundance and 

severe Zellweger phenotype appears to also extend to the Pex2 and Pex5 mouse 

models, thereby providing a unifying theme for the pathogenesis of disease in both 

humans and mice. Interestingly, it has been demonstrated that the reduced peroxisome 

abundance and clustered distribution could be reversed by over-expression of Pex11�� 

(Chang et al., 1999; Li and Gould, 2002), a peroxin known to promote peroxisome 

proliferation (Schrader et al., 1998). A cellular process that may provide a basis for the 

observed aberrant peroxisome abundance and distribution is the microtubule-base 

peroxisome morphogenesis and trafficking.  The association of peroxisomes with the 

microtubule network for purposes of trafficking and morphology has been extensively 

described (Rapp et al., 1996; Schrader et al., 1996; Thiemann et al., 2000). 

Collectively, these findings strongly suggested an alternative mechanism of 

peroxisomal disorder pathogenesis linking disease severity with peroxisome 

abundance and distribution. To further study this relationship and assess its potential 

impact on the development of Zellweger syndrome pathology, skin fibroblasts from 

PBD patients and Pex13-null mice were assessed by immunofluoresence to ascertain 

possible relationships between the known peroxisome abundance and clustering, and 

microtubule-based peroxisome proliferation and distribution. 
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6.2 Brain-specific Pex13 disruption in mice 

Previous work in this laboratory resulted in the generation of a Pex13-null mouse 

that reproduced many of the clinical pathologies seen in Zellwger syndrome patients 

(Maxwell et al., 2003). However, Pex13-null mice are neonatal lethal and die a few 

hours after birth, preventing analysis of disease pathogenesis during the postnatal 

developmental stages. For this reason, along with the desire to assess whether the 

neurological pathology seen in Pex13-null mice, and indeed in ZS patients, was due to 

localized elimination of peroxisomes or from other influences, mutant mice with brain-

specific loss of peroxisomes were generated using the Cre-loxP system. The Pex13 

brain mutant mice generated were morphologically indistinguishable from control 

littermates, but subsequently developed growth retardation at postnatal day 5-6 (P5-6). 

Growth retardation was followed by gradual deterioration until death at about P22. To 

date, there has been only one other reported brain-specific Pex gene mouse model, 

the brain-specific deletion of Pex5 (Krysko et al., 2007). The macroscopic phenotype of 

Pex13 brain mutants is in good agreement with that of Pex5 brain mutants, being 

morphologically indistinguishable from control littermates at birth, developing growth 

retardation at P7, with 25% of pups dying before day 21. In addition, Pex5 brain 

mutants display abnormal motor coordination, a clinical feature that was also present in 

Pex13 brain mutants. These results indicate that functional peroxisomes in brain tissue 

are essential for normal development and survival. The fact that Pex13 brain mutants 

did not suffer from neonatal lethality was a positive outcome, and satisfied our aim of 

generating mutant mice that allowed for analysis of disease pathogenesis during the 

postnatal developmental stages. 

 

 

The metabolic consequence of selective peroxisome elimination in brain was 

assessed by measuring a number of biochemical metabolites associated with 

peroxisomal function. Elevated levels of VLCFA, a major and consistent hallmark of 

Zellweger syndrome and all Pex gene knockout mice – with the exception of Pex11�� 

deficient mice – were not observed in brain of Pex13 brain mutants. This finding is hard 

to reconcile, as ��-oxidation of VLCFA is performed exclusively in peroxisomes. 

Interestingly Pex5 brain mutants exhibit a 2.5-fold increase in brain VLCFA levels, 

compared with a 9-fold increase in Pex5-null mice. The combined results for brain 

VLCFA levels in Pex13 and Pex5 brain mutants appear to suggest a minimal effect of 

loss of peroxisomes in brain on the metabolism of brain VLCFA. The fact that VLCFA 

levels are normal or near-normal suggests that VLCFA synthesis is depressed, or ��-
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oxidation is occurring via an alternative route. In regard to the latter speculation, a 

previous study has demonstrated that VLCFA are substrates for an alternative fatty 

acid oxidation pathway, �&-oxidation (Sanders et al., 2006) – this study demonstrated 

that VLCFAs were able to be oxidised by P450-mediated �&-oxidation to dicarboxylic 

acids, with the expectation that the resultant dicarboxylic acids would then be ��-

oxidised to shorter-chain species in mitochondria. Furthermore, it has been 

demonstrated that �&-oxidation is a prominent pathway in rat brain (Alexander et al., 

1998). However, an observation that suggests that this is an unlikely scenario in Pex13 

brain mice is the accumulation of medium chain and dicarboxylic acids in PBD patients, 

and also that ��-oxidation of dicarboxylic acids is deficient in PBD patients.  Thus, 

further investigations will be necessary to elucidate the apparent lack of perturbation of 

VLCFA ��-oxidation in the Pex13 brain mutants. 

 

In contrast to the impact on VLCFA levels, plasmalogen levels were, as 

expected, significantly reduced in brain of Pex13 brain mutants, and this corresponded 

to significantly reduced activity of the plasmalogen synthesis enzymes DHAP-AT and 

DHAP-synthase. This result is consistent with the purported importance of peroxisomes 

in brain plasmalogen metabolism, and may point to an important role for these lipids in 

normal brain function and/or development.  

     

In assessing the impact of localised peroxisome ablation in brain on the 

development of pathology in other tissue, it was interesting to note that liver of Pex13 

brain mutant mice exhibited increased levels of DHAP-AT activity, which corresponded 

with increased levels of liver plasmalogens. This finding is significant as it suggests a 

positive influence of peroxisome depletion in brain on metabolic functions in other 

tissues. The same level of brain-to-liver influence was not apparent for VLCFA, as 

levels of liver VLCFA were normal in Pex13 brain mutants. 

 

Defective neuronal migration is another major hallmark of ZS patients and ZS 

mice. Pex13 brain mutant mice (at P22) displayed a mild neuronal migration defect 

characterised by increased cellular density in the cortical intermediate zone of H&E 

stained coronal and sagittal sections. In contrast, Pex5 brain mutants were reported to 

exhibit defective neuronal migration during embryonic developmental stages (E18.5), 

an abnormality that was no longer evident by P5. These discrepancies between the two 

Pex mutants may relate to the subjective nature of using stains such as H&E for 

assessing neuronal migration status, particularly when attempting to detect minor 
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changes. The use of quantitative methods such as pulse-chase BrdU staining may 

provide a more precise indication of the degree of the neuronal migration defect – this 

approach is currently being trialled in the Crane laboratory by another PhD student. 

Nevertheless, the collective results for both mouse models are consistent with the 

notion that functional peroxisomes are required in brain tissue for normal neuronal 

migration, as previously demonstrated by Janssen and colleagues (Janssen et al, 

2003). In terms of the underlying mechanisms of the neuronal migration defect and 

subsequent degeneration, it had been previously believed that aberrant accumulation 

of metabolites such as VLCFA might be involved. However, recent studies in mice 

have demonstrated that against the background of elevated VLCFA resulting from D-

BP deficiency, neuronal migration defects were not observed (Baes et al., 2000). Our 

findings of abnormal neuronal migration in the absence of elevated levels of VLCFA in 

brain of Pex13 brain mutants is consistent with these results, and gives strength to the 

argument that the neuronal pathology is not due to the build up of VLCFA. 

 

The genetic basis for the PBDs has been well established, as have the clinical 

consequences of these genetic defects. However, the cellular changes that take place 

to link these two occurrences are much less understood. To identify novel leads into 

the cellular changes that underpin ZS pathology, microarray analysis was carried out 

on brain total RNA from Pex13 brain mutant mice. These studies revealed 15 

differentially expressed genes of known function, constituting 5 functional pathways. 

The most interesting and significant of these is the cell-cell signalling pathway, which 

was associated with 11 of the 15 differentially expressed genes. Given the importance 

of cell-cell signalling to growth and development, it is not surprising that this pathway 

has been highlighted as being associated with the clinical pathology of Pex13 brain 

mutant mice. It remains to be determined exactly how, and to what extent, changes to 

this signalling pathway impacts on the development of disease pathology, particularly 

in brain. The other pathways identified as being affected in Pex13 brain mutant mice, 

e.g cell compromise/death, lipid metabolism, cell movement (chemotaxis), and 

serotonin synthesis, are also functionally relevant to the clinical features observed, and 

similarly require further scrutinizing to dissect relationships to the development of the 

clinical features. Interestingly, none of the 15 differentially expressed genes were 

associated with peroxisome biogenesis or peroxisome function.  
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6.3 Liver-specific Pex13 disruption in mice 

As discussed, Pex13 brain mutant mice were generated to address issues of 

premature neonatal lethality arising from ubiquitous peroxisome elimination in mice, 

while at the same time allowing for the analysis of the whole organism effects of brain-

specific peroxisome ablation. With similar goals in mind, a liver-specific Pex13 mouse 

model was generated for comparative dissection of the effects of liver-specific deletion 

of peroxisomes. Importantly, the liver is a major site of pathology in ZS patients due to 

the high abundance of peroxisomes in this organ and the range of metabolic 

conversions facilitated by this organelle. Pex13 liver mutant mice exhibited growth 

retardation that started at day 30. Apart from this growth defect, Pex13 liver mutants 

showed no other clinical phenotype or altered motor coordination as assessed by 

SHIRPA analysis. At the time of writing, two other liver-specific Pex gene mouse 

models have been reported. Dirkx and coworkers (Dirkx et al., 2005) reported a liver 

mouse model derived from Cre-mediated Pex5 deletion driven by the rat albumin 

promoter/enhancer. Another Pex5 liver mouse model was recently reported in which 

deletion was mediated by Cre under the control of the mouse albumin promoter and 

alpha-fetoprotein enhancers (Alfp-Pex5 mice) (Krysko et al., 2007). In terms of 

macroscopic changes, Pex13 liver mutants align more closely with the former Pex5 

liver mutants, consistent with both models using Cre-deleter mice utilising the same 

albumin promoter/enhancer combination. Alfp-Pex5 mice exhibited a more severe 

phenotype, including earlier onset growth retardation and death of 80% of pups within 

the first 8 days. This result was somewhat surprising given that in Zellweger syndrome 

patient liver pathology is considered to develop during the postnatal period (Kelley, 

1983; Gould et al., 2000), and suggests that excision occurs in the foetal period, and 

thus affects liver development at an earlier stage, giving rise to greater pathological 

impact. Whatever the reason, it appears that the use of the �.-fetoprotein enhancers in 

combination with the albumin promoter generates mutant animals with more sever 

pathology.  

 

 

Biochemically, Pex13 liver mutant mice display many of the expected hallmarks 

of defective peroxisome metabolism in an organ that has high peroxisome abundance 

– in particular, VLCFA levels in these animals were significantly elevated, as were 

levels of the bile acid intermediates DHCA and THCA. One surprising biochemical 

feature of Pex13 liver mutants however, was normal liver plasmalogen levels, and 

increased activities of the plasmalogen synthesis enzyme DHAP-AT. As unexpected as 
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this result was, it is in fact an observation that has been reported for the two Pex5 liver 

mouse models. The observed increase in DHAP-AT activity is intriguing and offers the 

possibility that induction of DHAP-AT activity may be occurring in cells with residual 

peroxisome metabolic function (incomplete Pex13 deficiency) to compensate for the 

reduction in liver tissue plasmalogen levels, thus resulting in the apparent normal 

plasmalogen levels. Another potential explanation is that DHAP-AT in Pex13-deficient 

hepatocytes, presumably mis-localised to the cell cytoplasm, retains plasmalogen 

synthetic activity. This is an unlikely scenario, however, given that DHAP-AT and 

DHAP synthase activities are greatly reduced when mis-localised to the cytoplasm 

(reviewed in Brites et al., 2004). Another plausible but untested explanation is the 

possibility that hepatic plasmalogens are being supplied by or exchanged with other 

tissues/cells that are not peroxisome deficient, as proposed by Dirkx and coworkers 

(Dirkx et al., 2005). 

 

Light microscopy of liver sections from Pex13 liver mutants revealed an increase 

in the presence of Kupffer cells and granulomas, a finding that is highly suggestive of 

an inflammatory response to hepatic tissue damage or insult. In addition, the presence 

of increased apoptotic cells is a further indication of cellular damage. Consistent with 

this, the detection of hepatocytes undergoing cell division, a rare event under normal 

conditions, is indicative of liver regeneration in response to damage (Prof E. Baumgart-

Vogt, personal communication). No comment on the nature of the cellular damage can 

be made at this stage, however, in the context of peroxisomes possessing high 

antioxidant capacity, it is plausible that the cellular damage may be a result of oxidative 

stress. An almost universal observation in ZS patients (Goldfischer et al., 1973; Mathis 

et al., 1980) and previous ZS mouse models (Baes et al., 1997; Maxwell et al., 2003; 

Dirkx et al., 2005) of altered mitochondrial inner membrane is another line of evidence 

supportive of the view that oxidative stress may be involved. The mitochondrial 

changes seen in these situations are similar to those seen in conditions of oxidative 

stress (Treem and Sokol, 1998). These results suggesting the possible involvement of 

oxidative stress in liver of Pex13 liver mutants creates a potentially interesting link 

when considered along side the result of unchanged plasmalogen levels. There has 

been evidence to suggest that plasmalogens may have antioxidant capacities, acting 

as scavengers to protect other phospholipids and lipoprotein particles from oxidative 

attack (Reiss et al., 1997). In addition, plasmalogens appear to have antioxidant 

capabilities towards a range of reactive species, including reactive oxygen species 

(Zoellar et al., 1999) and to iron-induced peroxidation (Sindelar et al., 1999). Thus, the 

apparent normal plasmalogen levels may reflect DHAP-AT-mediated compensatory 
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overproduction in response to the oxidative stress in liver of in Pex13 liver mutants. 

This link however, should be treated with caution until oxidative stress has been 

conclusively demonstrated in these liver mutants, and the nature of the plasmalogen 

levels more clearly defined. 

 

In order to investigate the growth retardation phenotype, the only visible clinical 

feature exhibited by Pex13 liver mutant mice, Western blot analysis of proteins involved 

in key growth and developmental pathways was carried out. As described above, 

protein levels for IRS-1 and p70S6K were found to be normal in liver homogenates of 

Pex13 liver mutants. IRS-1 and p70S6K are components of the insulin/IGF-TOR 

signaling pathway that regulates growth and development (reviewed in Martin and Hall, 

2005; Wullschleger et al., 2006). These results indicate that these two components of 

the insulin/IGF-TOR pathways do not appear to be involved in the growth retardation of 

Pex13 liver mutant mice. This however, does not rule out the involvement of other 

components of the pathways. For example, it has been shown that Drosophila with 

mutant TOR also show a small cell size and reduced body weight (Oldham et al., 2000; 

Zhang et al., 2000). Thus more investigations are needed to elucidate the basis for the 

growth retardation phenotype seen in Pex13 liver mutant mice. 

 

 

6.4 Microtubule-mediated peroxisome division and peroxisome 
disorders 
 

To test the hypothesis that microtubule-mediated peroxisome trafficking 

is perturbed in cells with reduced abundance and altered cytoplasmic distribution of 

remnant peroxisomes, immunofluorescence analysis was carried out on peroxisomal 

disorder patient cell lines and fibroblast cells from the Pex13-null mouse model.  

 

It has been previously shown that reduced peroxisome (remnant) 

abundance is a feature common to a number of peroxisomal disorders (Chang et 

al., 1999).  The disorders that exhibit this cellular phenotype do not belong to one 

genetic or disorder subgroup, but rather aligned with those at the severe end of the 

Zellweger spectrum, along with the two single-enzyme disorders D-BP deficiency 

and acyl-CoA oxidase deficiency. The results presented in Chapter 5 are in 

agreement with these findings, but also extend this link to include an effect 

on the distribution of peroxisomes along the microtubule network. 
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Immunofluorescence analysis of PEX1-null ZS patient fibroblasts revealed 

a significant decrease in the abundance of remnant peroxisomes compared 

to normal controls. The reduced abundance was accompanied by an 

increase in the size of peroxisomes and also a dramatic redistribution of 

the remnant peroxisomal structures into clusters situated at the perinuclear 

regions of the cells. Consistent with this, cultured embryonic fibroblasts 

and neurons from a Pex13-null mouse with a ZS-like phenotype also 

displayed the same effects. Fibroblasts from an IRD patient with a milder 

phenotype showed a less-pronounced effect of peroxisome clustering and 

loss of alignment along peripheral microtubules. Interestingly, fibroblasts 

from a patient with the single enzyme disorder D-BP-deficiency also 

exhibited the same cellular features as the PEX1-null cells. By contrast, 

such changes were not seen in cells of patients with peroxisomal disorders 

with normal peroxisome abundance and size. Thus these findings 

demonstrate that the loss of distribution of remnant peroxisomes along 

microtubules, and specifically peripheral microtubules, only occurs in cells with a 

peroxisome biogenesis defect where the defect also leads to significantly 

reduced peroxisome abundance. 

 

A common feature of the peroxisomal structures observed in fibroblasts from 

ZS and D-BP deficient patients, and also Pex13-null mice, was their increased sized. In 

the context of mechanisms that regulate peroxisome size and shape, peroxisome 

division and proliferation is of particular relevance. PEX11�� has been shown to induce 

peroxisome proliferation in normal cells, whereby peroxisomes transition from 

spherical-shaped organelles to elongated tubules and then back to spherical structures 

after tubule division (Schrader et al., 1998). Furthermore, peroxisomes in hepatocytes 

of PEX11��-null mice are less abundant, clustered and elongated, thus demonstrating 

that PEX11�� is required for normal peroxisome formation. Assessment of whether 

peroxisomal structures in PEX1-null and D-BP deficient cells were proliferation-

competent revealed different responses to PEX11�� overexpression. In D-BP deficient 

cells, induced peroxisomes had the same spherical morphology as the parent 

peroxisomes, but were smaller, implying that peroxisome division was driven to 

completion. In contrast, induced peroxisomes in PEX1-null cells exhibited 

elongated, tubular structures displaying a PEX11�� myc banding pattern. These 

banding patterns appear to be identical to those described at early stages following 

transfection of normal human skin fibroblasts with PEX11��, which were interpreted to 

reflect membrane sub-domains where PEX11�� segregates prior to the division step 
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(Schrader et al., 1998). These results indicate that peroxisomal structures in PEX1-null 

cells and D-BP deficient cells are similar in being stalled at the proliferation process, 

but differ in that only the D-BP peroxisomal structures are capable of being driven to 

complete division in response to PEX11�� induction. 

 

In considering the molecular changes underlying the different proliferative 

responses to PEX11�� overexpression, it is interesting to note that the dynamin-like 

GTPase protein, DLP1, has been shown to have a role in tubulating vesicle 

membranes upon recruitment by PEX11�� (Yoon et al., 2001; Li and Gould, 2003). 

Significantly, disruption of DLP1 function results reduced peroxisome abundance in 

peroxisomal features similar to those observed in PEX1-null cells overexpressing 

PEX11��, that is, peroxisomes with long, tubular morphology (Koch et al., 2004; Koch et 

al., 2003; Li and Gould, 2003). In testing this link, it was revealed that DLP1 was 

absent from peroxisomal structures in untransfected D-BP deficient cells and PEX1-null 

cells. However, in response to PEX11�� overexpression, DLP1 was detected on 

membranes of some peroxisomes of D-BP deficient cells, and at higher levels on 

membranes of the elongated, tubular structures of PEX1-null cells. Thus, despite the 

successful recruitment of DLP1 to the peroxisomal tubules, this is apparently 

insufficient to drive peroxisome division, and that subsequent downstream processes 

may be involved.  

 

In the context of peroxisomal function, the overall impact of defective 

microtubule-mediated peroxisome proliferation and distribution on cellular integrity is 

significant. Under normal conditions, the transport of peroxisomes to arbitrary 

cytoplasmic regions is necessary for important metabolic processes, such as synthesis 

of plasmalogens and disposal or reactive oxygen species. Of particular relevance to 

this is the commonly observed neurodegeneration seen in ZS. Based on the 

demonstrated defect in peroxisome distribution to the neuronal axons of Pex13-null 

mice, it can be reconciled that loss of functional peroxisomes to these regions could 

lead to increased susceptibility to oxidative damage, leading to degeneration of these 

cells. An observation that supports this notion is the overexpression of tau, which 

inhibits kinesin-mediated anterograde transport of organelles including peroxisomes, 

increases the vulnerability of neurons to oxidative stress (Stamer et al., 2002).  

 
 

 144



Chapter 6                                                                                                         Discussion 

6.5 Future directions 
 

The generation of tissue-specific Pex13 mouse models will provide valuable tools 

for investigating the pathogenesis of peroxisomal biogenesis disorders. In particular, 

the Pex13 brain mutant mice appear to be promising models for studying the 

underlying mechanisms of ZS pathology, as they exhibit many of the features of ZS. 

The fact these mice have a longer life span that Pex13-null mice makes them ideal for 

studying these mechanisms during the postnatal developmental stages. The studies 

presented in this thesis have focused on describing the generation and initial 

characterisation of the mutant mice. A significant theme arising from the initial 

characterisation is the neurological pathology. Indeed, investigations aimed at 

understanding the underlying causes of the pathology are already being carried out by 

other members of the laboratory. These include studies to assess changes to specific 

and overall brain morphology at different developmental stages, and the possible role 

of reactive oxygen species in the development of neuronal pathology. In addition, 

preliminary studies by collaborators in Israel have demonstrated the potential 

involvement of �.-synuclein, a protein that forms pathological hallmark aggregates in 

Parkinson’s disease, in the pathology of Pex2-, Pex5- and Pex13-null mice (Yakunin et 

al. in preparation). It is expected that these studies will be extended to Pex13 brain 

mutant mice. To extend these studies on �.-synuclein, experiments are underway to 

use the Pex13 brain mutant mice and Pex13-null mice to test the effects of 

arimoclomol, a co-inducer of heatshock proteins (Kieran et al., 2004), on the pathology 

of these mice. Similarly, these two mouse strains will also be used to assess the 

therapeutic effect of CTMIO, a scavenging antioxidant (Gueven et al., 2006), on the 

expected oxidative stress status of these mice. 

 

The fact that growth retardation was the only visible phenotype exhibited by 

Pex13 liver mutant mice warrants further investigation into its causes. There is strong 

evidence to suggest that the insulin/IGF-TOR signalling pathway is involved. Despite 

the studies in this thesis indicating a lack of involvement of the insulin/IGF-TOR 

signalling pathway at the level of IRS1 and p70S6K, analysis of other components, in 

particular TOR itself, is necessary to conclusively determine the involvement of this 

pathway. As with the Pex13 brain mutants, there is evidence to suggest that oxidative 

stress may be involved in the liver pathology of these mice. As such, specific analyses 

for oxidative stress and reactive oxygen species to confirm these initial findings will be 

beneficial. 
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The studies presented in this thesis have demonstrated a correlation between reduced 

abundance of remnant peroxisomes with decreased dispersion of these structures 

along peripheral microtubules in cells of peroxisomal disorder patients. These features, 

as demonstrated in PEX1-null cells and D-BP deficiency cells, reflect defects at 

different stages of peroxisome proliferation and division. In particular, it was 

demonstrated that PEX1-null cells were capable of recruiting DLP1 to tubular, 

elongated peroxisomes, but that this was still not sufficient to induce complete division. 

As mentioned in Chapter 1, Fis1 has been shown to have a role in recruiting DLP1 to 

peroxisomal membranes (Yoon et al., 2003; Koch et al., 2005). Although the results in 

Chapter 5 show that DLP1 is recruited, thus implying normal Fis1 function, PEX11�� 

has also been shown to be involved in this process (Schrader et al., 1998). Therefore, 

it is conceivable that in PEX1-null cells DLP1 recruitment is being mediated by 

PEX11��, and that the block in organelle division is associated with the absence of Fis1 

from the trimeric complex proposed by Kobayashi and coworkers (2007). 

Immunofluorescence analysis to determine the presence or absence Fis1 in PEX1-null 

cells will help answer this question. In addition, in view of the importance of these 

processes to neurons and neuronal degeneration in Zellweger syndrome, an extension 

of the approaches used here to a study of Pex13-null mouse neurons in culture may 

provide a useful system for investigating the unique features of these cells, in particular 

the accentuated problems arising from organelle transport down microtubules in axons 

and dendrites.  
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