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Abstract

PEX13 is an integral membrane protein on the peroxisome that
regulates peroxisomal matrix protein import during peroxisome
biogenesis. Mutations in PEX13 and other peroxin proteins are
associated with Zellweger syndrome spectrum (ZSS) disorders, a
subtype of peroxisome biogenesis disorder characterized by promi-
nent neurological, hepatic, and renal abnormalities leading to
neonatal death. The lack of functional peroxisomes in ZSS patients
is widely accepted as the underlying cause of disease; however, our
understanding of disease pathogenesis is still incomplete. Here,
we demonstrate that PEX13 is required for selective autophagy
of Sindbis virus (virophagy) and of damaged mitochondria
(mitophagy) and that disease-associated PEX13 mutants 1326T and
W313G are defective in mitophagy. The mitophagy function of
PEX13 is shared with another peroxin family member PEX3, but not
with two other peroxins, PEX14 and PEX19, which are required for
general autophagy. Together, our results demonstrate that PEX13
is required for selective autophagy, and suggest that dysregulation
of PEX13-mediated mitophagy may contribute to ZSS pathogenesis.
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Introduction

Fourteen human PEX genes have been characterized thus far, encod-
ing peroxin proteins that function in various stages of peroxisome
biogenesis, including membrane formation, import of peroxisomal
matrix proteins, and peroxisome proliferation [1,2]. Peroxisomal
membrane proteins have also been implicated as signaling platforms
involved in reactive oxygen species (ROS)-induced autophagy [3]

1,2,6,*

and antiviral immunity [4]. Similar to other PEX genes, PEX13 was
originally identified and has been best studied in the context of its
role in peroxisome biogenesis and ZSS [5,6]. Biochemically, many
ZSS patients present with elevated levels of substrates normally
processed by peroxisomes (e.g., very long-chain fatty acids) and
reduced levels of products normally synthesized by peroxisome
metabolism (e.g., plasmalogens) [7]. However, ZSS patients with
normal peroxisome metabolite levels have been described, and the
degree of peroxisomal metabolite abnormality does not always
correlate with clinical severity [8-10]. The discrepancy in the
biochemical and clinical phenotypes of ZSS patients suggests that at
least a subset of PEX mutations may contribute to ZSS disease
pathogenesis via additional molecular mechanisms independently of
their role in peroxisome biogenesis.

Autophagy is a highly conserved pathway in eukaryotes charac-
terized by the formation of double-membraned structures which
deliver cytoplasmic contents to the lysosome for degradation [11,12].
In contrast to general autophagy, which nonselectively degrades
cytoplasmic material to supply the cell with nutrients during starva-
tion, selective autophagy functions during nutrient-rich conditions to
remove specific harmful or unwanted structures. Diverse substrates
have been described for selective autophagy, including protein
aggregates (aggrephagy), mitochondria (mitophagy), peroxisomes
(pexophagy), ribosomes (ribophagy), ER (reticulophagy), intracellu-
lar pathogens (xenophagy), and lipid droplets (lipophagy) [13,14].
Dysregulation of selective autophagy underlies numerous human
pathologies, including neurodegeneration, infectious diseases, meta-
bolic diseases, cancer, and aging, thus highlighting the important
physiological roles of selective autophagy [11,15]. Cargo selectivity
is determined by autophagic receptors; these receptors facilitate
autophagosome engulfment of the cargo by interacting with both
the cargo (which is commonly ubiquitylated) and LC3 family
members on the autophagosomal membrane. Despite recent
advances in characterizing several receptors such as p62, optineurin,
and NBRI1, our understanding of selective autophagy regulation
remains limited [13]. Thus, we previously conducted a genomewide
siRNA screen to discover novel selective autophagy factors and
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identified PEX13 as a candidate selective virophagy and mitophagy
factor [16].

Results and Discussion

To evaluate whether PEX13 is a bona fide selective virophagy factor,
we examined the colocalization of mCherry-labeled capsid protein
from Sindbis virus (SIN) and the autophagosomal marker GFP-LC3
in cells with normal or reduced PEX13 expression. SIN is a single-
stranded RNA virus in the alphavirus family, and numerous previ-
ous studies have shown that SIN viral nucleocapsids are degraded
by selective autophagy [16-18]. In HeLa cells stably expressing
GFP-LC3 (HeLa/GFP-LC3 cells) and infected with SIN, four siRNA
oligos that target PEX13 (and decrease PEX13 expression [Fig 1A])
resulted in a decrease in colocalization between mCherry-capsid
and GFP-LC3 puncta (Fig 1B and C). This decrease in colocalization
was similar to that observed after knocking down ATG7, a core
autophagy gene essential for autophagic vesicle elongation, and
knocking down SMURFI [16] or FANCC [18], two previously
described selective virophagy factors. The numbers of mCherry-
capsid puncta and GFP-LC3 puncta were not decreased in PEX13-
deficient, SMURF1-deficient, or FANCC-deficient cells (Fig EV1A
and B), suggesting that the defect in colocalization is likely due to a
block in targeting the substrate to the autophagosome rather than
deficiencies in either viral replication or autophagosome formation.
(The failure of knockdown of ATG7, a core autophagy protein, to
block overall numbers of GFP-LC3 puncta but still decrease SIN
capsid targeting to autophagosomes, is consistent with previous
observations in the HeLa/VS cells used in this study [17], which are
a cell line specifically adapted to be more permissive for alphavirus
growth). Importantly, to exclude the possibility that SIN was
targeted to GFP-LC3 aggregates rather than true autophagosomes,
we confirmed that PEX13 is required for colocalization between
endogenous LC3 and mCherry-capsid (Fig EV1C-F).

We utilized murine embryonic fibroblasts (MEFs) derived from
wild-type Pex13 (PexI3*/*) and knockout PexI3 (PexI3™/7)
embryos to further confirm whether Pex13 is required for SIN
virophagy (Fig 1D and E). After infection with SIN expressing

Figure 1. PEX13 is required for Sindbis virophagy but not general autophagy.
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mCherry-capsid and GFP-LC3, Pex13~/~ MEFs showed a defect in
the colocalization of mCherry-capsid with GFP-LC3, and no dif-
ference in the mCherry-capsid or GFP-LC3 puncta numbers (Figs 1E
and EVIG and H). The defect in SIN virophagy in Pex13-deficient
MEFs is not due to a defect in general autophagy, as three well-estab-
lished assays to measure basal and starvation-induced flux, including
Western blot detection of p62 degradation, Western blot detection of
LC3-I to LC3-II conversion, and quantitation of GFP-LC3 puncta in
the presence or absence of the lysosomal inhibitor, bafilomycin Al
(Baf Al), did not reveal any decreases in basal or starvation-induced
autophagic flux in Pex13~/~ MEFs (Fig 1F and G). Thus, taken
together, our data indicate that PEX13 is required for selective
virophagy but not for general autophagy in mammalian cells.

To evaluate whether PEX13 is a mitophagy factor, we first
compared the effects of PEX13 and ATG7 siRNA knockdown on
Parkin-mediated mitophagy after treatment with the mitochondrial
uncoupling agent carbonyl cyanide m-chlorophenyl hydrazine
(CCCP) using HeLa cells stably transfected with Parkin (HeLa/
Parkin cells) (Figs 2A and B, and EV2A). PEX13 or ATG7 knock-
down did not affect basal mitochondrial morphology as assessed by
immunofluorescence imaging of TOMM20, a mitochondrial outer
membrane protein (Fig 2A). After CCCP treatment, the majority of
Parkin-expressing cells treated with noncoding (NC) siRNA lacked
TOMM20 signal, indicating clearance of damaged mitochondria
(Fig 2A and B). In contrast, the clearance of damaged mitochondria
was impaired after treatment with four different siRNAs targeted
against PEX13; the level of impairment was similar to that observed
after treatment with siRNA targeted against ATG7. At an early time
point during mitophagy, we observed Parkin colocalization with
TOMM20 even after PEX13 knockdown, suggesting that Parkin
recruitment to the mitochondria is similar in PEX13-deficient cells
and control cells (Fig EV2B). We confirmed the role of PEX13 in
mitophagy using a combination of more selective inhibitors of mito-
chondrial respiration, oligomycin, and antimycin A (OA) (as CCCP
may have direct effects on lysosomal function [19]) and by measur-
ing the clearance of mitochondrial double-stranded DNA (mtDNA)
(as the proteasomal system can contribute to the degradation of
mitochondrial outer membrane proteins such as TOMM20 but not
to mtDNA [20]). Our results indicate that four different siRNAs

A Western blot detection of PEX13, ATG7, SMURF1, and FANCC in HelLa/GFP-LC3 cells transfected with the indicated siRNA. Asterisk denotes nonspecific band.
B Representative images of GFP-LC3 colocalization with mCherry-capsid at 10 h after Sindbis virus (strain AO30) infection of HelLa/GFP-LC3 cells treated with the
indicated siRNA. siPEX13 oligo #2 is shown; similar results were observed with three other siPEX13 oligos. Arrowheads denote representative colocalized GFP-LC3/

mCherry-capsid puncta. Scale bars, 10 pum.

C Quantification of colocalized GFP-LC3 and mCherry-capsid puncta normalized to the number of mCherry-capsid puncta per cell (% colocalization) in the experiment
shown in (B). Bars are mean + SEM of triplicate samples (=100 cells analyzed per sample). Similar results were observed in more than three independent
experiments. ***P < 0.001; one-way ANOVA with adjustment for multiple comparisons. See Fig EV1A and B for quantification of mCherry-capsid puncta per cell and

GFP-LC3 puncta per cell from the same experiment.

D Western blot detection of Pex13 in MEFs of indicated genotype. Asterisks denote nonspecific bands.

E Quantification of colocalized GFP-LC3 and mCherry-capsid puncta normalized to the number of mCherry-capsid puncta per cell (% colocalization) at 8 h after Sindbis
virus (A028 strain) infection in MEFs of the indicated genotype. Bars are mean & SEM of triplicate samples (~100 cells analyzed per sample). Similar results were
observed in more than three independent experiments. *P < 0.05; two-tailed unpaired t-test. See Fig EV1G and H for quantification of mCherry-capsid puncta per cell

and GFP-LC3 puncta per cell from the same experiment.

F  Western blot detection of p62 and LC3 in MEFs of indicated genotype treated with 100 nM Baf A1 or DMSO vehicle and cultured in normal medium (starvation “—”)
or EBSS (starvation “+”) for 3 h. Similar results were observed in three independent experiments.

G Quantification of GFP-LC3 puncta in MEFs of indicated genotype treated with 10 nM Baf A1 or DMSO vehicle and cultured in normal medium or HBSS (starvation
“+”) for 3 h. Bars are mean + SEM of triplicate samples (~100 cells analyzed per sample). *P < 0.05; two-tailed unpaired t-test. NC, nonsilencing control.

Source data are available online for this figure.

© 2016 The Authors
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Figure 2. PEX13 is required for mitophagy.

A

Representative images of Parkin-mediated clearance of mitochondrial outer membrane protein TOMM20 in HelLa/Parkin cells treated with indicated siRNA 16 h after
treatment with 10 pM CCCP or DMSO vehicle control. siPEX13 oligo #2 is shown; similar results were observed with three other siPEX13 oligos. Scale bars, 20 pum.
Quantification of TOMM?20 clearance in the experiment shown in (A). Results represent mean £ SEM of triplicate samples (=100 cells analyzed per sample). Similar
results were observed in more than three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA with adjustment for multiple comparisons.
Representative images of Parkin-mediated clearance of mitochondrial double-stranded DNA (mtDNA) in Hela/HA-Parkin cells treated with indicated siRNA 8 h after
treatment with 2.5 uM oligomycin and 250 nM antimycin A (OA) or DMSO vehicle control. siPEX13 oligo #1 is shown; similar results were observed with three other
SIPEX13 oligos. Nuclear DNA staining was masked using DAPI. Scale bars, 20 um.

Quantification of mtDNA clearance in the experiment shown in (C). Results represent box plots of ~300 cells analyzed per sample. Whiskers represent 5-95% range
and the horizontal lines of the boxes indicate the 25, 50" and 75" percentiles of the dataset. Each outlier is represented by a dot. Similar results were observed in
three independent experiments. ****P < 0.0001; Kruskal-Wallis H-test.

Representative images of TOMM20 fragmentation or compaction around perinuclear region in MEFs of the indicated genotype 24 h after treatment with 30 pM
CCCP or DMSO vehicle control. White lines indicate cell borders. Scale bars, 20 pum.

Quantification of percentage of cells in experiment shown in (E) with accumulation of fragmented mitochondria after CCCP treatment. Results represent

mean =+ SEM of triplicate samples (=100 cells analyzed per sample). Similar results were observed in three independent experiments. **P < 0.01; two-tailed unpaired
t-test.

Electron microscopic analysis of E18.5 mouse embryonic liver, heart, and skeletal muscle. Shown are representative images from one mouse. Similar results were

Ming Y Lee et al

observed in three mice per genotype. Arrowheads indicate damaged mitochondria. Scale bars, 1 pm.

targeting PEX13 block OA-induced mtDNA clearance as effectively
as ATG7 siRNA (Fig 2C and D).

Next, we evaluated mitochondrial morphology and function in
Pex13*/* and Pex13~/~ primary MEFs. During basal conditions, we
observed similar reticular mitochondria morphology in Pex13*/*
and PexI3™/~ MEFs, as assessed by TOMM20 immunostaining
(Fig 2E). However, we did observe abnormal mitochondria with
disorganized cristae in basal conditions in PexI3™/~ MEFs using
electron microscopy (Fig EV2C). In MEFs, endogenous Parkin
expression is negligible [20] and Parkin overexpression in primary
MEFs does not promote the complete clearance of TOMM20 during
CCCP or OA-induced mitophagy as it does in HeLa cells. Instead,
damaged mitochondria in primary MEFs undergo Parkin-indepen-
dent partial clearance and compaction around the perinuclear region
[16]. After CCCP treatment, TOMM20 staining showed that
damaged mitochondria were compacted around the perinuclear
region and partially degraded in Pex13*/* MEFs, whereas damaged
mitochondrial fragments accumulated diffusely throughout the cyto-
plasm in Pex13~/~ MEFs (Figs 2E and F, and EV2D). Ultrastruc-
turally, many autolysosomes containing mitochondria and only a
few cytoplasmic damaged mitochondria were found in CCCP-treated
wild-type MEFs (Fig EV2C), suggesting that damaged mitochondria
were degraded via autophagy. In contrast, damaged mitochondria
accumulated in CCCP-treated Pex13~/~ MEFs (Fig EV2C). Of note,
mitochondrial oxygen consumption and extracellular acidification
rate were similar between Pex13"/" and Pex13™/~ MEFs, suggesting
that Pex13™/~ MEFs have no major defect in mitochondrial biogene-
sis (Fig EV2E and F). Taken together, our data suggest that Pex13
facilitates removal of damaged mitochondria, even in primary
fibroblasts that lack Parkin expression.

To evaluate whether Pex13 may function in mitophagy in vivo,
we performed ultrastructural analysis of tissues from Pex13*/* and
Pex13~/~ mouse embryos (as Pex13~/~ mice die neonatally). We
found widespread abnormal mitochondrial cristae structures in
Pex137~/~ livers, hearts, and skeletal muscles (Fig 2G), consistent
with a previous report [21]. Since autophagy is the only known
pathway for degrading large cellular components such as organelles
and protein aggregates and animals with tissue-specific knockout of
core autophagy genes accumulate similar morphologically abnormal
mitochondria [11], these observations are consistent with an impor-
tant homeostatic role of Pex13-mediated mitophagy in regulating

EMBO reports Vol 18 | No 1| 2017

mitochondria quality in vivo. However, we cannot rule out that the
accumulation of abnormal mitochondria in Pex13 knockout mice is
due to factors other than defective mitophagy—either related to
abnormal peroxisomal biogenesis or alterations in mitochondrial or
proteasome functions which may contribute to mitochondrial qual-
ity control.

Our findings raised the possibility that patients with ZSS due to
PEX13 mutations may have defects in selective autophagy. To test
this hypothesis, we compared the effects of siRNA-resistant wild-
type (WT) and disease-associated mutation-encoding PEX13 expres-
sion plasmids on the rescue of selective autophagy after PEX13
siRNA knockdown in HeLa/Parkin cells (Fig 3A-C). We focused on
mitophagy rather than virophagy because HeLa cells and MEF cells
are resistant to SIN infection after plasmid transfection. PEX13
1326T [22] and PEX13 W313G [23] are less stable than WT PEX13,
but with higher concentration of plasmid transfection we observed
similar levels of protein expression of WT and mutated PEX13 in
HeLa/Parkin cells (Fig 3A).
endogenous PEX13 was undetectable, but overexpressed WT and
mutated PEX13 could both be detected (Fig 3B), and they colocal-
ized with the peroxisomal marker PMP70 (Fig EV3A). siRNA-resis-
tant WT PEX13, but neither disease-associated mutant, PEX13 [326T
or PEX13 W313G, partially rescued the mitophagy defect in CCCP-
treated HeLa/Parkin cells with PEX13 knockdown (Fig 3C). Surpris-
ingly, cells expressing the PEX13 1326T or PEX13 W313G mutants
showed a greater mitophagy defect compared with cells with empty
vector control (Fig 3C) and mitochondria in mutant transfected cells
appeared fragmented and aggregated even during basal conditions
(Fig EV3B). These data suggest that PEX13 proteins containing
disease-associated mutations are not only defective in mitophagy,
they may also have a gain-of-function effect on interfering with
basal mitochondria quality control.

To more directly evaluate whether cells from patients with
PEX13 ZSS disease-associated mutants have defects in mitochon-
drial clearance, we performed studies on primary fibroblasts derived
from a patient with a PEX13 W313G homozygous mutation [23].
Like MEFs, primary human fibroblasts do not express endogenous
Parkin and CCCP or OA treatment results in Parkin-independent
partial mitochondrial clearance and compaction around the perinu-
clear region [18]. Similar to our findings in CCCP-treated Pex13~/~
vs. Pex13*/" MEFs, OA treatment resulted in partial mitochondrial

By immunofluorescence imaging,

© 2016 The Authors



Ming Y Lee et al ~ PEX13 functions in selective autophagy EMBO reports

*kk

A

(9]

§ 80 - 'L:,;'
siRNA: NC PEX13#2 2 E 5
siRNA-resistant  empty empty WT & a2 v e )
PEX13 plasmid  vector vector el S kDa % 3 40 | ;
o
H——— N )
PEX13 — — | 50 IS o0 I
o=
ACTIN 2 o —
- - 37 siRNA-resistant empty empty
PEX13 plasmid vector vector WT  1326T W313G
siRNA: NC PEX13 #2
B SiRNA: NC PEX13#2

siRNA-resistant
PEX13 plasmid: empty vector empty vector WT PEX13 PEX13 1326T PEX13 W313G

TOMM20

80 - ’—‘

70 - T
60 -

@]

)

& D

:
PEX13 | v DMSO

m—— c—

ACTIN

40 -
30 -
20 -

fragmented mitochondria (%)

Human fibroblasts with accumulation of

DAPI

WT W313G
Figure 3.

© 2016 The Authors EMBO reports Vol 18 | No 1| 2017

53



54

EMBO reports

Figure 3.
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siRNA-resistant WT PEX13, but not disease-associated mutants PEX13 1326T and W313G rescue the mitophagy defect in PEX13 knockdown cells.

A Western blot detection of PEX13 in HeLa/Parkin cells transfected with indicated siRNA and siRNA-resistant PEX13 plasmid. To achieve similar PEX13 protein

expression levels, 0.75 pg PEX13 I1326T and PEX13 W313G plasmids were transfected compared with 0.25 ug WT PEX13. Total plasmid level was adjusted using empty
vector. Asterisk denotes nonspecific band.

B Representative images of Parkin-mediated clearance of TOMM20 in HeLa/Parkin cells treated with PEX13 siRNA and transfected with indicated PEX13 siRNA-resistant

plasmid and then treated with CCCP (10 uM, 16 h). Arrowheads indicate cells expressing exogenous PEX13. Scale bars, 20 um. See Fig EV3B for representative images
of mitochondrial morphology (TOMM?20 staining) in control cells treated with DMSO.

C Quantification of experiment shown in (B). Results represent mean + SEM of triplicate samples (=100 cells analyzed per sample). Similar results were observed in

three independent experiments. *P < 0.05, **P < 0.01,***P < 0.001; two-tailed unpaired t-test.

D Western blot detection of PEX13 expression in wild-type (WT) and PEX13 W313G (W313G) mutant primary human fibroblasts.

Representative images of Parkin-mediated clearance of TOMM20 in wild-type (WT) and PEX13 W313G (W313G) mutant primary human fibroblasts treated with
oligomycin (2.5 pM) + antimycin A (250 nM) for 24 h. Scale bars, 20 pm. W313G cells varied in morphology; outlined cell in upper right panel shows a representative

cell with larger size and abnormal mitochondrial morphology (see Fig EV3C for higher resolution imaging) and outlined cell in lower right panel shows a
representative cell with accumulation of fragmented mitochondria that would be scored as positive in (F).

F Quantification of experiment shown in (E). Results represent mean + SEM of five groups of 10 images of random fields of cells (> 350 cells analyzed per sample).
Similar results were observed in two independent experiments. ***P < 0.0001; two-tailed unpaired t-test.

Source data are available online for this figure.

clearance and compaction of remaining mitochondria in the perinu-
clear region, whereas fragments of damaged mitochondria accumu-
lated throughout the cytoplasm in a higher percentage of PEX13
W313G mutant than PEX13 wild-type cells (Fig 3E and F). In the
absence of OA treatment, the morphology of PEX13 W313G cells
was variable, and some cells (see example, upper right, Fig 3E)
were larger and had abnormal-appearing mitochondria compared
with wild-type fibroblasts. To further examine whether the defect in
OA-induced mitophagy in PEX13 W313G mutant fibroblasts is asso-
ciated with basal abnormalities in mitochondria, we performed
super-resolution structured illumination microscopy of wild-type
and PEX13 W313G mutant fibroblasts labeled with MitoTracker
CMXrosamine (Mitotracker Red), a dye sensitive to mitochondrial
membrane potential (Fig EV3C). Similar to our observations in
PEX13 siRNA-treated HeLa cells expressing PEX13 W313G, the retic-
ular mitochondrial network was markedly disrupted in PEX13
W313G mutant fibroblasts. In addition, we found that, compared
with wild-type cells, in PEX13 W313G cells the overall intensity of
MitoTracker Red staining was decreased, indicating a decrease in
mitochondrial membrane potential. Taken together, these findings
provide further evidence supporting a defect in basal mitochondrial
quality control in PEX13 W313G-expressing cells.

Next, we sought to characterize the subcellular localization and
expression levels of PEX13 during mitophagy. PEX13 formed punc-
tate staining that strongly colocalized with PMP70 during both basal
and mitophagy conditions (Fig 4A). Moreover, PEX13 did not colo-
calize with TOMM20 (Fig 4B) nor with WIPI2, a marker of early
autophagosomes [24] (Fig 4C). Furthermore, we did not observe
any difference in PEX13 protein levels during mitophagy (Fig 4D).
Together, our data suggest that PEX13 remains localized to the
peroxisomal membrane and is not degraded during mitophagy.
Since PEX13 remains localized to the peroxisomal membrane and
does not colocalize with either the selective autophagic cargo (the
mitochondria) or the early autophagic membrane during
mitophagy, it likely does not function as a direct adaptor during
selective autophagy.

Our findings raised the question of whether all proteins involved
in peroxisome biogenesis function in mitophagy or whether PEX13
proteins (and potentially certain other PEX proteins) have a function
independent of peroxisome biogenesis in mitophagy. During peroxi-
some biogenesis, PEX13 interacts with PEX14 and PEXS5 for

EMBO reports Vol 18 | No 1| 2017

peroxisomal matrix protein import, whereas PEX3 and PEX19 func-
tion upstream in the formation of peroxisomal membrane [2]. Since
the peroxisome biogenesis function of PEX13 depends on other
peroxin family members, we evaluated whether other peroxins are
required for mitophagy and general autophagy. Of note, PEXS and
PEX19 are involved in ROS-induced general autophagy [3], and we
previously identified PEX3 as a candidate selective autophagy factor
[16]. Using pools of four siRNAs targeting each gene, we knocked
down PEX3, PEXS, PEX13, PEX14, or PEX19 in HeLa cells (Fig S5A).
The siRNA pool did not knock down PEXS efficiently (data not
shown); thus, it was excluded from our study.

siPEX3 and siPEX13 treatment inhibited CCCP-induced TOMM20
clearance (Fig 5B) and OA-induced mtDNA clearance in HeLa cells
expressing Parkin (Fig 5C). Using four individual siRNAs targeting
PEX3, we further confirmed that PEX3 is required for selective mito-
phagy (Fig EV4). Similar to knockdown of PEX13 (Fig EV2B),
siRNA targeting PEX3 did not block Parkin localization to mitochon-
dria during mitophagy (Fig EV4B). Somewhat surprisingly, CCCP-
induced TOMM20 clearance and OA-induced mtDNA clearance
levels were normal in siPEX14 and siPEXI19 treated HeLa/Parkin
cells (Fig 5B and C). (Since PEX19 is required for general autop-
hagy, we had expected a partial decrease in mitophagy after PEX19
knockdown.) Based on these data, we conclude that a deficiency in
PEX3 or PEX13 inhibits mitophagy, whereas a deficiency in PEX14
or PEX19 does not inhibit mitophagy.

After transient knockdown of PEX genes in HeLa/Parkin cells for
48 h, we did not observe changes in the number or morphology
PMP70 puncta (Fig EV5SA and B). This is not surprising, as mamma-
lian peroxisomes typically have a half-life of approximately 2 days
during basal conditions [25]. The peroxisomes and mitochondria in
these cells did not colocalize during basal and mitophagy condi-
tions, similar to what we observed in control siRNA-treated cells
(Fig EV5A and B). Thus, short-term deficiency of PEX13, PEX3,
PEX14, or PEX19 does not result in peroxisomal disappearance and
does not alter peroxisome and mitochondria subcellular localiza-
tion. Moreover, peroxisomal ghosts (labeled by PMP70 staining) in
Pex13~/~ MEFs did not colocalize with mitochondria during basal
or mitophagy conditions (Fig EV5C).

Next, we evaluated whether these peroxins are involved in basal
and starvation-induced general autophagy. We found that GFP-LC3
puncta numbers were similar in HeLa/GFP-LC3 cells treated with

© 2016 The Authors
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Figure 4. PEX13 colocalizes with peroxisomes, but not with mitochondria or early autophagosomes during CCCP-induced mitophagy.
A-C Representative images of PEX13 and PMP70 (A), PEX13 and TOMM20 (B), or PEX13-Flag and WIPI2 (C) colocalization in HelLa/Parkin cells transfected with PEX13

after 4 h DMSO or CCCP treatment.

D Western blot detection of endogenous PEX13 in Hela/Parkin cells treated with 10 puM CCCP for the indicated time. Asterisk denotes nonspecific band.

Data information: Scale bars, 20 pm (A, B) and 5 um (C).
Source data are available online for this figure.

siPEX3, siPEX13, and control siRNA in basal and starvation condi-
tions either in the presence or absence of Baf Al treatment. In fact,
PEX13 siRNA slightly increased autophagic flux in both conditions.
Thus, neither PEX3 nor PEX13 are required for general autophagy.
In contrast, PEX14 and PEXI19 siRNA reduced GFP-LC3 puncta
number during basal and starvation conditions to a similar extent as
ATG7 siRNA, indicating reduced autophagic flux (Fig 5D). Similar
autophagic flux analysis results were observed by quantifying
endogenous LC3 puncta (Fig EV5D). These results corroborate a
previous report indicating that PEX19 is required for general (ROS-
induced) autophagy [3], and further identify starvation as an addi-
tional stimulus for PEX19-dependent autophagy pathway. In
summary, we found that a subset of peroxins, PEX13 and PEX3, are
required for selective autophagy, whereas another subset of per-
oxins, PEX14 and PEX19, are required for general autophagy.

In this study, we provide multiple lines of evidence supporting
an essential role of PEX13 and PEX3 in selective, and not general,

© 2016 The Authors

autophagy in mammalian cells. Previous studies showed that
PEX3 is required not only for peroxisome biogenesis, but also for
peroxisomal degradation via pexophagy in yeast [26] and in
mammalian cells [27]. Here, we showed that PEXI3 is required
for selective autophagy of two very different targets, a viral
nucleocapsid protein and mitochondria, and that PEX3 is required
for selective autophagy of mitochondria. Given that many factors
involved in selective autophagy, including autophagy receptors
(e.g., p62, NBRI, optineurin) and targeting signals (e.g., ubiqui-
tin), mediate clearance of diverse substrates [13], we speculate
that PEX3 and PEX13 may also be involved in other forms of
selective autophagy.

Autophagy receptors facilitate the selective engulfment of cargo
by the autophagosome by directly binding to the cargo and the
autophagosomal membrane [13]. Our observation that PEX13 did
not colocalize with markers of the early autophagosome (WIPI2) or
with the selective autophagic cargo (TOMM20) during basal and
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Figure 5. PEX13 and PEX3 are required for selective mitophagy, whereas PEX14 and PEX19 are required for general autophagy.

A Quantitative real-time PCR detection of mRNA levels for PEX3, PEX13, PEX14, and PEX19 in Hela cells transfected with the indicated siRNA. Results represent mean +
SEM of triplicate samples. Similar results were observed in three independent experiments. ***P < 0.001; two-tailed unpaired t-test.

B

Starvation + Baf A1

Quantification of Parkin-mediated TOMM20 clearance in HeLa/Parkin cells transfected with the indicated siRNA 16 h after treatment with 10 pM CCCP. Results

represent mean + SEM of triplicate samples (=100 cells analyzed per sample). Similar results were observed in three independent experiments. **P < 0.01,

mitophagy conditions suggests it does not function as an autophagy
receptor. Given the precedent of peroxisome-associated proteins
functioning as signaling platforms [3,4], we speculate that PEX13

56

***p < 0.001; one-way ANOVA with adjustment for multiple comparisons.

Quantification of mtDNA clearance in HelLa/HA-Parkin cells transfected with the indicated siRNA 8 h after treatment with 2.5 pM oligomycin and 250 nM antimycin
A (OA). Results represent box plots of ~300 cells analyzed per sample. Whiskers represent 5-95% range and the horizontal lines of the boxes indicate the 25, 50",
and 75" percentiles of the dataset. Each outlier is represented by a dot. Similar results were observed in three independent experiments. ****P < 0.0001, NS = not
significant; Kruskal-Wallis H-test.

Quantification of GFP-LC3 puncta in Hela/GFP-LC3 cells treated with 10 nM Baf A1 or DMSO vehicle and cultured for 3 h in normal medium or HBSS starvation
media. Results represent mean + SEM in triplicate samples (=100 cells analyzed per sample). Similar results were observed in three independent experiments.

*P < 0.05, **P < 0.01, ***P < 0.001, NS = not significant; one-way ANOVA with adjustment for multiple comparisons. Statistical analyses refer to the differences
between Pex or ATG7 siRNAs vs. NC siRNA within each treatment group.

may regulate selective autophagy as a peroxisomal membrane-
associated signaling node, leading to downstream posttranslational
modifications (such as ubiquitylation [28] or phosphorylation
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[29,30]) and activation of other yet-to-be identified selective autop-
hagy regulators. Unbiased proteomics approaches will be helpful to
interrogate this pathway. From a teleological perspective, it is
reasonable to postulate the dual function of certain proteins such as
PEX13 in the biogenesis of peroxisomes—organelles that detoxify
reactive oxygen intermediates—and in mitophagy, a process that
involves the removal of damaged mitochondria that generate reactive
oxygen intermediates.

Although the molecular mechanism underlying PEX13 regula-
tion of selective autophagy remains to be determined, our study
provides important insights into ZSS pathogenesis. Cells express-
ing the PEX13 disease-associated [326T and W313G mutant
proteins showed a greater mitophagy defect compared with cells
with PEX13 knockdown alone. Furthermore, overexpression of
PEX13 with these mutations, but not wild-type PEX13, disrupted
the normal reticular staining pattern of mitochondria during
basal growth conditions. These results suggest that the disease-
associated mutations interfere with mitophagy and mitochondrial
quality control. In support of this hypothesis, mitochondria from
patient fibroblasts homozygous for the W313G mutation had
abnormal mitochondrial membrane potential and morphology
during baseline conditions, and a defect in perinuclear mitochon-
drial compaction following treatment with a mitochondrial
uncoupling reagent.

Abnormal mitochondria are frequently observed in patients with
PEX mutations and have been suggested to contribute to ZSS
disease pathogenesis [31,32]. The current prevailing paradigm is
that mitochondrial dysfunction in ZSS is secondary to the defect in
peroxisomal antioxidant functions and accumulation of lipid
metabolites from the B-oxidation process [31]. Based on our discov-
ery that a subset of PEX genes are required for selective autophagy
(PEX3 and PEX13), while another subset are required for general
autophagy (PEX14 and PEX19), we propose that dysregulation of
mitochondrial quality control in cells with defective mitophagy or
general autophagy contributes to ZSS pathogenesis. Defects in mito-
phagy-specific genes or core autophagy genes both lead to abnor-
mal mitochondrial function, which contributes to the pathogenesis
of aging, neurodegeneration, and cancer [33]. Our model is not
mutually exclusive with the previous paradigm of ZSS pathogene-
sis; the two functions of PEX13 could be additive in promoting
mitochondrial health. Further studies are required to delineate the
mechanisms by which peroxisome-associated proteins contribute to
autophagy, as well as the role of autophagy defects in the pathogen-
esis of developmental disorders associated with mutations in
peroxin proteins.

Materials and Methods

Cell culture

HeLa cells [34] (provided by V. Stollar) and HEK293T cells were
cultured in DMEM containing 10% fetal bovine serum (FBS),
2 mM L-glutamine, and 1x penicillin/streptomycin. HeLa/GFP-LC3
cells [17] were cultured in media containing 10 pg/ml G418.
HeLa/Parkin cells were generated by stable transfection of a
pIRES-hyg3 vector (Clontech) expressing Parkin cDNA and
cultured in media containing 100 pg/ml hygromycin B. HeLa/
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HA-Parkin cells were generated by retroviral transduction and
cultured in media containing 0.25 pg/ml puromycin (see “Retro-
viruses and lentiviruses” section for details). Primary murine
embryonic fibroblasts (MEFs) were derived from day 13.5 embryos
by crossing PexI13*/~ mice and genotyped using previously
described methods [21,35]. Additionally, mice that transgenically
express GFP-LC3 [36] (provided by N. Mizushima) were crossed
with Pex13%/~ mice to obtain Pex13"/~/GFP-LC3 mice, and this
strain was bred to harvest Pex13"/*/GFP-LC3 and Pex13~/~/GFP-
LC3 MEFs. Primary MEFs were maintained in DMEM containing
15% FBS, 1x penicillin/streptomycin, 120 uM B-mercaptoethanol,
and 1x MEM nonessential amino acids and passaged no more than
four times. Primary human fibroblasts from Zellweger syndrome
patient fibroblast containing homozygous W313G mutation from
control human subject without Zellweger syndrome were cultured
in DMEM containing 10% FBS, 2 mM L-glutamine, and 1x peni-
cillin/streptomycin [23]. For starvation experiments, cells were
cultured in Hank’s balanced salt solution (HBSS) (Sigma, H9269)
or Earle’s balanced salt solution (EBSS) (Sigma, E7510) for the
indicated time period. All cell lines were tested for mycoplasma
contamination. HeLa cells and HeLa/Parkin cells were authenti-
cated by STR profiling.

Animal experiments

Pex13*/~ and GFP-LC3 transgenic mice were housed and bred in a
specific pathogen-free animal facility to obtain MEFs of the desired
genotype and embryos for electron microscopic analyses. All animal
experiments were approved by the UT Southwestern Institutional
Animal Care and Use Committee.

siRNA transfection

siRNA sequences and the source of siRNAs are provided in
Appendix Table S1. siRNA was transfected using Lipofectamine 2000
(Invitrogen) or RNAIMAX (Invitrogen) at a final concentration of
50 nM according to the manufacturer’s instructions 48 h before
experiments.

Sindbis virophagy assays

Recombinant Sindbis virus strains SIN-mCherry.capsid (strain
A030) and SIN-mCherry.capsid/GFP-LC3 (strain AO28) were
generated, titered, and used for infections as previously described
[16,37,38]. SIN-mCherry.capsid infections of HeLa/GFP-LC3 cells
were performed at a multiplicity of infection (MOI) of five
plaque-forming units (PFUs) per cell for 10 h. SIN-mCherry.
capsid/GFP-LC3 infections of primary MEFs were performed at
an MOI of 2.5 PFUs per cell for 16 h. Fluorescent microscopy
images were analyzed by an observer blinded to experimental
condition and the number of mCherry-capsid puncta, GFP-LC3
puncta, and colocalized mCherry-capsid/GFP-LC3 puncta was
counted per cell.

Mitophagy assays

HeLa/Parkin cells were treated with 10 uM CCCP for 16 h, fixed,
and then subjected to immunofluorescence staining to detect
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TOMM20. The number of cells with < 10 mitochondria/cell and
with > 10 mitochondria/cell was counted by an observer blinded to
experimental condition. For rescue experiments, HelLa/Parkin cells
were treated with siRNA for 24 h, transfected with plasmids
expressing siRNA-resistant WT or mutant PEX13 for an additional
24 h, and then treated with CCCP for 16 h. Additionally, HeLa/
HA-Parkin cells were treated with 2.5 uM oligomycin A and 250 nM
antimycin A for 8 h, fixed, subjected to immunofluorescence stain-
ing to detect dsDNA, and analyzed by CellMask immunofluores-
cence imaging wusing Z-stacks (see “Immunofluorescence
microscopy and image analysis” section for details). Primary MEFs
and human fibroblasts were treated with 30 pM CCCP or 2.5 uM
oligomycin A and 250 nM antimycin A, respectively, for 24 h, fixed,
and then subjected to immunofluorescence staining to detect
TOMM20. The number of cells with mitochondrial compaction
around the nucleus and the number of cells with diffuse fragmenta-
tion of damaged mitochondria was counted by an observer blinded
to experimental condition.

Autophagy analyses

Autophagy was assessed by fluorescent microscopy quantification
of GFP-LC3 puncta in Pex13*/* /GFP-LC3 MEFs, Pex13~/~/GFP-LC3
MEFs, and in HeLa/GFP-LC3 cells by an observed blinded to experi-
mental condition as previously described [39] and by Western blot
analysis of LC3. Autophagic flux was assessed by Western blot
detection of p62 and LC3 and by quantitating GFP-LC3 puncta in the
presence or absence of Baf Al. Autophagic flux was also assessed
by quantitating endogenous LC3 puncta in the presence or absence
of Baf Al.

Immunofluorescence microscopy and image analysis

HeLa cells and MEFs were cultured on glass chamber slides (Lab-
Tek), fixed in 2% paraformaldehyde (PFA) in PBS, permeabilized in
0.5% triton X-100/PBS, and then blocked with blocking buffer
(0.5% BSA and 0.2% cold fish gelatin in PBS). Slides were incu-
bated with primary antibodies overnight at 4°C, secondary anti-
bodies at room temperature for 1 h, and then mounted with
VectaShield containing DAPI (Vector). Negative control samples
with only secondary antibody staining were used to determine back-
ground immunofluorescence levels. For experiments involving
cellular segmentation, CellMask Deep Red (ThermoFisher C10046,
1:5,000) was applied with secondary antibodies. Z-stack images
were acquired with a Zeiss Axiolmager Z2 microscope equipped
with a Photometrics CoolSnap HQ2 camera and a Zeiss PLAN
APOCHROMAT 20%/0.8 NA air objective or 63x/1.3 NA oil objec-
tive using the same acquisition time for all samples within each
experiment. Images were deconvolved using AutoDeBlur (Bitplane)
and analyzed using the Cell module in Imaris version 8.2 (Bitplane).
For images stained for double-stranded DNA related to quantitative
image analysis of mitochondria DNA clearance, nuclear DNA stain-
ing was masked using Imaris by generating a nuclear surface using
the DAPI channel and then setting non-DAPI signal within the
nuclear surface to zero. For PMP70 and TOMM?20 colocalization
images, nonspecific nuclear staining was masked using Imaris. MEF
and human fibroblast cell border outlines were drawn manually
using Photoshop.
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Structured illumination microscopy of mitochondria

Cells were grown and treated with MitoTracker CMXROS on
#1.5 coverslips in six-well plates. After treatment (50 nM,
30 min), cells were rinsed three times with complete medium,
fixed in 2% PFA for 10 min, and rinsed with PBS. After fixation,
coverslips were placed inverted onto ~50 pl Prolong Diamond
mounting medium (Invitrogen) on glass slides. Images were
acquired with a Deltavision OMX SR microscope (GE) equipped
with an Olympus PLAPON 60X/1.42 NA objective and channel-
dedicated pco.edge sCMOS cameras (PCO). SIM reconstructions
and 3D projections were performed using Deltavision softWoRx
software (GE).

Western blot analyses

Cultured cells were lysed in buffer containing 150 mM NaCl,
25 mM HEPES, 1 mM EDTA, 1% Triton X-100, protease inhibitor
mixture (Roche Applied Sciences), and Halt phosphatase inhibitor
cocktail (Thermo Scientific) for 1 h at 4°C, boiled in Laemmli buffer
containing 2.5% p-mercaptoethanol for 5 min, separated by SDS—
PAGE, and then transferred to PVDF membranes. Membranes were
blocked in 5% milk for 1 h and then incubated in the indicated anti-
bodies. Membranes were imaged using ECL Prime Western Blotting
Detection Reagent (GE Healthcare) or Supersignal® West Pico
Chemiluminescent Substrate kit (Pierce) on a digital imaging system
(BioSpectrum, UVP).

Quantitative real-time-PCR

Total RNA was isolated from cells using the RNeasy Plus Mini Kit
(Qiagen) and 1 pg RNA was used to generate cDNA (iScript, Bio-
Rad). Quantitative RT-PCR was performed using the SYBR Green
Master Mix (Qiagen) and detected using a 7500 Fast Real-Time PCR
System (Applied Biosystems). Primers for the reactions are listed in
Appendix Table S2.

Electron microscopy

Tissue samples from day 18.5 mouse embryos and primary MEFs
were treated with CCCP or DMSO vehicle, prepared for electron
microscopy as described [40], and imaged using a JEOL 1200EX
microscope equipped with an SIS Morada CCD camera.

Mitochondrial functional assays

Oxygen consumption rate and proton production rate, as
assessed by extracellular acidification rate, were assessed in a
Seahorse Biosciences Extracellular Flux Analyzer (model XF96)
according to previous protocol [41]. Ten thousand MEF cells
were plated 18 h prior to measurement in complete medium in a
96-well plate. Cells were equilibrated in media containing DMEM
lacking bicarbonate (Sigma DS5030) 1 h prior to experiment.
Oxygen and pH levels were measured over 5-min periods at
basal state, and after sequential addition of 2 puM oligomycin,
10 pM CCCP, and 2 pM antimycin A to evaluate maximal mito-
chondrial respiration. Data are normalized to total protein level
in each well.
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Chemical reagents and antibodies

Antimycin A (Santa Cruz), oligomycin (Santa Cruz), CCCP (Sigma),
bafilomycin Al (Sigma), and MitoTracker CMXROS (ThermoFisher)
were resuspended in DMSO (Sigma). Antimycin A and oligomycin
were stored in aliquots at —80°C. CCCP and bafilomycin Al were
stored in aliquots at —20°C. Primary antibodies for immunofluores-
cent staining include the following: rabbit anti-LC3 (Sigma L7543,
1:5,000), rabbit anti-TOMM20 (Santa Cruz sc-11415, 1:1,000),
mouse anti-Parkin (Cell Signaling 4211, 1:1,000), mouse anti-DNA
(Millipore CBL186, 1:1,000), mouse anti-ATP5B (Santa Cruz sc-
166462, 1:1,000), mouse anti-PEX13 (Santa Cruz sc-271477, 1:100),
rabbit anti-PMP70 (Thermo Scientific PA1-650, 1:1,000), mouse
anti-Flag (Sigma 184-200UG, 1:1,000), and rabbit anti-WIPI2
(Abcam ab105459, 1:500). Secondary antibodies were conjugated to
AlexaFluor488, AlexaFluor594, and/or AlexaFluor647 (Invitrogen,
1:750). Primary antibodies for Western blot analyses include the
following: mouse anti-PEX13 (Santa Cruz sc-271477, 1:200), rabbit
anti-ATG7 (Sigma A2856, 1:1,000), rabbit anti-FANCC (Fanconi
Anemia Research Fund FANCC-C2, 1:1,000), mouse anti-SMURF1
(Sigma WH0057154M1, 1:1,000), guinea pig anti-p62 (Progen GP62-
C, 1:1,000), rabbit anti-LC3 (Novus NB100-2220, 1:1,000), and HRP-
conjugated mouse anti-actin (Santa Cruz sc-47778-HRP, 1:2,000).

Constructs

The pCMV6 vector expressing human PEX13-MYC-DDK was
purchased from Origene. PEX13 disease-associated mutants [326T
and W313G, siRNA-resistant constructs, and constructs without
MYC-DDK tags were generated using QuikChange II Site-Directed
Mutagenesis kit (Agilent Technologies). PEX13 constructs with resis-
tance to siPEXI3 oligo #2 were generated using two successive
steps. Primers are listed in Appendix Table S3.

Retroviruses and lentiviruses

pMXs-IP-HA-Parkin [20] (Addgene #38248) was cotransfected with
the helper plasmids pUMVC and pCMV-VSV-G [42] (Addgene #8849
and #8454) into HEK293T cells. PEX13 cDNAs containing WT,
W313G mutation, and [326T mutation were cloned into pLenti-C-
Myc-DDK-IRES-Neo vector (Origene), then cotransfected into
HEK293 cells with the helper plasmids pCMVAR8.91 [43] and
pMDG [44]. Retro- or lentiviral supernatant was filtered through a
0.45-um membrane and then added to target cells in the presence of
polybrene (8 pg/ml). Cells were selected in media containing
0.5 pg/ml puromycin or 500 pg/ml G418 and then maintained in
media containing 0.25 pg/ml puromycin and/or 100 pg/ml G418.

Statistical analyses

Two-tailed unpaired Student’s t-test was used for the comparison of
means of two normally distributed datasets. ANOVA with adjust-
ment for multiple comparisons was used for comparing multiple
conditions to a single control. Kruskal-Wallis H-test was used for
comparing multiple non-normally distributed datasets to one control.
Unless otherwise specified, data shown represent mean =+ error bars
for technical replicates and similar results were observed in at least
three independent experiments. Since the absolute values in readouts
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of control samples can vary significantly across independent experi-
ments, it is more meaningful to compare experimental conditions to
the control conditions within a given experiment.

Expanded View for this article is available online.
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