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ARTICLE INFO ABSTRACT

Keywords: Zellweger spectrum disorders (ZSDs) are autosomal recessive diseases caused by defective peroxisome assembly.
Peroxisome biogenesis disorder They constitute a clinical continuum from severe early lethal to relatively milder presentations in adulthood.
Peroxisome Liver disease is a prevalent symptom in ZSD patients. The underlying pathogenesis for the liver disease, however,
Metabolism

is not fully understood. We report a hypomorphic ZSD mouse model, which is homozygous for PexI-
¢.2531G > A (p.G844D), the equivalent of the most common pathogenic variant found in ZSD, and which
predominantly presents with liver disease. After introducing the Pex1-G844D allele by knock-in, we char-
acterized homozygous Pex1-G844D mice for survival, biochemical parameters, including peroxisomal and mi-
tochondrial functions, organ histology, and developmental parameters. The first 20 post-natal days (P20) were
critical for survival of homozygous Pex1-G844D mice (~20% survival rate). Lethality was likely due to a
combination of cholestatic liver problems, liver dysfunction and caloric deficit, probably as a consequence of
defective bile acid biosynthesis. Survival beyond P20 was nearly 100%, but surviving mice showed a marked
delay in growth. Surviving mice showed similar hepatic problems as described for mild ZSD patients, including
hepatomegaly, bile duct proliferation, liver fibrosis and mitochondrial alterations. Biochemical analyses of
various tissues showed the absence of functional peroxisomes accompanied with aberrant levels of peroxisomal
metabolites predominantly in the liver, while other tissues were relatively spared.

ur findings show that homozygous Pex1-G844D mice have a predominant liver disease phenotype, mimicking
the hepatic pathology of ZSD patients, and thus constitute a good model to study pathogenesis and treatment of
liver disease in ZSD patients.

Zellweger syndrome
Bile acid synthesis
Cholestasis

1. Introduction

Peroxisomes are organelles present in all cells, but most abundant in
liver and kidney cells. They play an essential role in mammalian me-
tabolism, including the a- and B-oxidation of very long chain, bran-
ched-chain and dicarboxylic fatty acids, and the synthesis of plasma-
logens and bile acids [1]. The complete absence of functional
peroxisomes results in multi-systemic disease and death in the first year
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of life, as is the case in the severe cerebro-hepato-renal or Zellweger
syndrome (ZS; OMIM #601539). ZS represents the most severe pre-
sentation of the Zellweger spectrum disorders (ZSDs), which constitute
a continuous biochemical and clinical spectrum of disease severity [2,3]
and encompass, in decreasing severity, also the previously described
clinical entities neonatal adrenoleukodystrophy (OMIM #214100), in-
fantile Refsum disease (OMIM #266510), patients initially diagnosed
with Usher syndrome [4] and Heimler syndrome (OMIM #616617 and
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234580) [5].

ZSDs are caused by bi-allelic mutations in any of 13 different PEX
genes, which encode proteins (peroxins) that cooperatively function in
the assembly of peroxisomes, including the import of proteins and en-
zymes [6,7]. The defect in peroxisome assembly abrogates the meta-
bolic functions of peroxisomes thus causing characteristic biochemical
abnormalities. Accordingly, ZSDs are characterized by aberrant meta-
bolite levels reflecting the peroxisomal dysfunction, including elevated
plasma levels of very long-chain fatty acids (VLCFAs), the C,; bile acid
precursors di- and trihydroxycholestanoic acid (DCHA and THCA), and
pristanic- and phytanic acid, and decreased levels of C24 bile acids and
docosahexaenoic acid (DHA), and plasmalogens in erythrocytes
[1,2,7,8].

In addition to the often progressive neurological dysfunction im-
pacting brain development, vision and hearing in ZSD patients, liver
disease is a prevalent symptom [2,3,9-11]. The exact pathophysiolo-
gical mechanism underlying the liver disease is unknown, but involves
cholestasis that may be related to defective bile acid synthesis [12,13].
Bile acid synthesis is largely a hepatic process and requires functional
peroxisomes [12]. In vitro studies previously showed that the C,, bile
acid intermediates DHCA and THCA, which accumulate in ZSDs, are
considerably more toxic than the normal C,4 end products of bile acid
synthesis cholic acid and chenodeoxycholic acid (14), but whether this
causes the cholestasis has remained unresolved.

We generated a mouse model that is homozygous for the Pex1-
c.2531G > A (p.G844D) allele (hereafter called Pex1-G844D mouse),
which is the equivalent of the most common mutant allele found in
human ZSD patients, i.e. PEX1-p.G843D. Approximately 60% of ZSD
patients have bi-allelic mutations in the PEX1 gene of whom 40% are
compound heterozygous or homozygous for this allele [6,7,15]. PEX1
forms a heterohexamer with PEX6 to constitute the peroxisomal AAA
ATPase complex, which is involved in the export of PEX5, the cytosolic
receptor for PTS1-targeted peroxisomal matrix proteins, from the per-
oxisome back into the cytosol after delivery of its cargo [6,16]. A severe
PEX1 defect completely impairs the import of peroxisomal matrix
proteins resulting in the absence of protein-import competent peroxi-
somes. The PEX1-p.G843D mutation, however, affects the conformation
and/or folding of the encoded PEX1 protein but still allows peroxisomal
protein import, albeit impaired. The mutation typically results in per-
oxisome mosaicism in cell populations, with some cells having normal
appearing peroxisomes while other cells have peroxisomal ghosts
[6,17-19]. Patients homozygous for this mutation have a relatively
mild phenotype and can survive into adulthood, while compound het-
erozygosity for this mutation results in an intermediate phenotype [20].

We here report the histological and biochemical characterization of
a Pex1-G844D mouse model. Surprisingly, we found that in most organs
and in cultured mouse embryonic fibroblasts (MEFs), peroxisomal
functions were only mildly or even not affected. However, peroxisomal
functions were markedly compromised in the liver resulting in choles-
tasis and the development of severe liver fibrosis, mimicking the liver
pathology in ZSD patients. The Pex1-G844D mouse thus can be used to
study the pathogenesis and treatment of liver disease in ZSDs.

2. Materials and methods
2.1. Generation and breeding of the Pex1-G844D mice

PEX1-G844D knock-in mice were generated for us by Taconic
Artemis (Germany) on a pure C57BL/6N background. In brief, a tar-
geting vector was generated using BAC clones from the C57BL/6 RPCIB-
731 BAC library with the ¢.2531G > A variant coding for the p.G844D
amino acid substitution introduced in exon 15 and the Puromycin re-
sistance PuroR gene flanked by FRT sites inserted into intron 15 of
Pex1. After confirmation by Sanger sequencing, the targeting vector
was transfected into the Taconic Artemis C57BL/6N Tac ES cell line and
homologous recombinant clones were isolated using positive (Puro R)
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and negative (Thymidine kinase) selection. Genotyping for the Pex1-
€.2531G > A mutation in genomic DNA was performed by PCR using
primers: 4737_35: ACAGGTAGCATGAACTAGATCGAG (P35) and
4737_36: CATTTGAGGTCATGATATTGCTG (P36) to yield products of
283 bp for the wild type and 358 bp for the Pex1- ¢.2531G > A knock-in
(Fig. 1A). The presence of the ¢.2531G > A mutation in the Pex1 gene
was verified by Sanger sequencing of the PCR products. Two confirmed
ES clones were injected into C57BL/6N blastocysts for implantation.
Resulting chimaeras were crossed with FLP-deleter mice to remove the
selection markers followed by confirmation of germline transmission.
After confirmation of Flp recombination of Puro R and thymidine ki-
nase, the FIpE transgene was outcrossed in the PEX1-G844D line.
Homozygous PEX1-G844D mice were obtained by intercrossing het-
erozygous PEX1-G844D mice; wild type littermates were used as con-
trols. Routine genotyping of pups was performed by PCR analysis of
genomic DNA using the above mentioned primers (Fig. 1A).

Mice were maintained in the animal housing facility of the
Amsterdam UMC, University of Amsterdam at 21°C + 1°C, 40-50%
humidity, on a 12-h light-dark cycle, with ad libitum access to water
and a standard rodent diet. All mouse studies were approved by the
institutional review board for animal experiments of the Amsterdam
UMC, University of Amsterdam and were carried out according to na-
tional ethical guidelines. To promote survival of the weaker Pex1-
G844D pups, wild type and heterozygous littermates were removed
from P3 to reach litters with a maximum of four pups. In addition, cages
were equipped with electrical heating pads, Hydrogel and soft chow
until weaning. Finally, weaning of Pex1-G844D pups was postponed
until approximately P40. Experiments were performed with female
mice, unless stated otherwise. Mice used for histological and/or bio-
chemical analyses were first sedated using a 1:1 mixture of CO, and O,
and then euthanized by 100% CO,.

2.2. Generation and characterization of mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) were isolated from E13 and
E14 embryos [21] and immortalized to obtain stable cell lines [22] as
described previously. MEFs were cultured at 37 °C in a humidified at-
mospheric environment with 5% CO,, in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum, 25 mM
HEPES buffer, 100 U/ml penicillin, 100 ug/ml streptomycin and am-
photericin 250 pug/ml. For analysis, MEFs were harvested using trypsin
(0.5% trypsin-EDTA, Invitrogen), washed once with phosphate-buffered
saline (PBS) (Fresenius Kabi Nederland B-V.) and twice with 9 g/L NaCl
(Fresenius Kabi Nederland B.V). MEFs were used for catalase im-
munofluorescence microscopy [5], immunoblot analysis [23], de-
termination of VLCFA profiles [24], dihydroxyacetonephosphate-acyl-
transferase (DHAPAT) activity measurements [25], peroxisomal [3-
oxidation activity measurements using hexacosanoic acid (C26:0) and
pristanic acid as substrates and mitochondrial f-oxidation activity
measurements using hexadecanoic acid (C16:0) as substrate [24].

2.3. Histochemical analyses

For histochemical analyses we used at least three mice for each
experimental group. Skin, skeleton, brain, heart, lung, spleen, stomach,
intestine, liver, kidney, pancreas and testis of sacrificed mice were fixed
in 4% paraformaldehyde for 7 days. After fixation, the organ samples
were dehydrated through a graded series of ethanol and embedded in
paraffin. Skeletal tissues were first decalcified in a solution of 40 g
NaOH in 173 ml formic acid and 827 ml distilled water for 7 days prior
to graded series of ethanol. Oil Red O staining was performed on frozen
liver sections, and histological stainings, including hematoxylin and
eosin (H&E), Fouchet, Sirius Red and Periodic acid-Schiff, on paraffin
sections by the Pathology Department of the Amsterdam UMC,
University of Amsterdam, The Netherlands, according to in-house
protocols. All images were captured with a Leica microscope and
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Fig. 1. Genotypic and phenotypic characterization of Pex1-G844D mice. (A) Schematic representation of the targeting of exon 15 of Pex1 with wild type locus (top)
and targeting allele (below). PCR amplification using primers P35 and P36 results in a 283 bp product from the wild type allele and a 358 bp product from the
targeted allele (=Pex1-G844D). *, c. 2531A; FRT, flippase recognition target site; +, WT allele; —, Pex1-G844D allele. (B) Pex1-G844D mice displayed growth
retardation starting at 3 days postnatal. (C) Individual growth curves of wild type and Pex1-G844D mice from 3 days to 100 days postnatal (both females and males
combined). (D) Kaplan-Meier survival curve of both wild type (grey line) and Pex1-G844D mice (black line).

camera using Leica 4.1 software (Rijswijk, The Netherlands).

2.4. Immuno-EM and immunofluorescence analyses

Mouse liver samples were collected, fixed in duplicate in 0.2M
Pipes-Hepes-EGTA-MgCl2 (PHEM) buffer containing 4% paraf-
ormaldehyde either with or without 0.4% glutaraldehyde for 24 and
48 h, respectively. Subsequently, the liver samples were embedded in
gelatin, cryosectioned with a Leica FCS and trimmed using a diamond
Cryotrim 90 knife (Diatome, Switzerland) at —100°C, and a
Cryoimmuno knife (Diatome, Switzerland) at —120 °C to generate ul-
trathin sections of 50 nm, as described previously [26]. Immunogold
labeling of the cryosections was performed using antiserum against
ACAA1 (1:100 peroxisomal thiolase, Sigma-Aldrich, St Louis, Missouri,
USA) and visualized with rabbit anti-mouse bridging serum (DAKO)
and protein-A conjugated to 15 nm gold. All slides were examined with
a FEI Tecnai 12 transmission electron microscope.

Immunofluorescence microscopy using monoclonal antibodies
against peroxisomal catalase (mab 17E10, own production) and poly-
clonal antibodies against the peroxisomal membrane protein PMP70 (C-
terminal epitope, obtained from Prof. Imanaka, Toyama, Japan) was
performed as previously described [23] using a Leica TCS SP8 X Con-
focal Microscope.

2.5. Biochemical analyses

Levels of VLCFAs, phytanic and pristanic acid [27], bile acids [28],
poly-unsaturated fatty acids and plasmalogens (C16:0- and C18:0-di-
methyl acetal) [29] were determined in organs and/or plasma as pre-
viously described. C26:0-lysophosphatidylcholine was measured in
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bloodspots collected from 0 and 5days old mice on filter paper
(Whatman 903, GE LifeScience) [30]. Glucose was measured via a tail
cut directly after sacrificing the mice. Activities of mitochondrial
complex I-IV, citrate synthase and glutamate dehydrogenase (GDH)
were measured in liver homogenates (40 to 80 mg) of 6 months old
mice as described previously [31,32]. Immunoblot analysis using an-
tibodies against PEX1 (1:250, BD Transduction laboratories, Franklin
Lakes, New Jersey, USA) and peroxisomal thiolase (1:2000, ACAA1I,
Sigma-Aldrich, St Louis, Missouri, USA) was performed as described
elsewhere [23]. Antigen-antibody complexes were visualized with
IRDye 800CW 1:10,000 goat anti-rabbit and goat anti-mouse secondary
antibodies, using the Odyssey Infrared Imaging System (LI-COR Bios-
ciences, Nebraska, USA). Monoclonal anti-beta-actin antibody
(1:20,000; Sigma-Aldrich, St Louis, Missouri, USA) was used as a
loading control and visualized with IRDye 680RD donkey anti-mouse
secondary antibody.

Protein band intensities were quantified with the Odyssey Infrared
Imaging System software (LI-COR Biosciences, Lincoln, USA) and ex-
pressed as Integrated Intensity. Thiolase processing is expressed as the
percentage Integrated Intensity of processed (41kDa) over total
(41kD + 44 kDa) thiolase protein.

2.6. Quantitative real-time RT-PCR

qRT-PCR was performed using an ABI PRISM 7500 Real Time PCR
instrument (Applied Biosystems, Lennik, Belgium) as described pre-
viously [33]. The relative expression levels of the target genes were
calculated as a ratio to the housekeeping gene (-actin.
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2.7. Statistical analysis

For statistical analysis, two-tailed Student's t-tests or Chi square
analysis were performed using Graphpad, software version 5.04, for
Windows (GraphPad Software, La Jolla, California, USA). P < 0.05
was considered significant and for all experiments n = 3 was used,
unless stated otherwise.

3. Results
3.1. Generation and phenotype of Pex1-G844D mice

To generate a mouse model for the most common genotype asso-
ciated with a relatively mild presentation of ZSD, i.e. homozygosity for
PEX1-c.2528G > A (p.G843D) [6,7,15], we introduced, by knock-in,
the ¢.2531G > A (p.G844D) mutation in exon 15 of the PexI gene in
mice on a pure C57BL/6N background. Genotyping of the offspring of
intercrossed heterozygous Pex1-G844D mice at postnatal day 0-5
yielded 127 wild type, 278 heterozygous, and 82 (homozygous) Pex1-
G844D mice (n = 487), resulting in a genotypic ratio of 1:2.2:0.65,
indicating significant embryonic and/or perinatal loss of homozygous
mutant mice (Chi square = 18, P < 0.005). At PO, no marked differ-
ence in size and weight was observed between wild type, heterozygous
and Pex1-G844D littermates. At P3, however, the Pex1-G844D pups
were clearly smaller, weighed less (Fig. 1B) and appeared very weak
when compared to their wild type and heterozygous littermates, despite
the observation of “normal”-looking milk spots in their stomachs. In the
first 100 postnatal days, both female and male Pex1-G844D mice
showed a marked growth delay when compared to wild type mice (ig.
1C). The first 20 postnatal days were found most critical; ~75% of the
Pex1-G844D mice died before P20 (Fig. 1D). After these first 20 days,
survival was 90% (n = 10; one Pex1-G844D mice died at 187exdays of
age). The growth delay of the Pex1-G844D mice remained evident
throughout life, but the mutant mice showed a similar growth pattern
as wild type animals with a clear growth spurt between 20 and 50days
(Fig. 1C).

Albeit delayed, we observed that Pex1-G844D males were fertile
(n = 4) and able to produce offspring after approximately 5 months of
age. Because of their small size we did not examine whether Pex1-
G884D female mice were also able to produce offspring.

3.2. Analysis of mouse embryonic fibroblasts (MEFs)

The PEX1-p.G843D mutation in human cells is associated with
peroxisomal mosaicism, a phenomenon in which a subset of the cells
still contains functional peroxisomes whereas others do not [30]. Cells
without functional peroxisomes still have peroxisomal vesicles con-
taining peroxisomal membrane proteins but lack matrix proteins. To
determine whether peroxisomal mosaicism also occurs in the Pexl1-
G844D MEFs, we performed immunofluorescence microscopy using
antibodies against the peroxisomal matrix protein catalase and the
peroxisomal membrane protein PMP70. The majority of cells contained
both catalase- and PMP70-positive peroxisomes, while a minor portion
(5-10%) showed catalase-deficient but PMP70-positive peroxisomal
vesicles, indicating a low degree of peroxisomal mosaicism (for ex-
ample see Fig. 2A). When the MEFs were cultured at 40 °C, however, a
marked increase in cells with catalase-deficient peroxisomal vesicles
was observed, analogous to human patient skin fibroblasts homozygous
for PEX1-p.G843D [17-19 and data not shown).

Because the peroxisomal matrix enzyme thiolase is processed from a
44-kDa precursor form to a 41-kDa mature form only after its import
into peroxisomes [34], thiolase processing can be used as a sensitive
marker for functional protein import-competent peroxisomes [19].
Thiolase processing was examined by immunoblot analysis of MEFs
cultured at 37 °C and 40 °C (Fig. 2B). The amount of processed thiolase
(41-kDa) was lower and a weak 44-kDa band could be observed at 37 °C
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in the Pex1-G844D MEFs when compared to wild type MEFs. Culturing
of the MEFs at 40 °C resulted in a markedly impaired thiolase proces-
sing in the Pex1-G844D but not in wild type MEFs, confirming the
temperature sensitivity of the Pex1-G844D mutation.

When we analyzed different peroxisomal functions and parameters
in the MEFs (Table 1), we observed a significant decrease in the activity
of dihydroxyacetonephosphate-acyltransferase (DHAPAT), a perox-
isomal enzyme involved in plasmalogen synthesis, in Pex1-G844D
compared to wild type MEFs. Whereas the peroxisomal (3-oxidation rate
of pristanic acid was significantly decreased in the Pex1-G844D MEFs,
the degradation of C26:0 was not impaired. This corresponds with an
unaltered C26:0 over C22:0 (docosanoic acid) ratio between wild type
and Pex1-G844D MEFs when cultured at 37 °C. However, this ratio
significantly increased in Pex1-G844D MEFs after culturing the cells at
40 °C (Table 1). The degradation of palmitate (C16:0) via mitochondrial
B-oxidation was not impaired in the Pex1-G844D MEFs.

3.3. Biochemical analysis of Pex1-G844D mice tissues

We first studied the consequences of the Pex1-G844D protein on
peroxisomal matrix protein import in different tissues using thiolase
processing as read out. Analyses of thiolase processing in tissues from
10days old mice showed a complete defect in processing in liver
samples and a partial defect in heart samples of the Pex1-G844D mice
(Fig. 2D), whereas thiolase processing was unchanged and complete in
brain, spleen and kidney samples of both the Pex1-G844D and wild type
mice. Of note, we observed that total thiolase protein levels were
lowered in brain, spleen and heart tissue, but unchanged or somewhat
increased in liver and kidney of the Pex1-G844D mice. The defect in
thiolase processing in the liver samples occurred despite the presence of
mutant Pex1 protein levels that were comparable to the levels in control
mice, which also had been observed previously in human cells homo-
zygous for the PEX1-p.G843D mutation [19] (Supplemental Fig. 1A).
Thiolase processing was also completely defective in liver samples of
6 months old Pex1-G844D mice while the total thiolase protein levels
were lowered in the Pex1-G844D mice. In brain and heart samples the
thiolase processing was similar as in wild type mice of this age
(Fig. 20).

Because we observed a critical survival phase of the mice between 0
and 20days, we performed detailed biochemical analyses of liver,
brain, spleen, heart and kidney tissue (Table 2) of Pex1-G844D and wild
type mice aged 0, 5, 10 and 15 days, and 3 and 6 months. Overall, we
found the most striking peroxisomal metabolite abnormalities in the
livers of Pex1-G844D mice at all ages, which is in line with the complete
defect of thiolase processing observed in this tissue.

Analyses of very long chain fatty acids (Table 2A), which are spe-
cific substrates for peroxisomal (-oxidation, revealed significantly ele-
vated levels of C26:0 and increased C26:0/C22:0 ratios in liver samples
of the Pex1-G844D mice at all, respectively most ages. For most other
tissues these levels were not significantly different between Pex1-
G844D and wild type mice. Analysis of blood spots from the Pex1-
G844D mice showed highly significantly elevated levels of C26:0-ly-
sophosphatidylcholine (C26:0-lysoPC) in keeping with the notion that
C26:0-lysoPC is currently considered the most sensitive diagnostic
marker for a ZSD [35].

The levels of the branched-chain fatty acids phytanic and pristanic
acid (Table 2A), substrates for peroxisomal a- and B-oxidation respec-
tively and present in low levels in normal chow, were both increased in
the livers of 3- and 6-months old Pex1-G844D mice. In livers of 3- and
6-months old wild type mice, pristanic acid was undetectable. Phytanic
acid was also undetectable in livers of 3-months old wild type mice, but
low levels were detected in livers of 6-months old wild type mice.

The levels of the poly-unsaturated fatty acid docosahexaenoic acid
(DHA; Table 2B), the synthesis of which requires a single peroxisomal
B-oxidation cycle, were reduced in most tissues of the Pex1-G844D mice
at all ages, although it did not always reach statistical significance.
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Fig. 2. Characterization of MEFs and tissues from wild type and Pex1-G844D mice. (A) Merged immunofluorescence microscopy image of Pex1-G844D MEFs
cultured at 37 °C showing peroxisomal mosaicism after staining with antibodies against the peroxisomal matrix protein catalase (green) and the peroxisomal
membrane protein PMP70 (red). (B) Western blot analysis of homogenates (50 pg of protein) of Pex1-G844D (n = 2) and wild type (n = 2) MEFs cultured at 37 °C
and 40 °C and human skin fibroblasts cultured at 37 °C using a peroxisomal thiolase antibody showed increased defective thiolase processing in Pex1-G844D MEFs at
40 °C. Protein band intensities were quantified with the Odyssey Infrared Imaging System software (LI-COR Biosciences, Lincoln, USA) and expressed as Integrated
Intensity. Thiolase processing is expressed as the percentage Integrated Intensity of processed (41 kDa) over total (41kD + 44 kDa) thiolase protein. ZS, fibroblasts
from severe Zellweger syndrome patient; C, human control fibroblasts; *, denotes a cross-reacting protein of unknown identity (~46 kDa); 44 kDa, unprocessed
thiolase; 41 kDa, processed thiolase; Tot, total thiolase protein (41 kDa + 44 kDa); %, percentage processed (41 kDa) of total thiolase protein (41 kDa + 44 kDa). (C)
Western blot analysis of liver (5 pg of protein), brain (40 ug of protein) and heart (40 ug of protein) homogenates of 6- months old Pex1-G844D and wild type (WT)
mice using a peroxisomal thiolase antibody showed defective thiolase processing in Pex1-G844D liver, but no difference in processing in the other tissues. Labelling
as under (B). (D) Western blot analysis of liver (10 ug of protein), brain (40 ug of protein), spleen (40 ug of protein), heart (40 pg of protein) and kidney (15 ug of
protein) homogenates of 10-days old Pex1-G844D and wild type (WT) mice using a peroxisomal thiolase antibody shows defective thiolase processing in Pex1-G844D
liver and a partial defect in Pex1-G844D heart, but no difference in processing in the other tissues. Labelling as under (B).

The conversion of Cy,-bile acid precursors into mature C,4-bile acids

Table 1 is dependent on peroxisomal B-oxidation and occurs exclusively in
Biochemical analysis in MEFs from wild type and homozygous Pex1-G844D liver. Bile acid analysis revealed significant elevations of unconjugated
mice. and tauro-conjugated C,,-bile acids and concomitantly decreased levels
of tauro-conjugated Co4-bile acids in the liver samples of the Pex1-

WT Pex1-G844D P value . .
G844D mice at all ages (Table 2C). Furthermore, we found significantly
DHAPAT activity (pmol/h'mg) 13.2 + 2.7 49 + 1.8 0.011 increased levels of unconjugated Cp;-bile acids and significantly de-
C16:0 oxidation (nmol/h'mg) 1577 £ 421 18.80 * 2.26 0.334 creased levels of tauro-conjugated Ca4-bile acids in plasma of Pex1-
€26:0 oxidation (nmol/hmg) 105 + 0.18 091 * 010  0.286 G844D mice at P10 but not in plasma of adult mice. Similar as observed
E;;fg‘;g;;g? th‘éaf;:r:lf:r;;jéhézlgj 8:32 i 2:23 (1)32 i g:gz g:%: in patients with a ZSD [13,14], we noted that the C,,-bile acids in the
increase) Pex1-G844D liver samples primarily occurred in the unconjugated
form, most probably due to a deficiency of the liver-specific perox-
Shown are mean + SD (n = 3). Significant changes with P values < 0.05 are isomal enzyme bile acid-coenzyme A: amino acid N-acyl transferase
displayed in bold. (BAAT), which catalyzes this conjugation. In keeping with this, the Cq,-
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Fig. 3. Representative light-microscopy images of liver sections of wild type and Pex1-G844D mice. (A) Venous vascular wall inflammation and intravascular
coagulation with complete occlusion of the vein in a cross section of spine from a 3 months old Pex1-G844D mice. Image is representative for other intravascular
coagulation at different sites of the body, such as hepatic veins. (B) Liver tissue of 3-months old Pex1-G844D mice showed a more pronounced Oil Red O staining than
liver tissue of wild type mice (bars 20 um). (C) Positive Fouchet staining in livers of Pex1-G844D mice at birth showed clear accumulation of bile pigment (black
arrows). (D) H&E staining of 3-months old wild type liver tissues showed normal hepatic architecture with components of basic liver lobules, with portal area and
central venule. In 15-days old Pex1-G844D mice a change in liver morphology in noted with a lack of portal triads, inflammatory processes (black arrows), single cell
necrosis (red arrow) and bile duct proliferation. In 3-months old Pex1-G844D liver tissues inflammatory processes (black arrows), single cell necrosis (dashed arrows)
with early stage of liver cell dysplasia (upper part) and large necrotic processes (star) are observed. In 6-months old Pex1-G844D liver tissues a transition of normal
hepatocytes to a focus of cellular alternation with increased nucleus-cytoplasma ratio is observed (bars 50 um). (E) Development of hepatic fibrosis in 3 and 6 months
old Pex1-G844D mice as illustrated by positive Sirius Red staining (black arrows).

bile acids in wild type liver are predominantly in the tauro-conjugated n = 3), demonstrating a hypoglycaemic state. Glycogen could be de-
form. The unconjugated C,y-bile acid intermediates were also sig- monstrated in livers of Pex1-G844D mice at day 10, 15 and 3 months,
nificantly increased in plasma, spleen, heart and kidney but not de- but the intensity of staining was always less than in wild type mice of
tectable in brain samples of Pex1-G844D mice at age 3 and 6 months. the same age (supplemental Fig. 1B).

Although the synthesis of plasmalogens involves the activity of two
peroxisomal enzymes, their levels were overall not lowered in any of
the tissues of the Pex1-G844D mice with the exception of liver samples
of new-born mice at day 0 (Table 2D).

Given that in other peroxisome-deficient mouse models, deregula-
tion of carbohydrate metabolism was found, we also tested blood glu-
cose concentration in the Pex1-G844D mice. Interestingly, we found
that plasma glucose levels in Pex1-G844D mice were markedly de-
creased at day O (mean: 0.7 mmol/l versus 3.6 mmol/] in heterozygous
Pex1-G844D littermates; p = 0.0015; n=3) and day 5 (mean:
2.5mmol/l versus 6.0 mmol/] in wild type littermates; p = 0.0002;

3.4. Macroscopic and microscopic analyses of Pex1-G844D mice

For histological analysis we used tissues from mice aged 0, 5, 10 and
15days, 3 and 6 months. After sacrificing the mice, all organs were
examined macroscopically, and microscopically after hematoxylin and
eosin (H&E) staining.

Macroscopic examinations revealed pronounced hepatomegaly in
Pex1-G844D mice at 3 and 6 months of age (Supplemental Fig. 1C & D).
In addition, nearly all Pex1-G844D mice showed unilateral hydrone-
phrosis at all ages (not shown).

2783



K. Berendse, et al.

No major defects in the skin, skeleton, brain, heart, lung, spleen,
stomach, intestine, pancreas and testis were found upon gross macro-
scopic examination. However, microscopic analysis revealed the pre-
sence of venous vascular wall inflammation, intravascular coagulation,
the formation of thrombi with complete occlusion of the veins at dif-
ferent sites of the body in the Pex1-G844D mice at different ages
(Fig. 3A). In liver tissues of the Pex1-G844D mice, we observed accu-
mulation of small vesicles at 3- and 6 months, which by Oil Red O
staining were shown to be composed of triglycerides/cholesterol esters
(Fig. 3B). Positive Fouchet staining revealed the accumulation of bile
pigment in livers of Pex1-G844D mice at day O (Fig. 3C), but this was
not found at later ages. H&E stained sections of livers from 15 days old
Pex1-G844D mice revealed single cell necrosis, bile duct proliferation
and numerous inflammatory cells (Fig. 3D). The livers of 3 months old
Pex1-G844D mice showed early stages of cellular dysplasia while the
6 months old mice showed a transition of normal hepatocytes to a focus
of cellular alternation with increased nucleus-cytoplasm ratio (i.e. he-
patic adenoma) (Fig. 3D). Sirius Red staining, used to determine liver
fibrosis, was positive in the livers of 3 months old Pex1-G844D mice
and even more pronounced at 6 months of age (Fig. 3E).

Because most biochemical and histological abnormalities were
found in the livers of the Pex1-G844D mice, we performed electron

A

WT
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microscopy analysis of livers of 5 days old Pex1-G844D mice. As shown
in Fig. 4A, no morphologically recognizable peroxisomes were observed
in the Pex1-G844D livers, although they contained tiny vesicles (black
arrows), which may represent microperoxisomes. To determine if these
vesicles could represent functional microperoxisomes capable of im-
porting matrix proteins, we performed immunogold labelling with an-
tibodies against peroxisomal thiolase. No gold particles were found
associated with these vesicles, in contrast to peroxisomes in livers of
wild type mice (Fig. 4B). This corresponds with the above described
defect in thiolase processing in Pex1-G844D liver samples (Fig. 2C).
Labelling of peroxisomes with antibodies against peroxisomal mem-
brane proteins was not successful (data not shown). In addition to a
deficiency of peroxisomes, we observed aberrant mitochondria, in-
cluding swollen mitochondria with abnormal cristae in the Pex1-G844D
liver samples. It has been reported that livers of ZSD patients also
contain mitochondria with altered morphology and function [36,37].

3.5. Activity of mitochondrial complexes

Abnormal mitochondrial morphology and function has also been
described in previously reported Pex mouse models with more severe
phenotypes [31-33]. When we measured the activities of the

Pex1-G844D

Fig. 4. Electron micrographs of liver sections of 5days old wild type and Pex1-G844D mice. (A) Tissue embedded in Epon 812. Note the absence of identifiable
peroxisomes (P), the presence of multiple tiny vesicles (black arrows) and abnormal mitochondria (M) in the Pex1-G844D liver in contrast to wild type. (B)
Immunogold labelling with peroxisomal thiolase. Multiple gold particles are located in peroxisomes of wild type liver but absent in liver of the Pex1-G844D mice. ER,
endoplasmic reticulum (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Mitochondrial function in liver homogenates of 6 months old mice. (A)
Activity measurements of the respiratory chain complexes (expressed as relative
to the activity of citrate synthase (CS); left axis) showed significant decreased
activities of complex I and III. Glutamate dehydrogenase (GDH) activities were
similar (right axis). (B) qRT-PCR analysis of regulators of mitochondrial bio-
genesis and PPARa target genes revealed significantly increased expression of
Acotl, Cptlb and c-myc. All values are shown as mean *+ SD. *P < 0.05,
**p < 0.01, ****P < 0.0001.

mitochondrial matrix enzymes citrate synthase and glutamate dehy-
drogenase (Fig. 5A) in livers of Pex1-G844D mice, they were similar as
in wild type mice. However, as previously reported for Pex5 knockout
livers [33] we observed a significant decrease in the activities of re-
spiratory chain complex I and complex III whereas the activities of
complex II and IV remained unchanged (Fig. 5A). These data corrobo-
rate the previous notion that peroxisomal dysfunction perturbs the
structure and function of the inner mitochondrial membrane [31].

3.6. Transcriptional changes

It has been shown previously that a decreased or deficient perox-
isomal B-oxidation can give rise to the accumulation of ligands that
activate PPARa [38,39]. We also observed increased expression of
several established PPARa target genes in livers of the Pex1-G844D
mice including Acotl, Cptlb and c-myc (a regulator of mitochondrial
biogenesis and proto-oncogene). However, the expression of other es-
tablished PPARa target genes such as Cyp4al0 and Cd36 was unaltered
(Fig. 5B). We also did not observe changes in expression of Pgc-1a, the
master regulator of mitochondrial biogenesis, in Pex1-G844D livers. A
reduced expression of Pgc-1a was previously found in hepatocyte-spe-
cific Pex5 knockout mice, which showed aberrant mitochondrial mor-
phology and proliferation [33].
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4. Discussion

We generated and characterized a hypomorphic mouse model for
ZSDs, containing a homozygous Pex1-p.G844D allele, which is the
equivalent of the most commonly found mutant allele in the human
PEX1 gene [6,7,15]. ZSD patients homozygous for this PEX1-p.G843D
allele present with a relatively mild phenotype, characterized mainly by
liver disease, developmental delay, and visual and hearing impairment,
and may reach adulthood [2,3,20]. Our studies revealed that the
homozygous Pex1-G844D mutation in mice also allows survival into
adulthood, provided that the mice survive a critical phase during the
lactation period, i.e. the first 20 postnatal days. This is in contrast to
several previously reported Pex knock-out mice, generated by deleting
different Pex genes, including Pex2 [40], Pex5 [41], Pex10 [42] and
Pex13 [43], which represented the severe end of the ZSD spectrum and
showed severe early-lethal phenotypes.

At birth, the Pex1-G844D mice and their wild-type/heterozygous
littermates were indistinguishable in size and weight, suggesting
normal embryonic development. However, analysis of the genotypes in
the offspring of heterozygote breeding pairs demonstrates embryonal/
perinatal loss of Pex1-G844D mice. We cannot exclude that weak pups
had been eaten by the mother before litters were visually examined, as
this is not uncommon for C57BL/6 strains [44]. As far as we know,
embryonic loss of foetuses affected with ZSD has not been noted in
humans.

After birth, the Pex1-G844D mice showed a clear growth delay,
which becomes apparent from P3. We noted that in particular the first
20 days of life are critical for the survival of Pex1-G844D mice, as 75%
of the mice died before P20. Several causes may contribute to this high
mortality rate. First, we noted that few hours after birth, the Pex1-
G844D pups had very low plasma glucose levels, indicating a severe
hypoglycemic state. This could be related to the mitochondrial dys-
function we observed in the livers of the Pex1-G844D mice, which may
result in a higher demand of glucose for energy production, as hy-
pothesized previously [39]. Second, the observed weakness may cause
difficulty in feeding, causing reduced food intake and a caloric deficit.
Third, the decreased levels of Co4 bile acids in conjunction with the
increase in C,; bile acid intermediates and the occurrence of liver
cholestasis in Pex1-G844D pups may cause problems in digestion of the
fat that is present in the mother milk, causing further malabsorption
[45]. In this respect it is important to note that after P20, when the
Pex1-G844D mice switch to normal chow containing primarily carbo-
hydrates and hardly fat, survival was nearly 100%. Finally, in some
mice we observed venous thrombi, especially in the liver, with com-
plete occlusion of veins and intravascular wall inflammation, which
may also be a cause of early death. The formation of these venous
thrombi could be a consequence of liver failure and subsequent dis-
seminated intravascular coagulation [46,47].

Our combined findings showed that in particular the liver is affected
in the Pex1-G844D mouse, whereas other tissues are relatively spared.
Biochemically, this follows from the complete defect in thiolase pro-
cessing in liver samples indicating the absence of matrix-protein import
competent peroxisomes, which was also confirmed by electron micro-
scopy of livers of 5days old Pex1-G844D mice. In most other tissues,
thiolase processing was normal implying that, in contrast to liver, these
tissues still contain functional peroxisomes. Selective peroxisome defi-
ciency in liver also has been observed in patients with a milder ZSD
presentation and homozygous for the G843D mutation in PEX1 [48 and
unpublished data]. At the metabolite level, we also observed consistent
elevations of C26:0 and C,,-bile acid intermediates only in the liver
samples of Pex1-G844D mice at all ages, while the levels of these and
other metabolites fluctuate and often are normal in other tissues. We
found the levels of C26:0, DHA and plasmalogens also to be normal in
brain at most ages. This contrasts with findings in generalized Pex
knockout mice in which reduced levels of plasmalogens were found in
liver as well as brain [40,41,43]. The reason for the selective ablation of
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functional hepatic peroxisomes is unclear, but may be due to the liver-
specific accumulation of toxic bile acid intermediates and/or choles-
tasis, which may affect the conformation/functioning of the Pex1-
G844D protein causing a complete block in peroxisomal matrix protein
import. Previous work has shown that the function of human PEX1-
G843D protein is sensitive to unfavorable conditions, including ele-
vated temperature, but can be stabilized by lower temperatures or small
molecules, which leads to improved peroxisomal matrix protein import
in PEX1-G843D cells [17-19].

The most prominent histological abnormalities observed in almost
all Pex1-G844D mice analyzed at the different ages were hydrone-
phrosis and liver abnormalities, including cholestasis. At later ages, the
mice presented with hepatomegaly, bile duct proliferation with in-
flammation leading to liver fibrosis and even the formation of hepatic
adenomas in adulthood. The hepatomegaly may be the result of the
upregulation of the PPARa target gene c-myc, as previously suggested
for other mice [33]. Unexpectedly, however, we found that only a
subset of PPAR« target genes, i.e. Cptlb, Acotl and c-myc, were induced
in livers of 6 months old Pex1-G844D mice whereas others, i.e. Cd36
and Cyp4al0 were normally expressed.

In addition to the absence of functional peroxisomes in the liver, we
also observed an altered morphology of hepatic mitochondria, in-
cluding a swollen appearance and loss of cristae, which biochemically
was associated with altered activities of some mitochondrial complexes.
Although the underlying cause of this mitochondrial dysfunction is
unknown [33], it should be noted that similar mitochondrial alterations
have also been reported in patients with Zellweger syndrome [36,37].

While our analysis was in progress, the generation and initial
characterization of a similar mouse model also harbouring the homo-
zygous Pex1-c.2531G > A (p.G844D) mutation was reported,
prompting us to a more thorough analysis of our mouse model [49].
Characterization of the other mouse model revealed several similarities
with our mouse model including growth retardation, elevated C26:0-
lysoPC in bloodspots, C,,-bile acid intermediates in liver and plasma,
and bile duct proliferation on H&E liver histology. Overall, however,
the other model showed a much milder phenotype with a survival rate
of 100% until P12. After P12, however, 20 out of 49 mice died with a
median survival of 22 days also suggesting a critical survival period
around P20. The difference in survival rate and phenotype most prob-
ably relates to the fact that our model is on a pure C57BL/6N genetic
background, whereas the previously reported model has a mixed
129 x C57BL/6 x C57BL/6N genetic background. Importantly, how-
ever, our more detailed analyses showed that liver disease due to de-
fective hepatic peroxisomes is the predominant outcome in the Pex1-
G844D mouse, while peroxisomal functions in many other tissues ap-
peared hardly affected.

Comparison of our findings in the mouse to those in human PEX1
patients, who are homozygous for the PEX1-c.2528G > A (p.G843D)
mutation, reveals important similarities. First, the mice showed overall
weakness at birth and a critical survival phase followed by growth re-
tardation, if they survived this phase. This weakness may represent
hypotonia causing failure to thrive, which is also an important clinical
symptom in new-born ZSD babies. Second, we recently reported that
peroxisomal metabolites in plasma may show marked fluctuations in
mild human ZSD patients during life with some adult patients even
displaying an almost completely normalized biochemical profile [20].
In the mice, we also observed metabolite fluctuations at the organ level.
Third, skin fibroblasts of mild ZSD patients typically show peroxisomal
mosaicism, which we also observe in the MEFs of our mouse model.
Finally, liver disease is an important aspect of the human disease and
liver cirrhosis has been described in multiple ZSD patients [2,3,14,50].

In summary, the hypomorphic Pex1-G844D mouse model shows
many disease-specific aspects also observed in mild ZSD patients with
liver disease as predominant symptom. This model thus can be used to
study the pathogenesis, especially the liver phenotype in more detail
and to test newly developed therapies, such as supplementation of small
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molecules that have been shown to improve peroxisomal functions in
PEX1-G843D cells of ZSD patients [18,19]. It will be interesting to
examine whether at later ages these mice also develop neurological
abnormalities, such as polyneuropathy and leukoencephalopathy, that
are observed in patients.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.06.013.
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