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A B S T R A C T

Purpose: Zellweger spectrum disorders (ZSDs) are known as autosomal recessive disorders
caused by defective peroxisome biogenesis due to bi-allelic pathogenic variants in any of at least
13 different PEX genes. Here, we report 2 unrelated patients who present with an autosomal
dominant ZSD.
Methods: We performed biochemical and genetic studies in blood and skin fibroblasts of the
patients and demonstrated the pathogenicity of the identified PEX14 variants by functional cell
studies.
Results: We identified 2 different single heterozygous de novo variants in the PEX14 genes
of 2 patients diagnosed with ZSD. Both variants cause messenger RNA mis-splicing, leading
to stable expression of similar C-terminally truncated PEX14 proteins. Functional studies
indicated that the truncated PEX14 proteins lost their function in peroxisomal matrix
protein import and cause increased degradation of peroxisomes, ie, pexophagy, thus
exerting a dominant-negative effect on peroxisome functioning. Inhibition of pexophagy
by different autophagy inhibitors or genetic knockdown of the peroxisomal autophagy
receptor NBR1 resulted in restoration of peroxisomal functions in the patients’ fibroblasts.
Conclusion: Our finding of an autosomal dominant ZSD expands the genetic repertoire of ZSDs.
Our study underscores that single heterozygous variants should not be ignored as possible ge-
netic cause of diseases with an established autosomal recessive mode of inheritance.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Peroxisomes play an essential role in a variety of metabolic
pathways, including β-oxidation of very long-chain fatty
acids (VLCFAs) and branched-chain fatty acids, α-oxidation
of phytanic acid, and synthesis of ether-(phospho)lipids and
article was paid by Hans R. W
should be addressed to Hans R.
dam, The Netherlands. Email ad

sevier Inc. on behalf of America
s.org/licenses/by/4.0/).
primary bile acids.1 Their number, protein content, and
functions are controlled by de novo protein synthesis and
organelle division and turnover.2-5

Defects in genes encoding peroxisomal proteins can
cause different peroxisomal disorders, including single
peroxisomal enzyme deficiencies, with only 1 specific
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metabolic pathway affected, and peroxisome biogenesis
disorders, characterized by a generalized defect in function,
assembly, and propagation of peroxisomes.6-8 The peroxi-
some biogenesis disorders comprise disorders with defective
peroxisomal protein import, as in the Zellweger spectrum
disorders (ZSDs) and Rhizomelic chondrodysplasia punc-
tata type 1 and 5, and disorders with defective peroxisome
division.6,8

The clinical severity of ZSDs ranges from an early lethal
presentation to a late-onset, often progressive neurological
disease or even isolated hearing and/or vision deficits.7

Because of the generalized peroxisomal protein import
defect in ZSD cells, all peroxisome-dependent metabolic
pathways do not function properly, resulting in character-
istic metabolic aberrations, which, combined, are diagnostic
for ZSDs. These include accumulation of VLCFAs,
branched-chain fatty acids and bile-acid precursors, and a
deficiency of ether (phospho)lipids.6,9 All ZSDs reported so
far are autosomal recessive disorders caused by bi-allelic
pathogenic variants in any of at least 13 different PEX
genes.6,10 The encoded PEX proteins are involved in the
targeting and/or import of matrix proteins into the peroxi-
somal lumen, or in the targeting and/or insertion of mem-
brane proteins into the peroxisomal membrane. Targeting
and import of matrix proteins involves recognition of newly
synthesized proteins by the cytosolic receptor proteins
PEX5 or PEX7, docking of the cargo-loaded receptor pro-
teins onto the PEX13-PEX14 docking complex in the
peroxisomal membrane, import of the matrix proteins and
ubiquitination of PEX5 by the PEX2-PEX10-PEX12 com-
plex in the peroxisomal membrane, and finally, release and
recycling of the receptor proteins by the PEX1-PEX6-
PEX26 complex, which is tethered via PEX26 to the
peroxisomal membrane.5,6 Severe bi-allelic pathogenic
variants in any of these 10 PEX genes abrogates peroxi-
somal matrix protein import and results in peroxisomal
membrane vesicles that still contain membrane but no ma-
trix proteins and which are also referred to as peroxisomal
ghosts.10 Targeting and insertion of peroxisomal membrane
proteins involves PEX19 as cytosolic receptor protein,
PEX3 as docking protein for cargo-loaded PEX19, and
PEX16 as possible receptor for PEX3.5,6 Severe bi-allelic
pathogenic variants in PEX3, PEX16, or PEX19 abrogates
both peroxisomal matrix and membrane protein import,
resulting in a complete absence of peroxisomal membrane
vesicles.10

Here, we report 2 unrelated male patients with pro-
gressive neurological symptoms that are compatible with
a peroxisomal disorder. Laboratory diagnosis suggested
the diagnosis ZSD. Genetic testing identified different
single heterozygous de novo variants in PEX14 of each of
the 2 patients, which both result in the synthesis of
similar C-terminally truncated PEX14 proteins. Detailed
functional studies showed that the truncated PEX14 pro-
teins have a dominant-negative effect on peroxisome
functioning.
Materials and Methods

Cell culturing

Primary skin fibroblasts derived from the 2 patients (patient 1
and patient 2), 2 PEX14-null patients (PEX14(1)11 and
PEX14(2)12), 1 PEX13-null patient (PEX1313), and 2 healthy
individuals (Control 1 and Control 2), and HeLa cells and
HEK 293 cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco) plus 25 mM of HEPES buffer (VWR) con-
taining 10% fetal bovine serum, 100U/mL penicillin, and 100
μg/mL streptomycin (Gibco), in a humidified atmosphere of
5% CO2 at 37 ◦C or for 7 days at 40 ◦C.

Biochemical analysis

Cellular levels of VLCFAs C22:0, C26:0,14 and C26:0-
lysophosphatidylcholine (C26:0-lysoPC)15 and the activity
of dihydroxyacetone phosphate acyltransferase (GNPAT)16

were measured as previously described. Cellular peroxi-
somal β-oxidation and fatty acid elongation capacities were
determined using the D3-C22:0 loading test.17 Peroxisome-
dependent de novo ether-(phospho)lipid synthesis was
assessed by measuring the levels of the ether-phospholipids
PC-(O-37:4) and PE-(O-39:7) after incubation of cells with
40 μM 1-heptadecanol (C17:0-OH) for 24 hours.18

Immunofluorescence microscopy

Immunofluorescence microscopical analysis of peroxisomes
was performed19 using antibodies raised against catalase
(mouse monoclonal, own production, Mab 17E10; diluted
1:3),20 ABCD3 (rabbit polyclonal, Thermo Fisher PA1-650;
diluted 1:500), ACBD5 (rabbit polyclonal, Sigma
HPA012145; diluted 1:500), or PEX5 (rabbit polyclonal; gift of
G. Dodt; diluted 1:800). Biotinylated goat anti-mouse (DAKO;
diluted 1:200) plus streptavidin-FITC (ThermoFisher; diluted
1:200), andAlexaFluor goat anti-rabbit 594 (Invitrogen; diluted
1:500) were used as secondary antibodies. Cells were analyzed
with a Zeiss Axio Observer A1 fluorescence microscope.

Genetic analysis

For patient 1, the coding and flanking intron sequences of
the 13 currently known PEX genes were Sanger sequenced
following polymerase chain reaction amplification of
genomic DNA isolated from primary skin fibroblasts.13

Patient 1 was also subjected to exome sequencing as pre-
viously described using SeqCap EZ MedExome Probes
(Roche) and a Novaseq 6000 platform (Illumina).21

For patient 2, genomic DNA isolated from primary skin
fibroblasts was analyzed by in-house peroxisomal gene
panel sequencing (IonTorrent; ThermoFisher), including all
13 currently known PEX genes.
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Total complementary DNA (cDNA) was prepared from
RNA isolated from primary skin fibroblasts by trizol
extraction (Sigma-Aldrich) using the QuantiTect Reverse
Transcription Kit (QIAGEN). PEX14 cDNA (GenBank
accession number NM_004565.2) was polymerase chain
reaction amplified using PEX14-specific primer pairs fol-
lowed by Sanger sequencing.13

Complementation testing of primary skin fibroblasts by
means of PEX cDNA transfection has been described
previously.13

Immunoblotting

Cells were lysed in a phosphate-buffered saline solution
containing 0.1% sodium dodecyl sulfate and Complete Mini
protease inhibitors (Roche). Proteins were separated by
nuPAGE (Invitrogen) and transferred onto nitrocellulose.
Immunoblot analysis was performed with rabbit polyclonal
antibodies against PEX14 (gift from M. Fransen; diluted
1:1,000), peroxisomal 3-ketoacyl-CoA thiolase (Atlas anti-
bodies HPA007244; diluted 1:2,000), ACOXI (Abcam
ab184032; diluted 1:2,000), ABCD1 (Euromedex; diluted
1:500), ABCD3 (Thermo Fisher PA1-650; diluted 1:2,000),
ACBD5 (Sigma-Aldrich HPA012145; diluted 1:500), PEX5
(Sigma HPA039259; diluted 1:500), PEX13 (gift from D.
Crane; diluted 1:1,000), PEX19 (Sigma-Aldrich; diluted
1:1,000), LC3B (Abcam ab48394; diluted 1:1,500), or
SQSTM1/P62 (BD Transduction lab; diluted 1:2,000). For
control of equal loading, monoclonal antibodies against
β-actin (Sigma-Aldrich; diluted 1:10,000) or α-tubulin
(Sigma-Aldrich; diluted 1:2,000) were used. Detection was
done after incubation with secondary antibodies IRDye
800CW goat anti-rabbit, IRDye 800CW goat anti-mouse, or
IRDye 680RD donkey anti-mouse (all diluted 1:10,000) on
the Odyssey Infrared Imaging System (LI-COR Biosciences).

PEX14 overexpression

The truncated PEX14 protein of patient 1 was stably
expressed in HeLa cells under transcriptional control of the
cytomegalovirus promoter following genomic insertion of
the encoding DNA sequence into a FlpIn site. To this end,
PEX14 with the 37 base pair insertion was amplified from
total cDNA prepared from RNA isolated from patient 1’s
fibroblasts, sub-cloned into the pcDNA5/FRT vector (Invi-
trogen) and verified by Sanger sequencing. The construct
was transfected into HeLa-FlpIn cells, which were selected
for 1 month on 150 μg/mL hygromycin (Sigma-Aldrich).

PEX14 pull-down experiments

The coding sequences for wild-type PEX14 (PEX14-wt)
and truncated PEX14 of patient 1 (PEX14-trunc) were sub-
cloned into the pCMV-Tag2b vector (Agilent Technologies)
creating 5’ FLAG-tagged versions. The constructs and, as
control, the pCMV-Tag2b vector without insert were co-
transfected separately with PEX19-pcDNA3 into HEK 293
cells using Lipofectamine 2000 (Invitrogen). Forty-eight
hours after transfection, immunoprecipitation was per-
formed using anti-FLAG M2 agarose beads (Sigma-
Aldrich). The immunoprecipitates were analyzed by
immunoblotting as described above.

Pexophagy assay

To assess pexophagy in the fibroblasts, we used the previ-
ously described Red-Green lysosome pexophagy assay.22 In
brief, fibroblasts were transiently transfected with a plasmid
encoding the peroxisomal reporter mCherry–GFP-SKL us-
ing the AMAXA NHDF Nucleofector Kit (Lonza) accord-
ing to the manufacturer’s instructions. Following
transfection, cells were cultured at 37 ◦C in live cell
chambers (μ-Slide 4 Well Glass Bottom, Ibidi GmbH), and
24 hours after transfection incubated for 4 days with lyso-
somal protease inhibitors in order to prevent mCherry–GFP
degradation in the lysosome (2 μM E-64 and 500 μM leu-
peptin (Enzo Life Sciences). Cells were then imaged with a
Leica TCS SP8 filter-free spectral confocal microscope and
images were processed as described in detail in.22 Three
independent experiments were performed and 25-40 images
of cells per condition were acquired in different areas of the
live cell chambers. For each fibroblast cell line, we analyzed
100 cells in total; pexophagy-induced fibroblasts were
defined as having >20% “red-only” pixels.22

Autophagy inhibition

To inhibit autophagy, including pexophagy, we incubated fi-
broblasts for 7 days with 10 mM 3-methyladenine (3-MA;
Sigma M9281) or 10 μM chloroquine (CQ; Sigma C6628) as
previously described.18,23 In addition, we generated fibroblasts
that stably express short hairpin RNAs against NBR1 as pre-
viously described.18Finally,we incubatedfibroblasts for 4 days
in the presence of 2 μME-64 and 500 μM leupeptin, similar as
described above for theRed-Green lysosome pexophagy assay.
Cells were examined by immunofluorescence microscopy,
immunoblot, and/or biochemical analyses as described above.

Statistics

Statistical significance of data was evaluated using Graph-
Pad Prism. Statistical tests of choice are indicated in the
figure legends.
Results

Biochemical and genetic analysis of patients’ cells

Clinical features in combination with mildly aberrant
peroxisomal metabolite levels in plasma suggested a mild



Figure 1 Analysis of patients’ fibroblasts. A. Immunofluorescence microscopy analysis to determine the subcellular location of the
peroxisomal matrix protein catalase (green signal) and the peroxisomal membrane protein ABCD3 (red signal) in primary fibroblasts of the 2
heterozygous PEX14 patients (patient 1 and 2), 2 previously reported PEX14-null patients (PEX14(1) and PEX14(2)), and a control indi-
vidual. Shown are representative images (scale bar, 10 μm). B. Electropherograms showing the Sanger sequencing results of patient 1 and
patient 2 and their respective parents. Both patients are heterozygous for a de novo PEX14 variant (location indicated by arrows). Patient 1 is
heterozygous for NC_000001.11(NM_004565.2):c.585+1G>T and patient 2 is heterozygous for NM_004565.2:c.585G>A. C. Schematic
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peroxisomal disorder in 2 male patients, who currently are
both in their twenties (summarized in Supplemental
information and Table 1A). Biochemical analyses in pri-
mary skin fibroblasts of both patients subsequently showed
an abnormal VLCFA profile with increased C26:0 and
C26:0-lysoPC levels, an abnormal D3C22:0 loading test
with decreased peroxisomal β-oxidation capacity and
increased chain-elongation to D3C26:0, a low activity of the
peroxisomal enzyme GNPAT (involved in ether-(phospho)
lipid synthesis), and a marginally lowered de novo ether-
(phospho)lipid synthesis (reflected by reduced PC-(O-
37:4) and PE-(O-39:7) levels) (Supplemental Table 1B).
Combined, these findings indicated that both patients suf-
fered from a mild ZSD.

Immunofluorescence microscopy of the patients’ fibro-
blasts using antibodies against the peroxisomalmatrix protein
catalase and the peroxisomal membrane protein ABCD3
revealed a majority of cells with catalase localized in perox-
isomes, as judged from its co-localization with ABCD3, as
well as in the cytosol, and ~20% of cells with catalase
completely mislocalized to the cytosol, and the number of
ABCD3-stained peroxisomal vesicles per cell reduced
(Figure 1A; see also Figures 4B and 5B for quantifications).
This heterogeneous cellular phenotype resembles the previ-
ously described peroxisomal catalase-import mosaicism,
which is often observed in cells of ZSD patients with an
attenuated phenotype.13,24,25 For comparison, we included 2
PEX14-null fibroblasts in which catalase was cytosolic in all
cells, in agreement with PEX14’s role in peroxisomal matrix
protein import. A subset of PEX14-null cells showed a
reduced number of ABCD3-stained peroxisomal vesicles,
albeit less reduced as observed in the catalase-import-
deficient patients’ cells.

The peroxisomal mosaic phenotype complicated identi-
fication of the defected PEX gene by means of comple-
mentation testing of the cells using PEX cDNA
transfection.13 We therefore Sanger sequenced all 13 known
PEX genes in patient 1 and performed panel sequencing of
26 genes encoding peroxisomal proteins, including all PEX
genes, in patient 2. We found both patients heterozygous
for a single variant in PEX14: patient 1 for an
NC_000001.11(NM_004565.2):c.585+1G>T and patient 2
for an NM_004565.2:c.585G>A variant (Figure 1B).
Additional exome sequencing of patient 1 confirmed the
heterozygous PEX14-c.585+1G>T variant and did not
presentation of PEX14 protein indicating the locations of the N-terminal
and PEX19, the trans-membrane domain (TM), the coiled coil domain (C
of the PEX14 variants found in the patients causing the truncation of the e
p.A196Vfs*34 for patient 2. D. Immunoblot analysis of homogenates
patients, 2 previously reported PEX14-null patients, and 2 control indi
against PEX14 and the lower panel the same blot re-probed with antibodi
are representative immunoblots. E. Fluorescence microscopy analysis t
broblasts of the 2 heterozygous PEX14 patients cultured at 40 ◦C and co-
and GFP-PTS1. Shown are representative images 3 days after transfecti
identify additional pathogenic variants in any of the PEX
genes, including PEX14. Both PEX14 variants are located in
the splice donor site of intron 7 and predicted to affect
PEX14 messenger RNA (mRNA) splicing. They are not
listed in the gnomAD, ExAC, or ClinVar databases.

The finding of only 1 single heterozygous PEX14 variant
in each of the 2 patients does not correspond with an
autosomal recessive mode of inheritance, which is common
for ZSDs. Moreover, the variants were absent in the parental
DNAs, indicating that they arose de novo in the patients
(Figure 1B). PEX14 cDNA analysis of reverse transcribed
RNA isolated from the patients’ cells revealed normal
expression of the wild-type PEX14 alleles and confirmed
that both variants cause aberrant splicing, each resulting in a
stable PEX14 mRNA with the same retention of 37 base
pairs of intron 7 sequence: r.585_586insuuaccugucu-
cugcugcacagggcccuccaggcccag for patient 1 and
r.585delinsaguaccugucucugcugcacagggcccuccaggcccag for
patient 2. This retention causes a shift of reading frame
predicted to result in 2 nearly identical, severely truncated
PEX14 proteins of 230 amino acids, which have the alanine
at amino acid position 196 substituted for a leucine or a
valine, and the C-terminal 181 amino acids of wild-type
PEX14 substituted for the same 34 amino acids:
p.A196Lfs*34 for patient 1 and p.A196Vfs*34 for patient 2
(Figure 1C). Although such truncated proteins are often
degraded, the truncated PEX14 proteins appear as stable as
the wild-type PEX14 proteins produced from the trans
PEX14 allele in the patients’ cells (Figure 1D).

To confirm that the aberrant peroxisomal phenotype in
the patients’ cells is indeed due to a defective PEX14, we
cultured the patients’ cells at 40 ◦C to aggravate the
peroxisomal phenotype (explained below) and then co-
transfected the cells with the peroxisomal reporter protein
GFP-PTS1 and wild-type PEX14 or, as a control, wild-type
PEX1 cDNA.13 Three days after transfection, we observed
GFP-PTS1-containing peroxisomes in approximately 20%
of the cells co-transfected with PEX14 cDNA, whereas co-
transfection with PEX1 cDNA did not result in GFP-PTS1-
containing peroxisomes (Figure 1E).

Taking these results together, we considered the
heterozygous PEX14 variants as likely pathogenic and
hypothesized that the truncated PEX14 proteins have a
dominant-negative effect on peroxisome function and
appearance.
domain (NTD), previously shown to interact with PEX5, PEX13,
C), shown to be involved in PEX14 dimerization, and the location
ncoded PEX14 protein (red arrow): p.A196Lfs*34 for patient 1 and
prepared from primary fibroblasts of the 2 heterozygous PEX14
viduals. The upper panel shows the immunoblot using antibodies
es against β-actin as loading control. Performed in triplicate; shown
o determine the subcellular location of GFP-PTS1 in primary fi-
transfected with cDNAs encoding PEX1 and GFP-PTS1 or PEX14
on (scale bar, 10 μm).



6 H.R. Waterham et al.
Truncated PEX14 proteins have a dominant-
negative effect on peroxisome function and
appearance

To further confirm the pathogenic nature of the truncated
PEX14 proteins we expressed truncated PEX14 of patient 1
(PEX14-trunc) in PEX14-null fibroblasts, which, in contrast
to wild-type PEX14, did not result in restoration of the
defective peroxisomal matrix protein import in these cells
(not shown). Next, we stably expressed PEX14-trunc or, as
a control, wild-type PEX14 (PEX14-wt) in wild-type HeLa
cells (which also express endogenous PEX14). The
expression of PEX14-trunc, but not of PEX14-wt, resulted
in a peroxisomal mosaic phenotype similar as observed in
the patients’ fibroblasts (Figure 2A), which thus confirmed
that PEX14-trunc has a dominant-negative effect on the
function and appearance of peroxisomes.

The amino-terminal half of PEX14 was previously
shown to physically interact with PEX5, PEX19, PEX13,
and itself (Figure 1C, and reviewed in 26). To study whether
the truncated PEX14 proteins can still interact with these
partner proteins, we performed pull-down experiments with
HEK 293 cells expressing FLAG-tagged PEX14-trunc or
PEX14-wt. After pull-down of the FLAG-tagged PEX14
proteins using FLAG-specific antibodies followed by
immunoblot analysis, we did not observe a difference be-
tween PEX14-trunc and PEX14-wt with respect to binding
of PEX5, PEX9, PEX13, and PEX14 (Figure 2B).

Finally, we looked for the subcellular location of PEX5
protein in the patients’ cells. Previous reports have shown
that PEX5 is predominantly cytosolic in control cells but
accumulates at the membrane of peroxisomal ghosts in pa-
tients’ cells defective for certain PEX genes, including PEX2
and PEX1227 and PEX1, PEX6, and PEX26.23 Surprisingly
and opposite to what has been reported previously in mutant
Chinese hamster ovary (CHO) cells,28 we found that PEX5
accumulates at the peroxisomal membrane in all PEX14-
null cells but is cytosolic in PEX13-null cells. In contrast
to the PEX14-null cells, we found PEX5 to be mainly
cytosolic in the cells of both patients similar to the control
cells (Figure 2C). This indicates that cycling of the PEX5
receptor still occurs efficiently in the patients’ cells.

Taken together, these findings show that PEX14-trunc is
stably expressed, can still bind with its known partner pro-
teins, and does not appear to prevent cycling of the PEX5
receptor in the patients’ cells. However, PEX14-trunc alone
cannot functionally rescue PEX14-null cells and, when co-
expressed with wild-type PEX14, results in a peroxisomal
mosaic phenotype.

Truncated PEX14 proteins cause increased
peroxisome degradation

The peroxisomal mosaic phenotype in cells expressing both
truncated and wild-type PEX14 resembles the peroxisomal
catalase-import mosaicism observed in cells from ZSD
patients with an attenuated phenotype.24,25 When such cells
are cultured at an elevated temperature, they usually show a
more severe peroxisomal phenotype, including, in partic-
ular, the (near) complete loss of peroxisomal catalase
import.10 Culturing the fibroblasts of the heterozygous
PEX14 patients at 40 ◦C for 7 days also caused a nearly
complete disappearance of the peroxisomal mosaic pheno-
type with catalase present in the cytosol of most cells
(Figure 3A). In addition, however, a further reduction in
overall ABCD3 staining and an increased number of cells
completely lacking ABCD3 staining was observed. This
was remarkable, because PEX14 is known to play only a
role in the import of peroxisomal matrix proteins but not of
peroxisomal membrane proteins. Indeed, in PEX14-null
cells, catalase is also cytosolic, but ABCD3 is still abun-
dantly present in the peroxisomal vesicles of all cells
(Figure 3A). These findings therefore suggested that the
truncated PEX14 proteins cause either a block of both
peroxisomal matrix and membrane protein import or
increased degradation of peroxisomes, and this effect is
enhanced at elevated temperatures.

To study this further, we first determined by immunoblot
analysis the fate of PEX14 protein in the patients’ cells
cultured at 40 ◦C. We found a marked reduction in the levels
of both wild-type and truncated PEX14 protein when
compared with patients’ cells cultured at 37 ◦C. This
temperature-induced reduction was not observed in control
cells (Figure 3B). Next, we studied the effect of elevated
temperature on peroxisomal matrix protein import in the
patients’ cells using the processing of Acyl-CoA oxidase
(ACOX1; PEX5-mediated import) and thiolase (PEX7-
mediated import) as readout. As previously reported18 and
also shown in Figure 3C, both proteins are synthesized as
larger precursor proteins that become processed only after
import into the peroxisomal lumen, making their processing
efficiency a sensitive readout for functional peroxisomal
matrix import. We found that in both patients’ cells the
processing and thus peroxisomal import of both ACOX1
and thiolase was completely normal and similar as observed
in the control cells. However, whereas the levels of pro-
cessed thiolase in the patients’ and the PEX14-null cells
were already moderately decreased at 37 ◦C when compared
with control cells, the levels of both processed thiolase and
processed ACOX1 in the patients’ cells, but not the PEX14-
null cells, became markedly decreased when these cells
were cultured at 40 ◦C (Figure 3C). Similarly, also for 2
known peroxisomal membrane proteins, ABCD1 and
ACBD5, we noted moderately decreased levels at 37 ◦C and
a marked decrease at 40 ◦C in the patients’ cells when
compared with control and PEX14-null cells (Figure 3D).
This is in accordance with the decreased ABCD3 staining
we observed in these cells (Figure 3A).

Taken together, these results strongly suggested that the
defective peroxisomal functions in the patients’ cells are not
due to defective import of both peroxisomal matrix and mem-
brane proteins but to an increased degradation of peroxisomes,
which can be further enhanced at elevated temperature.



Figure 2 Analysis of truncatedPEX14 protein.A. Immunofluorescencemicroscopy analysis of control HeLa cells transfectedwith a cDNA
encoding PEX14-trunc results in a peroxisomal mosaic phenotype similar as observed in the patient cells (compare with Figure 1A) (scale bar,
10 μm). Transfection of HeLa cells with a cDNA encoding PEX14-wt does not result in a peroxisomal mosaic phenotype (not shown). B. Pull-
down experiments with HEK 293 cells expressing FLAG-tagged PEX14-wt or FLAG-tagged PEX14-trunc. As a control, we included HEK 293
cells transfected with the expression vector lacking PEX14 (empty vector). FLAG-tagged PEX14 proteins and associated proteins were
immunoprecipitated using FLAG-specific antibodies followed by immunoblot analysis of the immunoprecipitates using antibodies against
PEX5, PEX13, PEX14, and PEX19. Performed in triplicate; shown are representative immunoblots. C. Immunofluorescence microscopy
analysis to determine the subcellular location of the peroxisomal matrix protein import receptor PEX5 (green signal) in primary fibroblasts of the
heterozygous PEX14 patients, a PEX14-null patient (PEX14(2)), a PEX13-null patient, and a control individual. Peroxisomal membranes are
stained with antibodies against the peroxisomal membrane protein ABCD3 (red signal). Shown are representative images (scale bar, 10 μm).
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We hypothesized that this increased degradation occurs
via increased selective autophagy, a cellular mechanism that
normally removes unnecessary or nonfunctional organelles
through inclusion in auto-phagosomes, which then fuse with
lysosomes, after which the contents are degraded. This
process has been well characterized and several key proteins
and inhibitors of the process have been described.3 Selective
autophagy of peroxisomes is also known as pexophagy. In
order to visualize and quantify the pexophagy activity in the
patients’ cells, we used the previously reported Red-Green
lysosome pexophagy assay.22,29 To this end, we cultured
the 2 patient and 2 control cell lines, which transiently
expressed the mCherry-GFP-SKL peroxisomal reporter, at
37 ◦C in the presence of lysosomal protease inhibitors to
prevent the degradation of mCherry-GFP-SKL in the lyso-
some, followed by fluorescent microscopy. In this assay,
peroxisomes that are not subject to pexophagy appear yel-
low/greenish labeled, whereas peroxisomes subject to pex-
ophagy and fused with lysosomes appear as orange/red
labeled because of quenching of the green (GFP) fluores-
cence in the acidic environment of the lysosome. We
observed a clear increase in the number of patients’ cells
with increased pexophagy, ie, cells in which >20% of per-
oxisomes are orange/red labeled, when compared with the
control cells (Figure 3E and Supplemental Figure 1).

Autophagy inhibition rescues peroxisomal
functions in patients’ cells

To find additional indications that the defective peroxisomal
functions in the patients’ cells are the consequence of
increased pexophagy, we incubated the cells with the early
autophagy inhibitor 3-methyladenine (3-MA) at 37 ◦C and
40 ◦C. To verify the inhibition by 3-MA, we assessed the
levels of the autophagy adaptor protein SQSTM1/P62 (P62)
and the levels and conversion of MAPILC3B-I (LC3I) to
MAPILC3B-II (LC3II) by immunoblot analysis. Increasing
the cell culturing temperature to 40 ◦C resulted in decreased
P62 levels reflecting increased autophagy in all cell lines
used (Figure 4A), whereas incubation of the cells with 3-
MA resulted in increased P62 levels at 40 ◦C, as well as
at 37 ◦C, confirming the inhibition of autophagy. In the
presence of 3-MA, we no longer observed the reduction in
Figure 3 Patient cells lose peroxisomes at 40 ◦C. A. Immunofluores
the peroxisomal matrix protein catalase (green signal) and the peroxisom
the 2 heterozygous PEX14 patients (patient 1 and patient 2), 1 previously
Cells were cultured at 37 ◦C or 40 ◦C. Shown are representative imag
prepared from primary fibroblasts of the 2 heterozygous PEX14 pati
PEX14(2)), and 2 control individuals cultured at 37 ◦C or 40 ◦C. Imm
peroxisomal matrix proteins thiolase and ACOXI, and (D) the peroxisoma
same blots were re-probed with antibodies against tubulin or β-actin a
munoblots. (E) Results of Red-Green pexophagy assay performed in fib
patient 2 (P2)) and 2 control individuals (C1 and C2), transfected with mC
μM E-64, 500 μM Leupeptin) and examined by fluorescent microscop
fibroblast cell line were analyzed obtained from 3 independent experim
with increased pexophagy, defined as cells >20% of orange/red pixels (
the levels of processed thiolase and ABCD1 in the patient’s
cells, which we observed when the same cells were cultured
in the absence of 3-MA (Figure 4A), strongly suggesting
that autophagy is, indeed, involved. This effect was stron-
gest in the cells cultured at 40 ◦C but also clearly visible in
the cells cultured at 37 ◦C. Importantly, incubation of the
patients’ cells with 3-MA at 40 ◦C also resulted in a
correction of the number of cells with catalase- and
ABCD3-containing peroxisomes to the level observed in
cells cultured at 37 ◦C without 3-MA (Figure 4B and
Supplemental Figure 2). Finally, incubation of the patients’
cells with 3-MA at 40 ◦C resulted in increased peroxisomal
fatty acid β-oxidation capacities (D3C16:0/D3C22:0 ratio)
and decreased levels of D3C26:0, indicating that autophagy
inhibition also restored peroxisomal metabolic functions
(Figure 4C).

Similar to that observed with 3-MA, incubation of the
patients’ cells cultured at 40 ◦C with the late autophagy
inhibitor chloroquine (CQ) also resulted in increased levels
of processed thiolase and ABCD1 (Figure 5A), as well as a
correction of the number of cells with catalase- and
ABCD3-containing peroxisomes to the level observed in
cells cultured at 37 ◦C without inhibitor (Figure 5B and
Supplemental Figure 2).

In addition to the established global autophagy inhibitors
3-MA and CQ, we also studied the effect of depleting NBR1
levels in the patients’ cells. Previous work identified NBR1
as the main autophagy receptor involved in pexophagy.29 To
this end, we stably expressed an shRNA against NBR1 in the
fibroblasts from the patients, a PEX14-null patient and 2
control subjects, resulting in ~70%-85% reduction of NBR1
mRNA (Supplemental Figure 3). Similar to that observed
for 3-MA and CQ treatment, the NBR1 depletion resulted in
increased levels of processed thiolase and ABCD1 both at
37 ◦C and 40 ◦C (Figure 5C), and, in cells cultured at 40 ◦C,
correction of the number of cells with catalase- and
ABCD3-containing peroxisomes to the level observed in
cells cultured at 37 ◦C (Figure 5D and Supplemental
Figure 4).

Finally, using the same incubation conditions as for the
Red-Green lysosome pexophagy assay, we studied the effect
of inhibiting lysosomal proteases on processed thiolase and
ABCD1 in fibroblasts from the patients, a PEX14-null
cence microscopy analysis to determine the subcellular location of
al membrane protein ABCD3 (red signal) in primary fibroblasts of
reported PEX14-null patient (PEX14(2)), and a control individual.
es (scale bar, 10 μm). B-D. Immunoblot analysis of homogenates
ents, 2 previously reported PEX14-null patients (PEX14(1) and
unoblots were stained with antibodies against (B) PEX14, (C) the
l membrane proteins ABCD1 and ABCD5. As loading controls, the
s indicated. Performed in triplicate; shown are representative im-
roblasts of the 2 heterozygous PEX14 patients (patient 1 (P1) and
herry-GFP-SKL, incubated for 4 days with lysosomal inhibitors (2

y. Cells were cultured at 37 ◦C. In total, images of 100 cells per
ents (25-40 per experiment). Data presented as percentage of cells
see Supplemental Figure 1 for example images).
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Figure 4 Rescue of functional peroxisomes by early autophagy inhibitor 3-MA. A. Immunoblot analysis of homogenates prepared from
primary fibroblasts of the 2 heterozygous PEX14 patients (Patient 1 (P1) and Patient 2 (P2)), 1 previously reported PEX14-null patient
(PEX14(2)), and 2 control individuals (C1 andC2) cultured at 37 ◦C and 40 ◦C. Cells were incubatedwith 10mM3-methyladenine (3-MA) for 7
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are representative immunoblots. B. Percentage of patients’ cells with catalase- or ABCD3-stained peroxisomes when cultured at 37 ◦C (white
bars), or 7 days at 40 ◦C in the absence (dashed bars) or presence (stippled bars) of 10mM3-MA.Cells were examinedwith immunofluorescence
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patient and 2 control subjects. Again and similar to that
observed in the experiments with 3-MA, CQ, and depleted
NBR1, we observed increased levels of processed thiolase
and ABCD1 both at 37 ◦C and 40 ◦C, similar to the levels
observed in cells cultured at 37 ◦C (Figure 5E).

Taken together, the finding that inhibition at different
stages of autophagy all rescues the peroxisomal defect in the
patients’ cells indicate that the defective peroxisomal func-
tions and global decrease in peroxisomal proteins in the
patients’ cells are predominantly a consequence of increased
pexophagy.
Discussion

In this manuscript, we report 2 patients with an autosomal
dominant ZSD due to 2 different single heterozygous
splicing variants in PEX14. The dominant-negative patho-
genic consequence of the variants was suggested by their de
novo occurrence and the observation that they did not result
in nonsense-mediated mRNA decay but produce stable C-
terminally truncated PEX14 proteins. Subsequent expres-
sion studies confirmed that the truncated PEX14 proteins
cannot functionally rescue the peroxisomal matrix protein
import defect in PEX14-deficient cells and, when over-
expressed in wild-type cells, result in a peroxisomal
mosaic phenotype similar as in the patients’ cells.

Mammalian PEX14 and PEX13 form the PEX5-docking
complex of the so-called peroxisomal docking/translocation
module, a transient hydrophilic pore that allows the trans-
location of newly synthesized peroxisomal matrix proteins
into the peroxisomal lumen. The PEX5-docking complex is
not involved in the import of peroxisomal membrane pro-
teins, which also follows from the observation that PEX14-
null and PEX13-null cells still have peroxisomal membrane
vesicles that contain peroxisomal membrane proteins but
lack imported matrix proteins. PEX14 and PEX13 have
been found to interact with each other and with PEX5.30

Previous studies with CHO cells showed that PEX5
P = .0021, indicated by **, P = .0002, indicated by ***, P < .0001, ind
from primary fibroblasts of 1 of the heterozygous PEX14 patients (patient
2 control individuals (C1 and C2) cultured at 37 ◦C or 7 days at 40 ◦C. Al
a 70%-85% decrease in the expression of the peroxisomal autophagy re
with antibodies against the peroxisomal matrix protein thiolase, the pero
SQSTM1/P62 (P62), MAPILC3B (LC3I and LC3II), and, as loading c
immunoblots. D. Percentage of patient 1 cells with catalase- or ACBD5-s
40 ◦C (dashed bars) and of patient 1 cells stably expressing NBR1-spe
examined with immunofluorescence microscopy to determine the subce
peroxisomal membrane protein ACBD5 (for examples see Supplemental
were examined (total of 400 cells). (Two-way anova with Tukey’s mu
indicated by ***, P < .0001, indicated by ****). E. Immunoblot analys
erozygous PEX14 patients (patient 1 (P1) and patient 2 (P2)), 1 previously
(C1 and C2) pre-cultured at 37 ◦C or 7 days at 40 ◦C, and then incu
Leupeptin) as indicated. Immunoblots were stained with antibodies a
membrane protein ABCD1, the autophagy adaptor protein SQSTM1/P6
tubulin. Performed in triplicate; shown are representative immunoblots.
accumulated at the membrane of peroxisomal ghosts in
PEX13 but remained cytosolic in PEX14 mutant CHO
cells,28 based on which PEX14 was postulated to function as
the actual docking protein for PEX5. However, opposite to
these findings, we found that PEX5 accumulated at the
peroxisomal membrane in PEX14-null but remained cyto-
solic in PEX13-null fibroblasts. We have no explanation for
this striking difference between CHO and human cells.
Although our findings do not exclude PEX14 as the actual
PEX5 docking protein, they indicate that, at least in human
primary fibroblasts, PEX13 is required for PEX5 docking
and that, in the absence of PEX14, PEX5 can still dock on
PEX13. In the cells of the heterozygous PEX14 patients,
however, PEX5 remains cytosolic, indicating that the
cycling of the receptor is not affected. This corroborates our
finding that the peroxisomal matrix protein import ma-
chinery is still functional in the patients’ cells, as under-
scored by the correct post-import processing of peroxisomal
ACOX1 and thiolase. Yet, although truncated PEX14 can
still interact with its known partners PEX5, PEX19, PEX13,
and PEX14,26 it cannot functionally rescue PEX14-null
cells. This implies that the functional peroxisomal matrix
protein import observed in the patients’ cells is maintained
by wild-type PEX14 expressed by the trans allele.

Our combined results strongly indicate that the truncated
PEX14 proteins cause increased pexophagy resulting in
increased degradation of protein import-proficient and
metabolic functional peroxisomes in the heterozygous
PEX14 patients’ cells, but did not reveal an effect on
peroxisomal protein import. In contrast to the other perox-
isomal proteins, however, catalase was found both in per-
oxisomes and the cytosol of the cells. This is most probably
not caused by a protein import defect but can be explained
by the previously demonstrated reduced peroxisomal import
rate of monomeric catalase.31-33 This is due to the C-ter-
minal–KANL peptide sequence of catalase that deviates
from the consensus PTS1 consensus sequence and which
was shown to have a lower affinity with PEX5.31,32 The
reduced import rate promotes the assembly into active
icated by ****). C. Immunoblot analysis of homogenates prepared
1 (P1)), 1 previously reported PEX14-null patient (PEX14(2)), and
l cells stably express NBR1-specific short hairpin RNAs resulting in
ceptor NBR1 (Supplemental Figure 3). Immunoblots were stained
xisomal membrane protein ABCD1, the autophagy adaptor protein
ontrol, tubulin. Performed in triplicate; shown are representative
tained peroxisomes when cultured at 37 ◦C (white bars) or 7 days at
cific shRNA cultured 7 days at 40 ◦C (stippled bars). Cells were
llular location of the peroxisomal matrix protein catalase and the
Figure 4). Performed in quadruplicate; for each condition 100 cells
ltiple comparisons test, P = .0021, indicated by **, P = .0002,
is of homogenates prepared from primary fibroblasts of the 2 het-
reported PEX14-null patient (PEX14(2)), and 2 control individuals

bated for 4 days with lysosomal inhibitors (2 μM E-64, 500 μM
gainst the peroxisomal matrix protein thiolase, the peroxisomal
2 (P62), MAPILC3B (LC3I and LC3II), and, as loading control,
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tetrameric proteins in the cytosol, which subsequently are
imported into peroxisomes.32,33 The increased pexophagy in
the heterozygous PEX14 patients’ cells lowers the number
of protein import-proficient peroxisomes as a consequence
of which the amount of catalase in the cytosol becomes
increased. This is supported by the observation that the in-
hibition of autophagy/pexophagy in the patients’ cells fully
restored the peroxisomal import of catalase, despite the
presence of truncated PEX14 (Figures 4 and 5).

Increased pexophagy has been reported previously in ZSD
cells with pathogenic variants in the PEX1, PEX6, or PEX26
genes. In contrast to what we observed in the cells of the
heterozygous PEX14 patients, however, this always co-
incides with defective peroxisome biogenesis, including, in
particular, defective peroxisomal matrix protein import and,
as a consequence, affected peroxisomal metabolic functions.
This strongly suggests that, in these cells, the pexophagy is
triggered by non-functional peroxisomes.3,18,23,34 Although it
had been claimed, based primarily on morphological data,
that inhibition of pexophagy with autophagy inhibitors leads
to improved peroxisomal functioning in ZSD cells harboring
the common PEX1-p.(Gly843Asp) variant,23 this could not
be confirmed by detailed analyses of peroxisomal matrix
protein import and actual peroxisomal metabolic functions in
such cells treated with the same autophagy inhibitors.18 Here,
however, we found that inhibition at different stages of
autophagy/pexophagy in cells of the heterozygous PEX14
patients all prevented the increased degradation of protein
import-proficient and metabolic functional peroxisomes and
thus resulted in improved peroxisomal functions in the cells.
These findings suggest that, for these 2 patients, treatment
with autophagy inhibitors, including CQ, may be a thera-
peutic option.

How and why the truncated PEX14 proteins increase
pexophagy in the patients’ cells remains unclear. PEX14 has
been reported previously to play a dual role in both perox-
isomal matrix protein import and pexophagy.35,36 Studies in
CHO cells indicated that during nutrient-deprivation,
PEX14 interacts with LC3II via its N-terminal trans-
membrane domain, which then targets the peroxisomes to
autophagosomes resulting in their degradation. During
nutrient-rich conditions, this interaction with LC3II was
prevented by PEX5. Based on these findings, PEX14 was
postulated to coordinate the fate of peroxisomes, ie, matrix
protein import versus pexophagy, in response to environ-
mental conditions.35,36 This PEX14-mediated pexophagy is
independent of ubiquitin in contrast to the other currently
known modes of pexophagy, which are all ubiquitin
dependent and involve the participation of ubiquitin-binding
autophagic receptors, such as NBR1 and P62.3,29,37 Our
observation that truncated PEX14 can still bind PEX5 and
that the depletion of NBR1 rescues the phenotype in the
patients’ cells makes it unlikely that this previously reported
PEX14-mediated mechanism is responsible for the
increased pexophagy in the patients’ cells.

Most peroxisomal disorders we know to date are auto-
somal recessively inherited and thus caused by bi-allelic
pathogenic variants in the same gene.6 Exceptions are X-
linked recessive adrenoleukodystrophy, the most common
peroxisomal disorder,38 and autosomal dominant DNM1
deficiency, which affects fission of both peroxisomes and
mitochondria.39 More recently, we reported a series of pa-
tients with an apparent dominant ZSD presentation, which
appeared to be caused by allelic expression imbalance of the
PEX6 gene. All patients were heterozygous for a pathogenic
PEX6-p.(Arg860Trp) variant, which was expressed in trans
with a lower expressed PEX6 allele. This results in over-
representation of PEX6-p.(Arg860Trp), which thus exerts a
dominant-negative effect on the function of the PEX1-PEX6
complex, affecting peroxisomal matrix protein import.40

Our finding of a true autosomal dominant form of ZSD in
2 independent patients expands the genetic repertoire un-
derlying ZSD and, more general, underscores that single
heterozygous variants should not be ignored as possible
genetic cause of diseases with an established autosomal
recessive mode of inheritance.
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