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ABSTRACT
Peroxisome biogenesis disorders (PBDs) are metabolic disorders caused by the loss of peroxisomes. The
majority of PBDs result from mutation in one of 3 genes that encode for the peroxisomal AAA ATPase
complex (AAA-complex) required for cycling PEX5 for peroxisomal matrix protein import. Mutations in
these genes are thought to result in a defect in peroxisome assembly by preventing the import of matrix
proteins. However, we show here that loss of the AAA-complex does not prevent matrix protein import,
but instead causes an upregulation of peroxisome degradation by macroautophagy, or pexophagy. The
loss of AAA-complex function in cells results in the accumulation of ubiquitinated PEX5 on the
peroxisomal membrane that signals pexophagy. Inhibiting autophagy by genetic or pharmacological
approaches rescues peroxisome number, protein import and function. Our findings suggest that the
peroxisomal AAA-complex is required for peroxisome quality control, whereas its absence results in the
selective degradation of the peroxisome. Thus the loss of peroxisomes in PBD patients with mutations in
their peroxisomal AAA-complex is a result of increased pexophagy. Our study also provides a framework
for the development of novel therapeutic treatments for PBDs.
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Introduction

In mammalian cells, damaged and superfluous organelles are
turned over by the degradation process called selective macroau-
tophagy (herein referred to as selective autophagy). This process
involves the sequestration of the substrate by a double-membrane
sequestering organelle, the phagophore, which matures into an
autophagosome; the latter fuses with lysosomes to degrade its
contents.1 One mechanism by which cytoplasmic substrates are
selectively targeted to phagophores for degradation is through
the ubiquitination of proteins on the target organelle (for a review
see refs. 2, 3). In this mechanism, the cytosol-facing proteins of
damaged or superfluous organelles are ubiquitinated, followed by
the recruitment of a group of cytosolic proteins called autophagy
receptors that bind to the ubiquitinated organelle. These auto-
phagy receptors then bridge the substrates to phagophores by
binding to the phagophore membrane factor MAP1LC3/LC3.4

What is unclear, however, is the mechanism by which dam-
aged organelles are selectively ubiquitinated, while healthy organ-
elles are protected from degradation. A potential mechanism for
monitoring organelle health in some organelles may involve their
protein import machinery. Here, damaged organelles that can no
longer import their proteins are ubiquitinated and degraded,

whereas healthy ones are able to prevent ubiquitination, or have
the ability to deubiquitinate their proteins. This import-compe-
tence hypothesis is best exemplified by mitochondria. Damaged
mitochondria may be degraded by the PINK1-PARK2-mediated
mitophagy pathway, leading to the autophagic degradation of
mitochondria (for a review see ref. 5). In normal or healthy mito-
chondria, PINK1 is imported into the mitochondrial inner mem-
brane where it is rapidly degraded by a member of the rhomboid
family of intramembrane serine proteases, PARL.6 However,
damaged mitochondria that no longer can import proteins into
the inner membrane accumulate PINK1 on the outer membrane.
PINK1 then phosphorylates various proteins and recruits the E3
ubiquitin ligase PARK2,7-9 which ubiquitinates mitochondrial
outer membrane proteins to signal for mitophagy.

Peroxisomes are another organelle degraded by selective
autophagy, through a process referred to as pexophagy,
whereby ubiquitinated peroxisomes are recognized by auto-
phagy receptors SQSTM1/p62 and NBR1, which target them to
phagophores for degradation.10,11 These single membrane-
bound organelles that are involved in both catabolic and ana-
bolic reactions of lipids and reactive oxygen species are unique
from other single membrane-bound organelles in that they can
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import all of their matrix (lumen) proteins directly from the
cytosol.12 Most peroxisomal matrix proteins contain a peroxi-
somal targeting sequence-1 (PTS1) that is recognized by the
shuttling receptor PEX5.13 PEX5 binds and escorts
PTS1-containing proteins to peroxisomes by docking and
inserting into the membrane through its interaction with its
membrane receptors, PEX14 and PEX13. After the matrix pro-
tein is translocated into the peroxisomal lumen, PEX5 is ubiq-
uitinated by the peroxisomal E3 ubiquitin ligase complex
consisting of PEX2-PEX10-PEX12. Ubiquitinated PEX5 is then
subsequently removed from the membrane by the peroxisomal
AAA-complex made up of PEX26, PEX1, and PEX6, by a simi-
lar mechanism as that of the AAA ATPase VCP/p97.14-16

Loss of peroxisomal AAA-complex function is the most
common mutation for an autosomal recessive group of disor-
ders called peroxisome biogenesis disorders (PBDs).17 Muta-
tion in the AAA-complex results in a decrease in peroxisome
number and function (for a review see refs. 18, 19). However,
since the AAA-complex is required to remove the matrix pro-
tein receptor PEX5 following its ubiquitination, we hypothesize
that the loss of the AAA-complex can result in an increase in
ubiquitinated PEX5 on peroxisome membranes that can then
signal pexophagy. In other words, the peroxisomal AAA-com-
plex promotes the stability of import-competent peroxisomes
by limiting the accumulation of ubiquitinated PEX5 on the per-
oxisome surface. If this is the case, it suggests that most PBDs
are not due to the inability to form peroxisomes, but rather due
to the loss of the ability to prevent their degradation. Here, we
present evidence to support this hypothesis, and provide a
framework for a possible therapeutic treatment of patients with
PBDs resulting from a defect in the peroxisomal AAA-complex.

Results

Depleting AAA-complex function results in the loss of
peroxisomes

Because the peroxisomal AAA-complex is required to remove
the ubiquitinated form of the shuttling peroxisomal matrix pro-
tein receptor, PEX5, from the peroxisomal membrane, we
hypothesized that the AAA-complex may also be involved in
peroxisome quality control. To test this hypothesis, we first
established whether an acute loss of the peroxisomal AAA-
complex leads to a change in peroxisome number. Our strategy
was to use RNAi to deplete cells of PEX1 or PEX26, 2 of the 3
proteins that make up the peroxisomal AAA-complex, and
examine the fate of peroxisomes. To identify peroxisomes, cells
were fixed and immunostained for the endogenous peroxisomal
membrane protein ABCD3/PMP70.

When compared with nontargeting siRNA (siCTRL), the
knockdown of PEX1 (siPEX1) or PEX26 (siPEX26) resulted in
a visible decrease in total ABCD3 fluorescent signal (Fig. 1A).
To quantify the change in peroxisomes, we quantified the num-
ber of peroxisomes within the entire cell and normalized it to
the volume of the cell, which we refer to as “ABCD3 density”
(see methods). Quantification of the density of peroxisomes
(number of ABCD3 puncta/mm3) (Fig. 1B) indicated that cells
depleted of PEX1 or PEX26 had significantly lower peroxisome
numbers in comparison to siCTRL cells. This decrease in

peroxisome numbers is unlikely due to a defect in peroxisome
biogenesis as the depletion of 2 peroxisome biogenesis factors,
PEX14 (Fig. 1 siPEX14) or PEX16 (Fig. S1), resulted only in a
slight but not significant decrease in peroxisome numbers com-
pared with siCTRL, 3 d after siRNA treatment. This observa-
tion is consistent with a previous report, which showed that the
depletion of the peroxisome biogenesis factor PEX19 also did
not cause a noticeable change in peroxisome abundance within
the initial 3 d of depletion by siRNA. 20

To further validate the loss of peroxisomes upon the depletion
of the peroxisomal AAA-complex components, PEX1 or PEX26,

Figure 1. Depletion of AAA-complex components result in the loss of peroxisomes.
(A) Representative fluorescence images of HeLa cells transfected with nontargeting
siRNA (siCTRL), and siRNA against PEX14 (siPEX14), PEX1 (siPEX1), and PEX26
(siPEX26) as indicated. Cells were fixed and immunostained for ABCD3 48 h post-
transfection. Scale bars: 50 mm. (B) Graph of the ABCD3 density (number of ABCD3
puncta per volume of each cell [number/mm3]), of at least 30 cells per trial
(n D 3) § standard deviation in (A). Asterisks represent p-values compared with
siCTRL: �p < 0.05. (C) Total cell lysates were prepared from siRNA-treated HeLa
cells (as in A) and immunoblotted (IB) with the indicated antibodies.
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the endogenous levels of ABCD3 and PEX14 were examined by
immunoblot analysis. In support of the immunofluorescence
microscopy data (Fig. 1A), the immunoblot analysis showed a
drastic decrease in ABCD3 and PEX14 in cells depleted of PEX1
and PEX26 (Fig. 1C). Together, these results suggest that the loss
of AAA-complex function results in the loss of peroxisomes,
which is not due to a decrease in peroxisome biogenesis.

Autophagy mediates the loss of peroxisomes in AAA-
complex depleted cells

We next examined whether the loss of peroxisomes in cells
depleted of AAA-complex components was due to pexophagy.
To test this, we examined whether depleting PEX1 or PEX26
expression in the autophagy-deficient atg5¡/¡ mouse embry-
onic fibroblast (MEF) cell line results in a change in peroxisome
number. In the wild-type MEFs, a decrease in ABCD3 density
was observed when PEX1 or PEX26 expression was depleted
compared with control siRNA-treated cells (Fig. 2A, B). How-
ever, this decrease was abrogated in the Atg5 null MEFs, sug-
gesting that the loss of peroxisomes observed in the wild-type
cells upon PEX1 or PEX26 depletion requires autophagy.

To test whether autophagy was also required for the loss of
peroxisomes in HeLa cells deficient in the AAA-complex
(Fig. 1), we co-transfected HeLa cells with siRNA against the
autophagy factor ATG12 (Fig. 2C). Immunoblot analysis con-
firmed that our siRNA against ATG12 resulted in about 90%
knockdown of ATG12 expression (Fig. S2A). Quantification of
the ABCD3 density showed that the knockdown of the auto-
phagy factor ATG12 prevented the loss of peroxisomes in cells
also depleted of PEX1 or PEX26, as their ABCD3 densities were
similar to the control siRNA-treated cells (Fig. 2D). Together,
these results suggest that the loss of peroxisomes in cells depleted
of the peroxisomal AAA-complex is mediated by autophagy.

Peroxisomes in AAA-complex depleted cells are degraded
by selective autophagy

Peroxisomes can be degraded either by bulk degradation of the
cytoplasm during general autophagy, or by the selective targeting
of peroxisomes to autophagosomes by a process called pexophagy
(for a review see ref. 1). Recently, we showed that NBR1 is a key
autophagy receptor in pexophagy that is recruited to ubiquitinated
peroxisomes.10 If peroxisomes in AAA-complex-deficient cells are
being degraded by pexophagy, we reasoned that depleting NBR1
expression in PEX1- or PEX26-deficient cells should prevent the
loss of peroxisome numbers. Thus, to determine whether the loss
of the AAA-complex leads to pexophagy, we depleted HeLa cells
of both NBR1 and a component of the AAA-complex and ana-
lyzed the cells for a change in the number of peroxisomes. Immu-
noblotting confirmed that our siRNA against NBR1 efficiently
depleted NBR1 expression inHeLa cells (Fig. S2B).We have previ-
ously found that depleting NBR1 results in an increase in peroxi-
somes that are clustered.10 For this reason, we quantified the total
ABCD3 fluorescence intensity from the entire cell to compare the
amount of peroxisomes within these cells. When NBR1 was co-
depleted with the AAA-complex, peroxisomes were no longer
diminished compared with cells depleted of PEX1 or PEX26 alone
(Fig. 2E, F). Collectively, these results demonstrate that the loss of

peroxisome numbers in cells depleted of a component of the per-
oxisomal AAA-complex is due to pexophagy, and not due to non-
selective degradation of the cytoplasm by autophagy.

Ubiquitinated PEX5 accumulates on the membrane of
AAA-complex depleted peroxisomes

Since pexophagy induced by AAA-complex depletion required
the ubiquitin-binding autophagy receptor NBR1 (Fig. 2E, F), it
suggests that ubiquitination is a signal for AAA-complex-defi-
cient pexophagy. In mammalian cells, the accumulation of ubiq-
uitinated PEX5 has recently been reported to signal
pexophagy.21,22 To determine whether the loss of AAA-complex
function leads to an accumulation of ubiquitinated proteins on
peroxisomes, we looked for any change in ubiquitinated PEX5 in
PEX1- and PEX26-depleted cells. Here, HeLa cells depleted of
PEX14, PEX1, or PEX26 were transfected with RFP-SKL and
GFP-Ubiquitin (GFP-Ub) plasmids (Fig. 3A). RFP-SKL is a red
fluorescent protein tagged to the PTS1 consisting of the tripep-
tide Ser-Lys-Leu that is recognized by PEX5 to target it to peroxi-
somes. RFP-SKL was expressed in these cells to increase the
targeting of endogenous PEX5 to peroxisomes by increasing the
matrix import load on these cells. Furthermore, the lysosomo-
tropic agent, chloroquine, was used to prevent peroxisome loss
and thus increase the accumulation of ubiquitinated proteins.
Total cell lysates from these cells were immunoblotted with
PEX5 antibodies (Fig. 3A). In cells treated with siPEX1 or
siPEX26, an increase in higher molecular weight bands corre-
sponding to modification by a single GFP-Ubiquitin and possibly
multiple were observed compared with siCTRL- and siPEX14-
treated cells (Figs. 3A, B). Nonspecific bands (highlighted by
asterisks in Fig. S3A) were confirmed by overexpressing a PEX5-
MYC construct in HeLa cells and probing for PEX5. To deter-
mine whether there was an increase in the ubiquitination of
other PMPs in AAA-complex depleted cells, we also examined
ABCD3, the most abundant membrane protein on peroxi-
somes.23 We found that there was no detectable increase in ubiq-
uitinated ABCD3 in cells depleted of AAA-complex function
compared with siCTRL- or siPEX14-treated cells (Fig. 3C).

Next, we asked whether ubiquitinated PEX5 resided on per-
oxisomes. First, using immunofluorescence imaging, we found
that in siCTRL- or siPEX14-treated cells, PEX5 appeared mainly
cytosolic. However, in siPEX1- or siPEX26-treated cells, PEX5
appeared in punctate structures that colocalized with the peroxi-
some membrane marker ABCD3 (Fig. 3D, E). To further vali-
date the observation of PEX5 accumulation on peroxisomes in
AAA-complex-deficient cells, we performed subcellular fraction-
ation on patient-derived wild-type and PEX1-G843D fibroblasts
(Fig. S3B). The PEX1G843D mutation is the most common PBD
mutation caused by a missense allele resulting in a glycine to
aspartic acid replacement in residue 843, and is usually pre-
sented as a mild form of PBD.24 In the wild-type cells, the
majority of PEX5 was found localized in the cytosol, whereas in
the PEX1-G843D fibroblast cells PEX5 was found in the mem-
brane fraction (Fig. S3B). Interestingly, no PEX5 expression was
observed in patient-derived PEX1 null cells (Fig. S3C).

To determine whether the PEX5 accumulating on peroxi-
some membranes under AAA-complex-depletion conditions
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was ubiquitinated, we performed subcellular fractionation on
HeLa cells depleted of PEX14, PEX1, or PEX26 and transfected
with RFP-SKL and GFP-Ub plasmids and treated with chloro-
quine (Fig. 3F). Here, we found that in the membrane fractions
of the siPEX1 and siPEX26 cells, when probing for PEX5, there
was an increase in higher molecular weight bands

corresponding to modification by a single GFP-Ub compared
with siCTRL- and siPEX14-treated cells. Finally, to determine
whether ubiquitinated PEX5 is required for pexophagy in
AAA-complex-deficient cells, HeLa cells were co-depleted of
PEX5 along with PEX1 or PEX26. We argue that if PEX5 ubiq-
uitination signals pexophagy, then depleting the cells of PEX5

Figure 2. Pexophagy mediates the loss of peroxisomes in AAA-complex-depleted cells. (A) Representative fluorescence images of wild-type and Atg5 null MEFs trans-
fected with either nontargeting siRNA (siCTRL), siRNA against Pex1 (siPex1) or Pex26 (siPex26) as indicated, and immunostained for endogenous ABCD3. Scale bars:
100 mm. (B) Graph of the average ABCD3 density per cell (number/mm3) of at least 30 cells per trial (nD 3) § standard deviation in (A). Asterisks represent p-values com-
pared with siCTRL unless otherwise indicated: �p < 0.05, ��p < 0.01. (C) Representative fluorescence images of HeLa cells transfected with nontargeting siRNA (siCTRL),
siRNA against PEX1 (siPEX1), and PEX26 (siPEX26), with or without siRNA against ATG12 (siATG12) as indicated and immunostained for ABCD3. Scale bars: 50 mm. (D) Graph
of the average ABCD3 density per cell of at least 30 cells per trial (n D 3) § standard deviation in (C). Asterisks represent p-values compared with siCTRL unless otherwise
indicated: �p < 0.05. (E) Same as in (C) but cells cotransfected with or without siRNA against NBR1 (siNBR1) and immunostained for ABCD3. Scale bars: 50 mm. (F) Graph
of the average ABCD3 fluorescence intensity within the entire cell normalized to siCTRL of 30 cells per trial (n D 3) § standard deviation in (E). Asterisks represent p-val-
ues of statistics relative to siCTRL unless otherwise indicated: �p < 0.05, ��p < 0.01.
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should prevent pexophagy. Indeed, in cells lacking PEX5
expression, the absence of AAA-complex function did not
cause a loss of peroxisomes (Fig. 3G, H). Immunoblotting con-
firmed that our siRNA against PEX5 efficiently depleted PEX5

expression in HeLa cells (Fig. S2C). Together, these observa-
tions suggest that under conditions of AAA-complex defects,
ubiquitinated PEX5 accumulates on the peroxisomal mem-
brane to signal for pexophagy.

Figure 3. (For figure legend, see page 873.)
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Peroxisomal AAA-complex depletion induces
autophagosome formation

To understand the mechanism by which a loss of the peroxi-
somal AAA-complex function induces the autophagic machin-
ery, we examined whether the depletion of PEX1 or PEX26
expression can induce autophagosome formation. We hypothe-
sized that autophagic machinery may be upregulated to
account for the rapid turnover of peroxisomes in the peroxi-
somal AAA-complex-deficient cells. To determine whether
autophagy is upregulated, we looked for a change in the num-
ber of MAP1LC3B-positive punctate structures within the cells
depleted of peroxisomal AAA-complex components.
MAP1LC3B/LC3B is a ubiquitin-like cytosolic protein that is
covalently attached to phosphatidylethanolamine on nascent
phagophores; thus, an increase in MAP1LC3B punctate struc-
tures is an indication of the induction of autophagosome for-
mation.25 To monitor changes in autophagosome formation,
we quantified the density of GFP-MAP1LC3B-positive struc-
tures within cells transiently expressing GFP-MAP1LC3B.
Imaging of GFP-MAP1LC3B-expressing HeLa cells (Fig. 4A)
treated with siRNA against PEX14 did not cause a change in
the number of MAP1LC3B-positive structures compared with
the control nontargeting siRNA (Fig. 4B). However, cells
depleted of the AAA-complex components showed a significant
increase in MAP1LC3B-positive structures compared with con-
trol siRNA-treated cells. This was further confirmed by probing
for endogenous MAP1LC3B in immunofluorescence images
(Fig. 4C, D), and also by immunoblot, where there was an
increase in the MAP1LC3B-II:MAP1LC3B-I ratio in siPEX1 or
siPEX26 cells (Fig. 4E, F). To further demonstrate that the auto-
phagic machinery was upregulated, we also examined levels of
NBR1, SQSTM1, ABCD3, and the mitochondrial outer mem-
brane marker TOMM20. In PEX1 and PEX26 knockdown cells,
the expression levels of NBR1, SQSTM1 and ABCD3 decreased.
However, TOMM20, a mitochondrial protein, remained
unchanged, suggesting an increase in pexophagy, but not other
forms of selective autophagy (e.g., mitophagy) (Fig. 4E).

Autophagy inhibitors rescue peroxisome number in PEX1-
mutated PBD fibroblasts

Mutations in the peroxisomal AAA-complex make up approxi-
mately 65% to 85% of all diagnosed cases of PBDs.17,26,27 Because
cells depleted of the peroxisomal AAA-complex lose peroxisomes
by pexophagy, we postulated that chemically inhibiting autophagy
should increase peroxisome numbers in cells deficient in

peroxisomal AAA-complex function. To test this hypothesis, we
treated 2 PEX1mutant PBD patient-derived fibroblast cell lines: a
PEX1 null genotype, and a PEX1-G843D genotype, with various
autophagy inhibitors and examined the cells for changes in peroxi-
some numbers. Now, all commercially available small molecule
autophagy inhibitors indirectly or directly have multiple targets
besides a component of autophagy.25 Therefore, we used 3 differ-
ent small molecules that have different autophagy inhibition prop-
erties. The 3 autophagy inhibitors used were: LY294002, a
phosphoinositide 3-kinase and phosphatidylinositol 3-kinase
(PtdIns3K) inhibitor that targets autophagosome formation; bafi-
lomycin A1, a vacuolar-type HC-ATPase inhibitor that targets
autolysosome formation; and chloroquine, a lysosomal lumen
alkalinizer that targets the end of the pathway (for a review see
ref. 28). To assess whether inhibiting autophagy can recover perox-
isome numbers in the PEX1 mutant cell lines, we quantified the
peroxisome density from the immunofluorescence images of cells
immunostained for ABCD3, and also by immunoblot analysis
(Fig. 5).

For ease of comparison between the different cells and treat-
ments, we present the quantification of peroxisome numbers from
Fig. 5A as a relative density of ABCD3 structures with respect to
the untreated wild-type cells. These results showed a significant
increase in peroxisome numbers in both the PEX1-G843D and
PEX1 null fibroblast cells when treated with all 3 autophagy inhibi-
tors separately for 24 h (Fig. 5A, B). The increase in peroxisome
numbers upon inhibiting autophagy was verified by immunoblot
analysis for PEX14, where an increase in PEX14 was seen follow-
ing 24 h treatments with autophagy inhibitors (Fig. 5C). Of note,
the untreated PEX1-G843D cell line containing about 60% of per-
oxisomes compared with wild type showed a significant increase
in peroxisomes to levels similar to the wild type when treated with
any of the autophagy inhibitors (Fig 5B: PEX1-G843D). These
results suggest that peroxisome numbers in mutant PEX1 cell lines
can be increased by chemically inhibiting autophagy.

Autophagy inhibitors increase matrix protein import in
PBD fibroblasts

One hallmark of peroxisomal mutant AAA-complex cells is the
presence of ghost peroxisomes, which are peroxisomal mem-
brane structures that lack the enzymatic peroxisomal matrix
proteins.29 For this reason, the peroxisomal AAA-complex is
thought to be required for the import of peroxisomal matrix
proteins.30-32 However, it also has been shown that PEX5 can
target to peroxisomes independently of the peroxisomal

Figure 3. (see previous page) PEX5 accumulates on the peroxisomal membrane in a ubiquitinated form and signals for pexophagy in cells depleted of peroxisomal AAA-
complex components. (A) Immunoblots of the total cell lysates for PEX5 from HeLa cells transfected with plasmids encoding GFP-ubiquitin (GFP-Ub) and RFP-SKL after 2
d of treatment with siRNA as indicated. Cells were also treated with 10 mm chloroquine for 24 h to prevent peroxisome loss. The bracket represents modified PEX5; the
arrow indicates PEX5, whereas the asterisks (�, ��) indicate nonspecific bands. (B) Graph of the relative densitometry reading of GFP-Ubx-PEX5:PEX5 ratio; where GFP-Ubx-
PEX5 represent the higher molecular weight bands indicated in (A). The average (n D 3) § standard deviation for each condition is shown. Asterisks represent p-values
of statistics relative to siCTRL: �p < 0.05. A.U., arbitrary units. (C) Same as (A) but immunoblot for ABCD3. The top dashed arrow represents modified ABCD3; the bottom
solid arrow indicates ABCD3. (D) Representative fluorescence images of HeLa cells transfected with siRNA as indicated over 2 consecutive d and immunostained for
ABCD3 and PEX5. Scale bars: 20 mm. (E) Graph of the average density of PEX5 punctate structures within a cell (the number of PEX5 puncta per volume of cell [mm3]) of
30 cells per trial (n D 3) § standard deviation in (D). Asterisks represent p values compared with siCTRL: �p < 0.05. (F) Subcellular fractionation of HeLa cells transfected
with GFP-ubiquitin (GFP-Ub) and RFP-SKL plasmids after 2 d of treatment with siRNA and chloroquine as in (A). The post nuclear homozygous lysates (WCL) were fraction-
ated into cytosol and membrane fractions, and immunoblotted with the indicated antibodies. The top dashed arrow represents modified PEX5; the bottom solid arrow
indicates PEX5, whereas the asterisk (�) indicates nonspecific bands. (G) Representative fluorescence images of HeLa cells transfected with nontargeting siRNA (siCTRL),
siRNA against PEX1 (siPEX1), and PEX26 (siPEX26), with or without siRNA against PEX5 (siPEX5) as indicated and immunostained for ABCD3. Scale bars: 50 mm. (H) Graph
of the average ABCD3 density per cell of at least 30 cells per trial (n D 3) § standard deviation in (G). Asterisks represent p-values: �p < 0.05, ��p < 0.01.
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Figure 4. Peroxisomal AAA-complex deficiency induces autophagosome formation. (A) Representative fluorescent images of HeLa cells cotransfected with a GFP-
MAP1LC3-encoding plasmid and siRNA as indicated. Cells were fixed and the GFP fluorescence was visualized by confocal microscopy. Scale bars: 10 mm. (B) Graph of the
relative GFP-MAP1LC3B density (number of GFP-MAP1LC3B puncta per volume of each cell (mm3) normalized to siCTRL) of at least 30 cells per trial (n D 3) § standard
deviation in (A). Asterisks represent p values compared with siCTRL: �p < 0.05, ��p < 0.01. (C) Representative fluorescence images of HeLa cells transfected with siRNA as
indicated, fixed and immunostained for endogenous MAP1LC3B. Individual cells are outlined. Scale bars: 10 mm. (D) Graph of the relative MAP1LC3B density normalized
to control siRNA of at least 30 cells per trial (n D 3) § standard deviation in (C). Asterisks represent p values compared with siCTRL: ��p < 0.01. (E) Immunoblots of total
cell lysates as in (C) probed with antibodies as indicated. Arrowhead in NBR1 panel indicates the band of interest. (F) Graph of the ratio of MAP1LC3B-II:MAP1LC3B-I com-
pared with siCTRL from (E: MAP1LC3B) as determined by densitometry for each siRNA treatment. The average (n D 3) § standard deviation for each condition is shown.
Asterisks represent p-values of statistics relative to siCTRL: �p < 0.05.
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AAA-complex,33 suggesting that AAA-complex-deficient per-
oxisomes may still be able to import matrix proteins.

Based on our findings that the depletion of AAA-complex com-
ponents resulted in an increase in ubiquitinated PEX5 (Fig. 3) and
pexophagy (Fig. 2 and Fig. 4), we reasoned that peroxisomes in
AAA-complex-deficient cells are rapidly degraded. Therefore, the
ghost peroxisomes that are typically observed in AAA-complex-
deficient cells are likely newly formed peroxisomes that have not

yet imported matrix proteins. In such a case, inhibiting autophagy
should increase the half-life of peroxisomes, allowing them time to
import matrix proteins into peroxisomes and, thus, improve cellu-
lar peroxisomal function, because peroxisomal matrix proteins
carry out the majority of the peroxisomal enzymatic functions.18,19

To test this hypothesis, we used a PEX1-G843D-PTS1 human
fibroblast cell line, which is a PEX1-G843D cell line that stably
expresses the peroxisomal matrix marker GFP-PTS1.34 In these

Figure 5. Autophagy inhibitors improve peroxisome number and matrix protein import in PEX1-mutated PBD fibroblasts. (A) Representative fluorescence images of
ABCD3 in wild-type, PEX1-G843D, and PEX1 null fibroblasts cells that were mock treated, or treated with bafilomycin A1 (2 nM final), chloroquine (20 mM final), or
LY294002 (5 mM final) for 24 hours. Scale bars: 100 mm. (B) Graph of the peroxisome density, or ABCD3 puncta per cell, normalized to the mock-treated wild-type fibro-
blasts of at least 30 cells per trial in (A). The average (n D 3) § standard deviation for each condition is shown. � D p-values of statistics relative to mock-treated wild-
type fibroblasts: �p < 0.05, ��p < 0.01. y D p-values of statistics relative to mock-treated PEX1-G843D fibroblasts: yp < 0.05. zD p-values of statistics relative to mock-
treated PEX1 null fibroblasts: zp < 0.05, zzp < 0.01. ns, nonsignificant. (C) Immunoblotted total cell lysates were prepared from fibroblasts treated as in (A) (as indicated)
for 24 h. Blots were immunostained with PEX14 and GAPDH antibodies. Relative intensity of the PEX14 bands relative to GAPDH are shown below each band. (D) Repre-
sentative GFP fluorescence images of PEX1-G843D homozygous fibroblasts stably expressing GFP-PTS1 (PEX1-G843D-PTS1) that were treated with inhibitors as in (A).
Scale bars: 50 mm. (E) Graph of the density of GFP-PTS1 puncta per cell normalized to mock-treated cells as in (D). The average (nD 3)§ standard deviation for each con-
dition is shown. Asterisks represent p-values relative to nontreated cells: ��p < 0.01.
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cells, GFP-PTS1 was primarily cytosolic, suggesting disrupted
matrix protein import (Fig. 5D: mock). When these PEX1-G843D-
PTS1 fibroblasts were treated with the autophagy inhibitors for
24 h, we observed a significant redistribution of GFP-PTS1 from
the cytosol to punctate structures (Fig. 5D). This was further vali-
dated by the quantification of the punctate structures (Fig. 5E).

Low doses of chloroquine improve peroxisomal function
without compromising cellular viability

Next we examinedwhether autophagy inhibitors can improve not
only peroxisome numbers, but also their function in PBD patient
cell lines. However, since autophagy is an essential cellular process

Figure 6. Chloroquine improves peroxisome number and protein import without compromising cellular viability. (A) Wild-type fibroblasts were treated with various con-
centrations of chloroquine as indicated for 24 to 96 h. Viability was determined by MTT assay35 at 540 nm, and absorbance values for each respective concentration at a
particular time point were normalized to mock-treated cells at that same time point to obtain the viability (% control, mock). (B) Representative fluorescence images of
PEX1-G843D-PTS1 fibroblasts mock treated or treated with 5 mM chloroquine for 48 or 72 h as indicated, then fixed and stained for ABCD3. Scale bars: 100 mm. (C) Graph
of the average ABCD3 density normalized to mock-treated cells per trial (n D 3) § standard deviation in (B). Asterisks represent p-values of statistics relative to mock-
treated fibroblasts: �p < 0.05. (D) Total cell lysates were prepared from wild-type, PEX1 null, and PEX1-G843D fibroblasts mock treated or treated with 5 or 10 mM chloro-
quine as indicated for 72 h, and immunoblotted with the indicated antibodies. Relative intensity of the PEX14 bands relative to GAPDH are shown below each band. (E)
Representative GFP fluorescence images of PEX1-G843D-PTS1 cells mock treated or treated with 5 mM chloroquine for 0, 48 or 72 h. Scale bars: 100 mm. (F) Graph of the
average GFP-PTS1 density normalized to the mock-treated fibroblasts of 30 cells per trial (nD 3) § standard deviation in (E). ��p < 0.01 relative to nontreated fibroblasts.
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required for various cellular functions including development and
cell metabolism, completely inhibiting autophagy will be detri-
mental for cell viability. Hence, drug concentrations that
completely abolish autophagy will not be a viable therapeutic
treatment for PBDs. Yet, we reasoned that downregulating auto-
phagy, without abolishing it, may be sufficient to decrease the rate
of peroxisome loss without compromising cell viability. There-
fore, we next examined whether modulating autophagy activity
using the thoroughly characterized and FDA-approved auto-
phagy inhibitor chloroquine can improve peroxisome number
and function without compromising cellular viability.

To examine cell viability, we performed a MTT (3–3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay

(for a review see ref. 35), which is based on the conversion of
the formazan salt into formazan crystals, and reflects mito-
chondrial activity. Since mitochondrial activity is constant for
most viable cells,35 this assay has the ability to measure cyto-
toxic effects of drugs on cells. Using the MTT assay, we deter-
mined 5 mM of chloroquine to be the optimal concentration to
treat cells up to 96 h without significantly affecting the viability
of wild-type human fibroblasts (Fig. 6A). This concentration
also did not cause cell death in 2 different PEX1-G843D mutant
cell lines, but instead it appeared to have improved the viability
of the homozygous mutant cells after 6 d of chloroquine treat-
ment compared with mock-treated cells (Fig. S4A). To deter-
mine whether this improvement in cell viability correlated with

Figure 7. Chloroquine decreases VLCFA accumulation in PEX1-mutated fibroblasts. (A) Graph of the average VLCFA (C26:0 lysophosphatidylcholine, lysoPC) levels (pmol)
in wild-type, PEX16 null, 2 different PEX1 null (PEX1 null-A, PEX1 null-B), PEX1-G843D hemizygous and PEX1-G843D homozygous primary fibroblast cell lines grown with a
vehicle mock control (water) or with 5 mM chloroquine for 6 d. Asterisks represent p-values relative to mock-treated fibroblasts: ��p < 0.01; ns, nonsignificant. (B) Graph
of the average LCFA (C18:2 lysophosphatidylcholine, lysoPC) levels (pmol) in the same conditions as in (A) in chloroquine-treated cells compared with the mock-treated
cells. Asterisks represent p-values relative to mock-treated fibroblasts: ��p < 0.01; ns, nonsignificant.
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an increase in peroxisome numbers, we treated the PEX1-
G843D cell line stably expressing GFP-SKL (PEX1-G843D-
PTS1)36 with 5 mM chloroquine for 48 and 72 h. We found
that this low chloroquine concentration increased peroxisome
numbers as indicated by the increase in ABCD3-positive struc-
tures (Fig. 6B, C). This improvement in peroxisome numbers
was further confirmed by immunoblot analysis of whole cell
lysates from cells treated with 5 mM and 10 mM chloroquine
for 72 h, which showed that under both concentrations of chlo-
roquine, an increase in various peroxisomal markers, including
ABCD3, PEX14, and CAT (catalase), was observed (Fig. 6D).
Yet, there was less SQSTM1 accumulation at 5 mM chloroquine
compared with 10 mM, suggesting that autophagy was not
completely abolished at 5 mM, because SQSTM1 is degraded by
autophagy.25 Interestingly, increases in peroxisomal markers
were also observed for the PEX1 null cell line (Fig. 6D).

We also determined whether this low chloroquine concen-
tration could improve matrix protein import by examining the
ability of GFP-PTS1 to be imported into peroxisomes. In the
PEX1-G843D-PTS1 cells, an increase in GFP-PTS1 punctate
structures was observed when cells were treated either with
5 mM or 10 mM chloroquine at 24, 48, and 72 h compared with
untreated cells (Fig. 6E, F). This increase was observed even
after 15 d (Fig. S4B,C). However, no increase in GFP-PTS1
structures was observed in cells treated with 1 mM chloroquine.
Similarly, no increase in either peroxisome numbers or GFP-
PTS1 import was observed in untreated cells (Fig. S4D,E). This
confirms that the improvement in ABCD3 punctate structures
and GFP-PTS1 import in the PEX1-G843D-PTS1 cells was due
to chloroquine treatment.

Next we examined whether this partial inhibition of auto-
phagy could improve peroxisomal biochemical function in the
PEX1 mutants including PEX1 null and PEX1-G843D patient
cell lines. Very long chain fatty acids (VLCFA) are exclusively
metabolized in peroxisomes, and are elevated in AAA-complex
deficient patients.18 To investigate whether autophagy inhibi-
tors can improve (decrease) VLCFA levels, we quantified their
levels in several PBD cell lines using liquid chromatography-
tandem mass spectrometry (LC-MS/MS). All PBD mutant pri-
mary fibroblasts, including the PEX1 mutant cell lines, showed
elevated C26:0 lysophosphatidylcholine (lysoPC) levels
(Fig. 7A) as expected. However, when several different PEX1-
G843D mutant human fibroblast cells were treated with 5 mM
chloroquine for 6 d, a significant reduction in C26:0 lysoPC lev-
els was observed (Fig. 7A). This decrease in C26:0 lysoPC upon
chloroquine treatment of PEX1-G843D mutant fibroblast cells
could be the result of either a decrease in VLCFA synthesis, or
improvement in peroxisomal b-oxidation activity. To distin-
guish between the 2 possibilities, we also treated a wild-type
and a PEX16 null PBD cell line. This PEX16 null line has previ-
ously been shown to lack any detectable peroxisomal mem-
brane structures.37 We argue that if chloroquine is inhibiting
VLCFA synthesis, then a similar reduction in VLCFA should
be observed in all cells, including the peroxisome-deficient
PEX16 null cell line. However, as seen in Fig. 7A, the VLCFA
(C26:0 lysoPC) was not significantly lower in either the PEX16
null or the wild-type cells following chloroquine treatment. In
fact, a small increase was observed in the wild-type cells. Fur-
thermore, we also observed that the levels of C16:0 through

C22:0 (Fig. 7B and Table S1) did not decrease in chloroquine-
treated cells, suggesting that the decrease in the VLCFA levels
is unlikely due to a decrease in its synthesis (i.e., elongation
from C16:0 and/or C20). Instead, these results suggest that
chloroquine not only increases peroxisome numbers and per-
oxisomal matrix protein content, but also decreases VLCFA
accumulation.

Discussion

Now, there is no cure for PBDs, and only symptomatic treat-
ments are available. Mutations in the peroxisomal AAA-com-
plex make up most of all PBD cases. 17 We find here that upon
the acute depletion of the peroxisomal AAA-complex, peroxi-
somes are rapidly lost when compared with cells deficient in
other peroxisomal proteins, such as PEX14 or PEX16 (Fig. 1,
S1). This loss of peroxisomes is mediated by autophagy, which
is upregulated in cells deficient in peroxisomal AAA-complex
components (Fig. 2). This finding suggests that depressing
autophagy activity may prevent the loss of peroxisomes in
patient cells without a functional AAA-complex. Indeed, we
find that inhibiting autophagy with small chemical molecules
such as chloroquine in AAA-complex-deficient PEX1 mutant
PBD patient cell lines not only restored peroxisome numbers,
but also improved peroxisomal function (Figs. 6, 7).

Interestingly, bafilomycin A1 and chloroquine, both of
which neutralize the pH of lysosomes, were more effective than
the PtdIns3K inhibitor LY294002 in improving PTS1 import.
One possible explanation is that LY294002 is not highly specific
for autophagy, as it can inhibit other lipid kinases that are
involved in other functions such as cell survival, proliferation
and metabolism.38 Alternatively, it is also possible that bafilo-
mycin A1 and chloroquine may have other indirect effects on
peroxisomes other than autophagy by perturbing the acidifica-
tion of lysosomes.25 Furthermore, if bafilomycin A1 and chloro-
quine simply prevent lysosomes acidification (for a review see
ref. 28), then it can be postulated that treating cells with these
agents will result in sequestration of peroxisomes within auto-
phagosomes and autolysosomes, and thus these peroxisomes
will not be accessible by the cytosol for peroxisomal function.
However, our observations show that most of the peroxisomes
are cytosolic and not sequestered, as they are able to import
matrix proteins. This observation suggests that these lysosomo-
tropic drugs do not prevent the increase in free peroxisomes.
One possible explanation for this observation is that the forma-
tion of autophagosomes may be saturated, thus allowing the
newly formed peroxisomes to remain free in the cytosol.

Our finding that the peroxisomal AAA-complex is a regula-
tor of peroxisome quality control is not exclusive to the mam-
malian cell. During the preparation of this manuscript, similar
results were elegantly reported for S. cerevisiae.39 Similar to
what we observed in the mammalian system, the loss of peroxi-
somal AAA-complex components results in the enhancement
of pexophagy, and an increase in ubiquitinated Pex5. However,
it appears that ubiquitination of peroxisomal protein(s) is not
necessary for pexophagy in S. cerevisiae. This mechanistic dif-
ference between the 2 systems likely results from a dissimilarity
by which the 2 systems selectively target cytosolic substrates to
phagophores. Peroxisomes in S. cerevisiae are targeted to
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nascent phagophores by the autophagy receptor ATG36, which
does not bind ubiquitin; whereas in the mammalian cells, pex-
ophagy requires the ubiquitin-binding autophagy receptors
NBR1 and SQSTM1.11,40-42

Although the 2 systems may differ in the targeting of peroxi-
somes to phagophores, the role of the peroxisomal AAA-com-
plex in pexophagy is likely similar, in that they both act as a
peroxisome quality control system by removing a pexophagy
signal. Based on our findings, we propose that in mammalian
cells, the AAA-complex prevents the degradation of peroxi-
somes by removing ubiquitinated peroxisomal proteins, which
are the pexophagy signal in mammalian cells (Fig. 8). Recent
studies examining early peroxisome biogenesis genes suggest
that immature peroxisomal structures are degraded by pexoph-
agy.43,44 However, our work suggests that the degradation of
AAA-complex-deficient peroxisomes is not simply due to its
inability to form mature peroxisomes, but the inability of the

peroxisome to recycle its matrix protein import complex,
namely PEX5. We find that inhibiting AAA-complex function
results in the accumulation of ubiquitinated PEX5 on peroxi-
somes (Fig. 3), and the induction of autophagy (Fig. 4). How-
ever, inhibiting autophagy resulted in an increase in
peroxisome numbers and matrix protein import (Figs. 5, 6).
Because the peroxisomal AAA-complex is required to complete
the recycling of PEX5 in a ubiquitin-dependent fashion,32 and
ubiquitination of peroxisomes leads to pexophagy,11 we pro-
pose that the peroxisomal AAA-complex is a peroxisomal qual-
ity control factor that prevents pexophagy by removing
ubiquitinated proteins from peroxisomes. Thus, the loss of its
function will result in the accumulation of ubiquitinated PEX5
(and perhaps other peroxisomal membrane proteins) on the
peroxisomal membrane, which then promotes the recruitment
of autophagy receptors such as NBR1 and SQSTM1 to signal
its degradation (Fig. 8B). Therefore, inhibiting autophagy with
chemical inhibitors, such as chloroquine, will result in the accu-
mulation of these AAA-complex-deficient peroxisomes, which
are able to import matrix proteins required for peroxisomal
function (Fig. 8C).

A corollary of this postulation is that matrix protein import sig-
nals the degradation of the peroxisomes by accumulating ubiquiti-
nated PEX5 on the membrane. However, peroxisomes that
express and recruit the peroxisomal AAA-complex to peroxi-
somes can overcome this degradation signal by removing the
ubiquitinated proteins. This implies that the ability of peroxisomes
to recruit the AAA ATPases (PEX1, PEX6) is critical for their sur-
vival. In fact, recent cryo-electron microscopy structure studies
show that the AAA ATPases toggle on and off peroxisomes to
remove ubiquitinated proteins.14-16 This suggests that peroxisomes
must constantly recruit the AAA ATPases to maintain longevity.
Therefore, it is possible that one of the signals for pexophagy in
conditions such as hypoxia or amino acid starvation22,45,46 may be
either the removal of, or prevention of localization of, AAA
ATPases to peroxisomes to initiate the degradation of an individ-
ual peroxisome or the bulk degradation of peroxisomes.

Finally, as mutation in the peroxisomal AAA-complex makes
up the majority of PBD cases, our study suggests that use of auto-
phagy inhibitors for some PBDs may be a viable treatment that
can be used with other treatments to lessen the progressive nature
of the moderate and mild forms of PBDs. We have previously
shown that peroxisomal function in mutant PEX1-G843D cells
can be restored by chemical chaperones that might improve the
folding of PEX1G843D.34 However, autophagy inhibitors may be
used with other PEX1 mutations where the mutation does not
lead to misfolding of the protein. Our finding that the peroxi-
somal AAA-complex is required for peroxisomal quality control,
whereby its dysfunction leads to increased degradation of peroxi-
somes by autophagy, suggests that small chemical molecules with
autophagy inhibition properties may be a therapeutic strategy for
treating PBDs caused by AAA-complex dysfunction. As both
chemical chaperones and autophagy inhibitors work on different
aspects of the PEX1G843D mutation, we foresee the possibility of a
combined therapy for treating mild forms of AAA-complex-defi-
cient PBDs. Future experiments will involve determining the
effectiveness of these inhibitors in a long-term period in vivo
using a PEX1-G844D mouse model, which has been reported to
recapitulate many features of PBD patients.47

Figure 8. A model for AAA-dependent pexophagy. The peroxisomal AAA-complex
prevents ubiquitin-dependent pexophagy and enables peroxisomal matrix protein
import. (A) Cells under basal conditions possess their peroxisomal AAA-complex,
consisting of PEX1, PEX6 and PEX26, allowing for the efficient removal of ubiquiti-
nated PEX5. Import of matrix proteins is represented by -PTS1. (B) Defect in any of
the AAA-complex genes results in the loss of AAA-complex function and the accu-
mulation of ubiquitinated PEX5. This results in the recruitment of autophagy
receptors, NBR1 and SQSTM1, which then results in targeting of peroxisomes to
phagophores for degradation via pexophagy. (C) Inhibiting pexophagy with chlo-
roquine (CQ) prevents the degradation of peroxisomes, increasing their half-life,
and allowing for the import of matrix proteins. This increase in peroxisome num-
bers and their subsequent increase in import of peroxisomal matrix enzymes
results in improved peroxisomal function.
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Materials and methods

Plasmids and siRNA

GFP-MAP1LC3 was a gift from Dr. Yoshinori Ohsumi (Tokyo
Institute of Technology, Yokohama, Japan). GFP-UbG76V (GFP-
Ub) was purchased from Addgene (11928; deposited by Nico
Dantuma). PEX5-MYC was a gift from Dr. Suresh Subramani
(University of California, San Diego). siRNA directed against
PEX26 (CAAGACCCAGCCAAUCAAA), ATG12 (GUGGGCA
GUAGAGCGAACA), PEX1 (CCAAGCAACUUCAGUCAAA),
PEX14 (GAACUCAAGUCCGAAAUU), NBR1 (GGAGUG
GAUUUACCAGUUAUU), PEX16 (UGACGGGAUCCUACG
GAAG), and PEX5 (GGCAGAGAAUGAACAAGAACUAUUA)
were custom synthesized by Sigma. The control non-targeting
siRNA was purchased (Sigma, SIC001).

Antibodies

Primary antibodies used in this study include: rabbit polyclonal
anti-ATG12 (1:500; Cell Signaling Technology, 2010); rabbit
polyclonal anti-CAT (1:5000; Calbiochem, 219010); mouse
monoclonal anti-GAPDH-HRP (1:10,000; Novus Biologicals,
NB300–328H); rabbit polyclonal anti-MAP1LC3B (1:1000 for
immunoblotting; Novus Biologicals, NB100–2220, and 1:500
for immunofluorescence; Cell Signaling, 2775); mouse mono-
clonal anti-MYC (1:1000; BD Biosciences, 3800–1); mouse
monoclonal anti-NBR1 (1:1000 for immunoblotting; Abnova,
H00004077-M01); mouse monoclonal anti-SQSTM1 (1:10,000;
BD Biosciences, 610832); mouse monoclonal anti-PEX1 (1:500;
BD Transduction Laboratories, 611719); rabbit polyclonal anti-
PEX14 (1:3000; Cedarlane, 10594–1-AP); mouse polyclonal
anti-PEX26 (1:250; Novus Biologicals, NBP1–32743); rabbit
monoclonal anti-ABCD3 (1:5000 for immunoblotting or
1:2000 for immunofluorescence; Abcam, ab3421); and rabbit
polyclonal anti-TOMM20 (FL-145, 1:10,000; Santa Cruz Bio-
technology, sc-11415). The anti-PEX5 antibody used for immu-
nofluorescence was a gift from Dr. Gabrielle Dodt (University
of T€ubingen, T€ubingen, Germany) and was used at 1:500. Sec-
ondary antibodies used for western blotting include goat anti-
rabbit IgG-HRP (Santa Cruz Biotechnology, sc-2030) and goat
anti-mouse IgG-HRP (Cedarlane, CLCC30007) and both were
used at 1:10,000. Secondary antibodies used for immunofluo-
rescence include goat anti-rabbit IgG, DyLightTM 594 (Thermo
Scientific, PI35561) and goat anti-mouse IgG, DyLightTM 488
(Thermo Scientific, PI35553) and both were used at 1:1000.

The rabbit polyclonal anti-PEX5 antibody used for immu-
noblotting (1:1000) was generated by immunizing the New
Zealand white rabbit with full-length PEX5–6xHIS (accession
#NM_001131023) by standard protocol (Cedarlane, Burling-
ton, Ontario). In brief, the plasmid pGEX-4T-GST-PEX5–
6xHIS was constructed and transformed into Escherichia coli
BL21 competent cells for prokaryotic expression. The recombi-
nant GST-PEX5–6xHIS tagged PEX5 was expressed and puri-
fied first using a glutathione sepharose 4b column (GE
Healthcare, 17075605). PEX5–6xHIS was eluted from the col-
umn by treating the cells with thrombin (GE Healthcare, 27–
0846–01) to cleave it from the GST tag using an internal
thrombin cleavage site. PEX5–6xHis was further purified using
a Ni-NTA column (Qiagen, 30210).

Reagents

Hydroxychloroquine sulfate (chloroquine) was purchased from
Sigma (H0915). Bafilomycin A1 was purchased from Santa
Cruz Biotechnology (sc-201550A). LY294002 was purchased
from Cedarlane (BML-ST420–0005). Tris hydrochloride
(Tris-HCl) was purchased from FisherBrand (BP1521). 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was
purchased from BioShop (HEP002.500). Sodium dodecyl sul-
fate (SDS) was purchased from Bio-Rad (161–0416). Sucrose
was purchased from Bioshop (SUC507.1). Potassium chloride
(KCl) and ethylene glycol tetraacetic acid (EGTA) were pur-
chased from Sigma (94505 and E3889, respectively). Magne-
sium chloride (MgCl2) was purchased from BioShop
(MAG516.100) Ethylenediaminetetraacetic acid (EDTA) was
purchased from Fisher Scientific (SS412–1). Authentic stand-
ards of lyso-PCs (20-lyso-PC, 855777; 22:0-lyso-PC,
855779; 24:0-lyso-PC, 855800; 26:0-lyso-PC 855810 and 16:0-
Lyso PAF, 878119) and the tetradeuterated internal standard
(26:0 D4 lyso PC, 860389) were purchased from Avanti Polar
Lipids. The tetradeuterated internal standard (16:0 D4 lyso
PAF, 860389) was purchased from Cayman Chemical Co.
HPLC grade solvents (methanol, A956–4, acetonitrile A955–4)
were purchased from Fisher Scientific. Chloroform (650498)
and formic acid (94318) were purchased from Sigma-Aldrich.

Cell culture

HeLa cells were purchased from American Type Culture Col-
lection (CCL-2). Wild-type and Atg5 null MEFs were a gift
from Dr. Noboru Mizushima (Tokyo Medical and Dental Uni-
versity). The patient-derived wild-type and all patient-derived
PEX1 PBD patient cell lines (PEX1 null, PEX1-G843D homozy-
gous and hemizygous, PEX1-G843D-PTS1) were a gift from Dr.
Nancy Braverman (McGill University, Montreal, Quebec, Can-
ada). The PEX16 null line (GM6231) was obtained from Coriell
Biorepository (Camden, NJ, USA). All cells were grown in Dul-
becco’s modified Eagle’s medium (Fisher, 53695) supplemented
with 10% fetal bovine serum (Wisent, 08–150) and 0.1%
200 mM L-glutamine (Fisher, SH3003401) and were cultured
at 5% CO2 in a 37�C incubator. Cells were routinely tested for
mycoplasma (FroggaBio, 25235).

For immunofluorescence, cells were grown on #1 glass cov-
erslips (VWR, CA-89015725). Plasmids and siRNA were trans-
fected using Optimem (Life Technologies, 31985070) and
Lipofectamine-2000 (Life Technologies, 11668019) according
to the manufacturer’s instructions. For simultaneous siRNA
knockdown and plasmid overexpression, siRNA alone was
transfected on the first day, and siRNA and plasmids (0.5 mg
DNA per 500 mL) were cotransfected on the second day. Cells
were imaged 48 h after plasmid/siRNA transfection. Coverslips
were mounted onto microscope slides (Fisher, 22037247) using
Dako Fluorescent Mounting Medium (Dako Canada, 34538)
and dried overnight at room temperature.

Microscope image processing and acquisition

For immunofluorescence, cells were fixed using 3.7% parafor-
maldehyde (Cedarlane, 15710) in phosphate-buffered saline
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(PBS; Bio Basic Inc., PD8117) for 15 min and washed twice
with warm PBS. Cells were permeabilized using 0.1% Triton
X-100 (BioShop, TRX506.500) in PBS for 20 min. Cells were
then incubated in blocking buffer (10% fetal bovine serum in
1X PBS) for 1 h and incubated with the appropriate primary
and secondary antibodies in blocking buffer, each for 1-h
incubations at room temperature.

Laser-scanning confocal microscopy was performed on a
Zeiss LSM710 (NA: 0.55, WD: 26 mm) with a 63x/1.4 Plan-
Apochromat oil immersion objective at 37�C (Hospital for
Sick Children, Toronto, Ontario, Canada). The microscope
has 6 laser lines (405, 458, 488, 514, 561, 633 nm) and 3
channels. For the quantification of ABCD3 structures,
images were acquired in Z-sections of 0.5 to 1.0 mm thick-
ness using ZEN 2009 (Zeiss Enhanced Navigation) acquisi-
tion software. For quantification of the total fluorescence
intensity, an open pinhole was used. GFP and Dylight 488
signals were acquired using a 488-nm argon laser with a
493- to 565-nm bandpass filter. Dylight 594 signal was
acquired using a 594-nm diode laser with a 600- to 700-nm
bandpass.

For each experiment set, all images were taken with the
same acquisition setting and on the same day. This method
allows for direct comparison between the different condi-
tions. All images were acquired with a setting for optimal
signal-to-noise ratio and minimal saturated pixel. Bright-
ness/contrast of images were adjusted merely for presenta-
tion purposes, and all images of the same data set were
adjusted to the same degree. Images on the figures are rep-
resentative images that best demonstrate the quantified
results.

Quantification

Images were analyzed using Volocity software (Perkin Elmer).
At least 30 cells were quantified for each trial (n D 3) and
averaged, and were normalized against the control when nec-
essary. For quantification of peroxisome density, first, the
number of peroxisomal structures (ABCD3) and the volume
of the cell were quantified using the ‘find object’ algorithm in
Volocity in cells of interest from a Z-stack image. The density
of peroxisomes was calculated by dividing the number of per-
oxisomal structures by the volume of each cell (mm3). The
same method was done for quantifying GFP-PTS1 density.
The total fluorescence intensity of ABCD3 was measured
from an image acquired with an open pinhole, corrected for
background, and divided by the area of the cell.

Statistical analysis

Statistics were performed on data that had been generated
in triplicate using an unpaired Student t Test. For all
experiments, a p-value � 0.05 was considered not signifi-
cant (ns); 0.01–0.05 was considered significant (�), and <

0.01 was considered very significant (��). All statistics and
error bars (representing standard deviation, SD) shown are
representative of independent experiments. All statistical
analyses were performed on all available data for each
experiment.

Western blots

Cells were washed twice with PBS and lysed with ice cold lysis
buffer (100 mM Tris, pH 9, buffer containing 1% SDS [Bio-
Rad, 161–0416]) supplemented with 1X protease inhibitor
cocktail (BioShop, PIC002.1), and the lysate was heated at 95�C
with vortexing for 30 min, then centrifuged at 13,000 x g for
10 min. The protein concentration in the supernatant was
determined by BCA assay (VWR, CA82601–004), equivalent
sample amounts (10–20 mg) were subjected to 10–15% SDS-
PAGE, and protein was transferred to 0.45-mm PVDF mem-
brane (BioRad, 1620177). Membranes were blocked in 2.5%
skim milk (BioShop, SK1400.1) in PBST (1x PBS, 0.05%
Tween-20 [BioShop, 1M23298]). Membranes were probed with
the appropriate primary and HRP-conjugated secondary anti-
bodies in 2.5% skim milk. Proteins were visualized using either
Amersham ECL Prime Western Blot Detection Reagent (VWR,
CA89168–782) or EZ-ECL (FroggaBio, EZ-ECL-500). Protein
density was measured using ImageJ, an imaging processing and
analysis software, and was normalized to the density of the
GAPDH loading control.

MTT assay

For a review on the MTT assay see ref. 35 Cells were treated
with the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (Sigma-Aldrich, M2128) at a
final concentration of 0.5 mg/mL, and incubated for 4 h at 5%
CO2 in a 37�C incubator. The formazan reaction product was
dissolved in dimethyl sulfoxide (Fisher Scientific, BP231–100).
The quantity of formazan was measured by recording the
absorbance values at 540 nm using a plate reading spectropho-
tometer (Molecular Devices VersaMax 190) and analyzed using
SoftMax Pro (Hospital for Sick Children, Toronto, Ontario).

LC-MS/MS analysis

Cells were washed with 1X DPBS (Thermo Fisher Scien-
tific, 14190–144), trypsinized, and centrifuged at 1000 x g for
5 min and cell concentration was determined using a haemocy-
tometer. Cells were homogenized in 1X DPBS. An extraction
solution of methanol (Fisher Scientific, A456–4) containing
10 ng each of the internal standards, 2H4–16:0-lyso-PAF (Cay-
man Chemical, 360906) and 2H4–26:0-lyso-PC (Avanti Polar
Lipids, Inc., 860389) was added to 50 mg protein cell extract in
a glass tube. The samples were incubated on a shaker at room
temperature for 1 h. The samples were transferred to Corning
Costar spin-X centrifuge tube filters (VWR, 29442–760) and
centrifuged for 5 min. The filtrates were then transferred to
autosampler Verex vials (Phenomenex, AR0–9992–13) for
analysis by LC-MS/MS (Research Institute of the MUHC and
McGill University, Montreal, Quebec).

A Waters TQD interfaced with an Acquity UPLC system was
used for positive ion electrospray (ESI)-MS/MS ionization. Elution
of lyso-PCs was detected by monitoring multiple reaction moni-
toring (MRM) transitions representing fragmentation of
[MCH]C to m/z 104. Chromatographic resolution was achieved
via the use of a 2.1£ 50 mm, 1.7 mmWaters Acquity UPLC BEH
column. The solvent systems used were: mobile phase AD 54.5%
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water (Fisher Scientific, W6–4):45% acetonitrile (Fisher Scientific,
A955–4):0.5% formic acid (Sigma, 94318–250ML-F) and mobile
phase BD 99.5% acetonitrile:0.5% formic acid with both solutions
containing 2 mM ammonium acetate (Fisher Scientific,
A639–500). Injections of extracts dissolved in methanol were
made with initial solvent conditions of 85% mobile phase A:15%
mobile phase B. The gradient used was from 15% to 100% mobile
phase B over a period of 2.5 min, held at 100% mobile phase B for
1min before reconditioning the column back to 85%mobile phase
A:15% mobile phase B at a solvent rate of 0.7 ml/min. Quantifica-
tion of analytes was determined by generating standard curves
with authentic standards.

Membrane fractionation

Cells were washed with cold 1X PBS and lysed using subcel-
lular fractionation buffer (250 mM sucrose, 20 mM HEPES,
pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM
EGTA) with added 1 mM dithiothreitol (Fisher Scientific,
R0861) and 1X protease inhibitor cocktail before use.
Lysates were passed through a 26.5-G needle (VWR,
CABD305111) 10 times, left on ice for 20 min, and spun at
845 x g for 5 min at 4�C. A fraction was taken for the
whole cell lysate, and the remaining supernatant was then
spun using an ultracentrifuge at 105,000 x g for 30 min at
4�C. The pellet (membrane fraction) was resuspended in
lysis buffer (100 mM Tris, pH 9, buffer containing 1% SDS)
and the supernatant (cytosol fraction) was transferred to a
fresh microcentrifuge tube. All samples were frozen at
-80�C and later analyzed via immunoblot.

Abbreviations

AAA-complex AAA ATPase complex
ABCD3 ATP binding cassette subfamily D member 3
ATG5 autophagy-related 5
ATG12 autophagy-related 12
CAT catalase
ECL enhanced chemiluminescence
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GFP green fluorescent protein
GFP-MAP1LC3 green fluorescent protein tagged to

MAP1LC3 (see MAP1LC3)
GFP-PTS1 green fluorescent protein tagged to PTS1

(see PTS1)
GFP-Ub green fluorescent protein tagged to ubiquitin
HRP horseradish peroxidase
IgG immunoglobulin
LC-MS/MS liquid chromatography-tandem mass

spectrometry
LysoPC lysophosphatidylcholine
MAP1LC3B microtubule-associated protein 1 light chain

3 b
MEF mouse embryonic fibroblast
MTT 3–3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl

tetrazolium bromide
MYC v-myc avian myelocytomatosis viral onco-

gene homolog
NBR1, NBR1 autophagy cargo receptor

PBDs peroxisome biogenesis disorders
PBS phosphate-buffered saline
PEX1 peroxisomal biogenesis factor 1
PEX5 peroxisomal biogenesis factor 5
PEX6 peroxisomal biogenesis factor 6
PEX14 peroxisomal biogenesis factor 14
PEX16 peroxisomal biogenesis factor 16
PEX26 peroxisomal biogenesis factor 26
PINK1 PTEN induced putative kinase 1
PtsIns3K phosphatidylinositol 3-kinase
PTS1 peroxisome targeting sequence-1
RFP red fluorescent protein
RFP-SKL red fluorescent protein tagged to serine-

lysine-leucine
SDS sodium dodecyl sulfate
SKL serine-lysine-leucine
SQSTM1 sequestosome 1
TOMM20 translocase of outer mitochondrial mem-

brane 20
Ub ubiquitin
VLCFA very long chain fatty acids
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