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PEX5 regulates autophagy via the
mTORC1-TFEB axis during starvation
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Abstract
Defects in the PEX5 gene impair the import of peroxisomal matrix proteins, leading to nonfunctional peroxisomes and
other associated pathological defects such as Zellweger syndrome. Although PEX5 regulates autophagy process in a
stress condition, the mechanisms controlling autophagy by PEX5 under nutrient deprivation are largely unknown.
Herein, we show a novel function of PEX5 in the regulation of autophagy via Transcription Factor EB (TFEB). Under
serum-starved conditions, when PEX5 is depleted, the mammalian target of rapamycin (mTORC1) inhibitor TSC2 is
downregulated, which results in increased phosphorylation of the mTORC1 substrates, including 70S6K, S6K, and 4E-
BP-1. mTORC1 activation further suppresses the nuclear localization of TFEB, as indicated by decreased mRNA levels of
TFEB, LIPA, and LAMP1. Interestingly, peroxisomal mRNA and protein levels are also reduced by TFEB inactivation,
indicating that TFEB might control peroxisome biogenesis at a transcriptional level. Conversely, pharmacological
inhibition of mTOR resulting from PEX5 depletion during nutrient starvation activates TFEB by promoting nuclear
localization of the protein. In addition, mTORC1 inhibition recovers the damaged-peroxisome biogenesis. These data
suggest that PEX5 may be a critical regulator of lysosomal gene expression and autophagy through the mTOR-TFEB-
autophagy axis under nutrient deprivation.

Introduction
Peroxisome is an essential cellular organelle for per-

forming various metabolic activities, including oxidation
of very long and 3-methy branched chain fatty acids,
synthesis of bile acid and plasmalogen, and degradation of
hydrogen peroxide. Mutations in either a peroxisomal
enzyme or genes involved in peroxisome biogenesis cause
inheritable genetic disorders, such as Zellweger syndrome,
infantile Refsum disease, and neonatal adrenoleukody-
stropy (ALD)1–3. In addition, it has also been suggested
that peroxisomes play an important role in regulating
various cellular signaling pathways. Peroxisomal

Mitochondrial antiviral-signaling protein (MAVS) func-
tions as an antiviral signaling platform to induce the
interferon-independent signaling pathways4. Reactive
oxygen species (ROS)-mediated signaling has been pro-
posed to regulate autophagy at the peroxisomal mem-
brane through the localization of tuberous sclerosis
complex (TSC)5.
Peroxisomes are originally derived from the endo-

plasmic reticulum (ER) and uptake peroxisomal matrix
proteins containing the peroxisome target sequence (PTS)
from the cytosol6. During import of matrix proteins into
the peroxisome, several Pex proteins participate in the
process of peroxisome assembly. Especially, the PTS1
receptor protein, PEX5, plays an important role in per-
oxisome biogenesis7,8. It has been shown that inactivation
of PEX5 results in abnormal peroxisome structure and
function, similar to the features of Zellweger syn-
drome9,10. Zellweger syndrome, also known as the cere-
brohepatorenal syndrome, causes multi-organ defects
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during development and leads to early death within a year
of birth. The symptoms include hypotonia, central ner-
vous system abnormalities, severe mental retardation,
hepatic cirrhosis, renal cyst, and skeletal malforma-
tions2,11. It also involves accumulation of very long chain
fatty acid (VLCFA), pristanic acid, phytanic acid, and
bile acid intermediates and lack of ether phospholipids
due to inability to assemble functional peroxisomes in
the patients1,12. In addition to peroxisome biogenesis, it
has been proposed that PEX5 is subjected to ubiquitina-
tion and is involved in the autophagic degradation of
peroxisome, a process known as pexophagy13,14. Ubiqui-
tinated PEX5 is recognized by the autophagic adaptor,
SQSTM1/p62, which triggers pexophagy under stress
conditions.
It has been well established that nutrient deprivation

stimulates autophagy, a catabolic pathway by which
cytoplasmic contents and subcellular organelles are
delivered to the lysosome for degradation15. Cytoplasmic
targets are sequestered within autophagosomes, which
fuse with lysosomes to form autolysosomes for degrada-
tion, thereby maintaining cellular homeostasis. Autop-
hagy is a tightly regulated process from the very first step
of formation of a pre-initiation complex to the final step
of degradation and recycling, through coordination of
various regulatory components16,17. Among them, the
mammalian target of rapamycin complex 1 (mTORC1)
plays a critical role as a negative regulator of autophagy
during nutrient depletion. The mTOR signaling pathway
coordinates energy, growth signals, and nutrient
abundance with cell growth and division, and responds
to numerous stresses. Dysregulation of the
mTORC1 signaling pathway leads to cancer, metabolic
diseases, and diabetes18,19. Under nutrient-rich condi-
tions, mTORC1 is activated and directly phosphorylates
and inhibits proteins related to the autophagy process.
Under nutrient-starved conditions, mTOR1 is inactivated
and dissociates from the ULK complex, leading to
induction of autophagy. Recently, Transcription Factor EB
(TFEB), a member of the basic helix-loop-helix-zipper
family of transcription factors, is known to control the
expression of genes that regulate lysosomal biogenesis
and autophagy20,21. mTOR-mediated phosphorylation
regulates the activity and subcellular localization of TFEB
under specific conditions, such as starvation or lysosomal
dysfunction22.
Previous studies have suggested TSC interacts with

PEX5 and localizes to the peroxisome, which in turn
regulates mTOR activity and autophagy5. In this study, we
provide evidence that PEX5 deficiency prevents autop-
hagy by regulating mTOR signaling and TFEB activity
during starvation. Furthermore, inhibition of mTOR
activity restores the autophagic pathway that is impaired
by PEX5 depletion. In addition, our data suggest that

PEX5 function is associated with the lysosome, which is
an important cellular organelle involved in the process
of autophagy. These findings strongly indicate that per-
oxisome is a cellular signaling platform for autophagy
under starved conditions.

Materials and methods
Antibodies
Anti-PEX5 was purchased from GeneTex (Irvine, CA,

USA). Anti-catalase, anti-LAMP-1, anti-PCNA, anti-
cathepsin B, and anti-cathepsin D were bought from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
LAMP-2 and anti-LC3 were obtained from Abcam
(Cambridge, MA, USA). Anti-TFEB was purchased from
MyBioSource (San Diego, CA, USA). Anti-TFEB, anti-p-
p70S6K, anti-p70S6K, anti-p-S6R, anti-S6R, anti-p-4E-
BP-1, anti-4E-BP-1, and anti-TSC2 were obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-
PMP70 was bought from Thermo Fisher Scientific
(Waltham, MA, USA). Anti-ACOX1 was purchased from
Proteintech (Chicago, IL, USA). Anti-DBP (HSD17B4)
was bought from OriGene Technologies (Rockville, MD,
USA). Anti- SQSTM1/p62 was obtained from Sigma-
Aldrich (St. Louis, MO, USA).

Cell culture and drug treatments
HepG2 (human hepatocyte carcinoma cell line) and

HeLa (human epithelial carcinoma cell line) cells were
originally purchased from the American Type Culture
Collection (ATCC, Manassa, VA, USA). HepG2 and HeLa
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine, 100 IU/mL penicillin,
and 10 μg/mL streptomycin. All cells were incubated in a
humidified 5% CO2 incubator at 37 °C. Cells were treated
with the mTORC1 inhibitor, rapamycin (Sigma-Aldrich),
for the indicated time. For starvation experiments, cells
were washed two times with phosphate buffered saline
(PBS, pH 7.4), one time with serum-free media, and fur-
ther incubated for 24 h at 37 °C in serum-free media.

Immunofluorescence
Cells growing on coverslips were fixed in 4% paraf-

ormaldehyde (Sigma–Aldrich) at room temperature (RT)
for 10 min, rinsed in PBS, incubated in 0.1% Triton X-100,
and then rinsed in PBS. After incubation with 3% bovine
serum albumin, cells were incubated with primary anti-
body (1:500 dilution) at 4 °C. Next, the plates were care-
fully washed with PBS and stained with Alexa Flour 488-
or Alexa Fluor 568-conjugated goat anti-mouse or anti-
rabbit secondary antibodies (Invitrogen/Life Technolo-
gies, Grand island, NY, USA) for 1 h at RT. The samples
were then washed three times with PBS and incubated
with 10 μM 4′,6-diamidino-2-phenylindole (DAPI) in PBS
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at RT for 30min. After mounting the coverslip, the cells
were observed under an Olympus FluoView FV1000
confocal laser scanning microscope.

siRNA and transient transfection
Cells were cultured in 60mm culture plates until they

reached ~50–60% confluence. They were then transfected
with 100 nM control siRNA, PEX5 siRNA (#1 sense-
CGUAUCCUGGGAUCUCUCU, antisense-AGAGAGAU
CCCAGGAUACG, #2 sense-GAAUUCAUCUCUGAA-
GUUA, antisense-UAACUUCAGAGAGAUGAAUUC-3,
Bioneer, Daejeon, Korea), or TFEB siRNA (sc38509, Santa
Cruz Biotechnology) for 24 h in serum-free medium,
using Lipofectamine RNAiMax transfection reagent
(Invitrogen/Life Technologies), and then exposed to
serum starvation for 24 h. The effect of gene silencing was
determined by Q-PCR and western blot analysis. For
plasmid transfection, cells were transiently transfected
with GFP-LC323, pEGFP-N1, pEGFP-N1-TFEB (Addgene,
# 38119), or TFEB-S142A plasmids by using Lipofecta-
mine 3000 (Invitrogen/Life Technologies), according to
the manufacturer’s instructions.

Mutagenesis
The human pEGFP-N1-TFEB mutant was generated

using QuickChange lightning site-directed mutagenesis
kit (Stratagene, Santa Clara, CA, USA), according to the
manufacturer’s instructions. The primer sets were as
follows: hTFEB S142A; forward: GGCAACGCTCCCA-
ATGCCCCCATGGCCATGCTGCACA, reverse: TG-
TGCAGCATGGCCATGGGGGCATTGGGAGCACT-
GTTGCC.

Quantitative RT-PCR (Q-PCR)
Total RNA was extracted using TRIzol Reagent (Invi-

trogen/Life Technologies), and RT-PCR was performed
using the reverse transcription kit (Roche, Indianapolis,
IN, USA), according to the manufacturer’s instructions.
Briefly, 1 µg of RNA was used to construct the template
cDNA for Q-PCR with LightCycler using FastStart DNA
Master SYBR Green I (Roche, Indianapolis). The primer
sets were as follows: hPEX5, 5′-GTGCTCTACCTGGCT-
3′ and 5′-CTGAAGTGTTCTGCTCCTAC-3′; hPMP70,
5′-GCAGACAGTCCACTCAGTCTTC-3′ and 5′-CCA
TTGAAAACCGAAACAAAA-3′; hCatalase, 5′-CTCAG
GTGCGGGCATTCT-3′ and 5′-CAATGTTCTCACA-
CAGACGTT TCC-3′; hACOX-1, 5′-CATTCACCGTG
TTCATATGCTTTC-3′ and 5′-ATGCCTTCAGGTG-
TATGTGATCTG-3′; hDBP, 5′- ACCTGGTCTCTCA
AGCAGGA-3′ and 5′-CTAACGCTCCTCTTT CTG
CAA-3′; hNUDT7, 5′-CACCGTCCGGCTAGAGAA-3′
and 5′-GGGTCACGCTTACCTCCA G-3′; hLAMP-1, 5′-
GTGGGTCCAGGCTTTCAA-3′ and 5′-AGCATGCT
GTTCTCGTCCA-3′; hTFEB, 5′-

CGGCAGTGCCTGGTACAT-3′ and 5′-CTGCATGCG-
CAACCCTAT-3′; hLIPA, 5′-CCCTGA-
GAGCTGGCACTG-3′ and 5′-AAG
AACCGCATTTTCATTACTG-3′; and hPPARα, 5′-GTG
CCAGCAGATTCAGTGTC-3′ and 5′-GCCGAGCTCC-
AAAGCTACTC-3′; hPGC-1α, 5′-CTAGACAGTCTCC-
CTGTGGATGAA-3′ and 5′-TGTCAGTGGTCACG-
TCTCCAT-3′; and internal control 36B4, 5′-CACT-
GGTCTAGGACCCGAGAAG-3′ and 5′-GGTGCCTC-
TGGAGATTTTCG-3′.

Western blot analysis
Cells were lysed using Pro-Prep protein extraction

solution (Intron Biotechnology, Seoul, Korea). The sam-
ples were centrifuged at 16,000 × g for 20 min at 4 °C, and
the supernatant was collected to determine protein con-
centration via the Bradford method. Aliquots of 30 µg of
protein were subjected to 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis for 2 h at 100 V.
The separated proteins were transferred from the SDS-
polyacrylamide gels to Hybond-P+ polyvinylidene
difluoride membranes (Amersham Bioscience, Buck-
inghamshire, UK). The membrane was blocked with 5%
nonfat milk in Tris-buffered saline containing 0.05%
Tween 20 for 2 h at RT and then incubated with primary
antibodies as indicated. Signals from the bound antibodies
were detected by the horseradish peroxidase-conjugated
secondary antibodies and an ECL western blotting
detection reagent (Bionote, Gyeonggi-do, Korea).

Preparation of cytosolic and nuclear fractions
Cells were washed twice with ice-cold PBS, lysed

with three packed cell volumes of Buffer A (10 mM
HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 1 mM DTT,
and protease/phosphatase inhibitors cocktail), and incu-
bated on ice for 30 min. Cell lysates were centrifuged at
16,000 × g at 4 °C for 10min. Supernatants were collected
and nuclear pellets were resuspended in three packed cell
volumes of Buffer B (20 mM HEPES [pH 7.9], 0.4M NaCl,
1 mM EDTA, 1 mM DTT, 10% glycerol (vol/vol), and
protease/phosphatase inhibitors cocktail) and incubated
for 30min on ice. After centrifugation at 16,000 × g at 4 °C
for 10min, the supernatant was aliquoted and stored
at –80 °C until further use for western blot analysis24.

LysoTracker staining
Cells cultured to 60–70% confluence were subjected to

different stimuli under reduced serum (2%) DMEM
medium, followed by incubation with 50 nM LysoTracker
Red DND-99 (Life Technologies, Grand Island, NY) for 1
h. Cells were then washed thoroughly with filtered PBS,
mounted on glass slides, and viewed under Olympus
FluoView FV1000 confocal laser scanning microscope.
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Statistical analysis
All data are presented as the mean ± s.d. from at least

three independent experiments. The P-value was deter-
mined by Student’s t-test. A P-value below 0.05 was
considered statistically significant.

Results
PEX5 depletion reduces autophagy during starvation
To examine the role of PEX5 in autophagy, HepG2 cells

were transiently transfected with two independent
PEX5 small interfering RNA (siRNA), PEX5 siRNA #1
and PEX5 siRNA #2, to rule out the off-target effect.
Compared to treatment with control siRNA, treatment
with two independent PEX5 siRNAs reduced the mRNA
and protein expression levels of PEX5, as determined by
real-time PCR (Q-PCR) and immunoblot analysis (Sup-
plementary Figure 1). Next, the conversion of LC3-I to
LC3-II, which is a marker for autophagosome formation,
was measured. Under normal growth conditions, treat-
ment with control or two PEX5 siRNAs did not affect
LC3-II levels (Fig. 1a). LC3-II expression was increased in

control siRNA-treated HepG2 cells grown in serum-
starved medium, but treatment with two PEX5 siRNAs
prevented the starvation-induced LC3-II conversion
(Fig. 1a). To confirm whether the reduced LC3-II levels
resulting from PEX5 depletion were caused by inhibition
of autophagic flux, we measured the level of SQSTM1/
p62, which is a scaffold protein that can be degraded
through autophagy25. Our result revealed that SQSTM1/
p62 degradation was suppressed by PEX5 knockdown
under serum-free conditions (Fig. 1a). Because mTOR1
activation is well known as a critical negative regulator of
the autophagy pathway, we measured the phosphorylated
states of the mTOR1 substrates, which are targets for
mTOR1 kinase. Starvation suppressed the phosphoryla-
tion of S6K, 70S6K, and 4E-BP-1 in cells transfected with
control siRNA (Fig. 1b). In contrast, PEX5 depletion by
both siRNA increased the phosphorylation of these
mTOR1 substrates in starved conditions. Furthermore, to
examine the autophagosome formation, GFP-LC3 puncta
were measured by immunofluorescence with PEX5 siRNA
#1 due to better effect than PEX5 siRNA #2. Serum

Fig. 1 PEX5 depletion suppresses starvation-induced autophagy. a HepG2 cells were treated with CTL siRNA (100 nM) and PEX5 siRNA #1 or #2
(100 nM) for 24 h. Then, cells were incubated in the presence or absence of serum. After 24 h, cells were harvested and immunoblotted with
antibodies against PEX5, LC3I/II, p62, and β-actin. b Immunoblot analysis of p-70S6K, p-S6R, and p-4E-BP-1, and total 70S6K, S6R, and 4E-BP-1. c Cells
were transfected with GFP-LC3 plasmid. After 6 h of transfection, cells were treated with CTL and PEX5 siRNAs. Visualization and quantification of GFP-
LC3 puncta were performed by fluorescence microscopy after 48 h of incubation. Representative images from three independent determinations are
shown (*P < 0.05). Scale bar: 10 μm. d Immunoblot analysis of TSC2 and PEX5 protein levels. e Transcript levels of TSC2 were measured by Q-PCR
(**P < 0.01)
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starvation induced an increase in the numbers of GFP-
LC3 puncta in HepG2 cells transfected with control
siRNA. However, knockdown with PEX5 siRNA markedly
abolished the formation of GFP-LC3 puncta in serum-
starved HepG2 cells (Fig. 1c). These results indicated that
PEX5 depletion prevents the activation of autophagy
during starvation. To further examine whether the effect
of PEX5 depletion on autophagy take places only in
HepG2 cells, we performed the experiments with HeLa
cells. As shown in Supplementary Figure 2a, both of
PEX5 siRNAs knockdown prevent the starvation-induced
autophagy by measuring LC3II and p62 protein levels in
HeLa cells. Also, PEX5 knockdown increased the phos-
phorylation of these mTORC1 substrates in starved Hela
cells in Supplementary Figure 2b. These results indicated
that the effects of PEX5 knockdown on autophagy and
mTOR signaling are a general regulation. A recent report
showed that PEX5 interacts with TSC2 and recruits TCS1
to the peroxisomal membrane5. Since TSC2 is known to
repress mTOR1 signaling by regulating Rheb GTPase26,
we examined whether PEX5 affects TSC2 expression. The
amount of TSC2 protein expressed during starvation was
decreased in PEX5 siRNA-transfected HepG2 cells
(Fig. 1d) compared to that in control siRNA-transfected
cells. Serum starvation increased the expression of TSC2
mRNA in cells transfected with control siRNA. However,
PEX5 depletion with siRNA significantly decreased the
starvation-induced expression of TSC2 mRNA, which in
turn upregulated mTOR activity (Fig. 1e). Interestingly,
TSC2 protein levels were not increased as much as mRNA

increases upon starvation as compared to normal condi-
tion. It is reported that E3 ubiquitin ligase,
FBW5–DDB1–CUL4–ROC1 regulates both TSC2 protein
stability and TSC complex turnover27. Also it is suggested
that TSC1 interacts with TSC2 to stabilize TSC2 by
excluding HERC1 ubiquitin ligase from the TSC2 com-
plex28. Therefore, TSC2 protein level may not be relevant
to mRNA level due to post-translational regulation. These
results suggest that PEX5 depletion during starvation
negatively regulates autophagy through the activation of
mTOR signaling.

PEX5 regulates the expression of peroxisomal genes
during starvation
Deficiency of PEX5 in a model for Zellweger syndrome,

results in a reduction in peroxisome numbers in the
hepatocytes10,29. To examine whether the peroxisome
number was affected by PEX5 depletion in serum star-
vation, we performed immunofluorescence for
peroxisome-specific markers, including PMP70 and cat-
alase. During starvation, transfection with PEX5 siRNA
markedly reduced the number of peroxisomes compared
to transfection with control siRNA (Fig. 2a). We also
examined the mRNA expression of peroxisomal genes,
including PMP70, catalase, DBP, ACOX1, and NUDT7.
Their expression was decreased by PEX5 depletion in
serum starvation (Fig. 2b). Since Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC1α)
and peroxisome proliferator-activated receptor α
(PPARα) are also involved in peroxisome biogenesis, we

Fig. 2 PEX5 regulates the expression of peroxisomal genes during starvation. a Cells were treated with CTL and PEX5 siRNAs (100 nM) for 24 h.
Then, cells were incubated in the presence or absence of serum. After 24 h, cells were stained with antibodies against PMP70 and catalase, and
analyzed by fluorescence microscopy. Scale bar: 10 μm. b Cells were treated with CTL and PEX5 siRNAs for 24 h. Then, cells were incubated in the
presence or absence of serum. After 24 h of incubation, RNA was extracted and Q-PCR analysis of peroxisomal genes was performed. Data are
presented as mean ± s.d. from three independent experiments (**P < 0.01, *P < 0.05). c Transcript levels of PGC-1α and PPARα were measured by
Q-PCR (*P < 0.05)
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measured their expression levels30. The mRNA expression
of PGC1α and PPARα was significantly decreased by
PEX5 depletion in serum starvation (Fig. 2c). Taken
together, our data confirm that PEX5 plays a pivotal role
in controlling peroxisome biogenesis. Furthermore, dys-
function of peroxisome biogenesis caused by PEX5
depletion is regulated by the modulation of transcriptional
activation of genes related to peroxisomes in starvation
conditions.

PEX5 inhibits TFEB nuclear translocation in response to
serum starvation
The transcription factor, TFEB, activates genes for

lysosomal biogenesis and controls autophagy20,31. In
addition, activation of TFEB is tightly regulated by cellular
localization. In normal conditions, TFEB, as an inactive
form, is mainly localized to the cytosol. However, nutrient
deprivation leads to nuclear translocation of TFEB, where
it induces transcriptional activation22. Moreover, TFEB
has been suggested to regulate the activity and expression
of PGC1α and PPARα, thereby controlling lipid metabo-
lism in the liver32. To examine whether nuclear translo-
cation of TFEB is affected by PEX5 depletion, we
investigated the subcellular localization of TFEB in the
presence or absence of serum by immunofluorescence.
Following transfection with either control or
PEX5 siRNA, TFEB was evenly scattered throughout the
cytosol of cells cultured in normal media containing 10%
serum. Starvation of cells transfected with control siRNA
resulted in TFEB translocation to the nucleus, whereas its
translocation was markedly suppressed by PEX5 knock-
down (Fig. 3a). To confirm the location of the TFEB
protein, cells were fractionated into nuclear and cytosolic
fractions and then subjected to western blot analysis.
TFEB localized mainly to the cytosol under normal con-
ditions (Fig. 3b). However, under conditions of starvation,
it translocated to the nucleus, as shown by a strong
positive anti-TFEB band, which was absent in PEX5
siRNA-transfected cells (Fig. 3b). Consistent with the
effect of PEX5 depletion on TFEB in HepG 2 cells, both of
PEX5 siRNAs knockdown prevent the nuclear localization
of TFEB during starvation in HeLa cells (Supplementary
Figure 2c). To investigate the role of TFEB in autophagy,
the conversion of LC3-I to LC3-II and the degradation of
p62/SQSTM1 were measured (Fig. 3c). Transfection with
both control and PEX5 siRNAs did not affect LC3-II
conversion and p62/SQSTM1 degradation under normal
conditions. Indicators of autophagy, including LC3-II
conversion and SQSTM1/p62 degradation, were observed
in control siRNA-treated cells during starvation, but not
in PEX5 siRNA-treated cells. Next, to examine the link
between TFEB activity and peroxisome biogenesis, the
expression levels of peroxisomal proteins were measured
after knockdown with TFEB siRNA. Compared with

control siRNA treatment, TFEB depletion decreased the
expression of peroxisomal proteins, including PMP70,
DBP, and catalase, only during starvation (Fig. 3d). TFEB
depletion using siRNA decreased the mRNA expression
levels of peroxisomal genes, including PMP70, ACOX1,
catalase, and NUDT7, during starvation, which indicates
that TFEB plays an important role in peroxisome bio-
genesis through transcriptional regulation (Fig. 3e). These
results suggest that PEX5 requires TFEB to regulate
peroxisome biogenesis during starvation.

PEX5 depletion impairs lysosomal biogenesis and function
Since PEX5 depletion resulted in decreased TFEB

nuclear translocation, we hypothesized that knockdown of
PEX5 might affect lysosomal biogenesis during serum
starvation. A marked increase in fluorescent particles
stained with LysoTracker was observed in control cells
during serum starvation, but not in the PEX5 siRNA-
transfected cells, indicating that lysosomal acidification
required for the maturation process was largely impaired
(Fig. 4a). In addition, we performed flow cytometry ana-
lysis to measure the fluorescence intensity of LysoTracker.
The results showed that the red fluorescence intensity of
LysoTracker was significantly decreased by PEX5 siRNA
during starvation compared to that by control siRNA
(Fig. 4b). To confirm the transcriptional activation of
TFEB, we measured the mRNA expression of target genes,
such as LIPA and LAMP-1, which are often associated
with the lysosome. mRNA levels of TFEB, LIPA, and
LAMP-1 were significantly decreased by treatment with
PEX5 siRNA compared to treatment with control siRNA
under starvation conditions (Fig. 4c). We also verified
whether the expression levels of lysosomal proteins were
changed by PEX5 depletion in serum starvation. Both
LAMP-1 and LAMP-2 levels were found to be reduced
(Fig. 4d). We further investigated the activation and
maturation of the lysosomal hydrolase cathepsins B and
D, which were decreased by PEX5 depletion during serum
starvation (Fig. 4e). These results suggest that PEX5
depletion greatly impaired lysosomal biogenesis and
functional maturation by regulating TFEB activation
during serum starvation.

PEX5 regulates TFEB localization and autophagy via
mTORC1
Nuclear localization and transcriptional activation of

TFEB are dependent on mTORC1-mediated phosphor-
ylation. In normal conditions, TFEB is phosphorylated by
mTORC1 and localized to the cytosol, whereas in serum
starvation it is dephosphorylated and further translocated
to the nucleus to transcribe target genes21,32. To deter-
mine whether PEX5 depletion during starvation regulates
TFEB activity through mTORC1, TFEB localization was
examined in the presence or absence of the mTOR
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inhibitor, rapamycin. Consistent with previous observa-
tions, upon starvation, most of the TFEB protein was
found in the nucleus in cells transfected with control
siRNA, and this was dramatically suppressed in PEX5
siRNA-transfected cells. Furthermore, the decreased
nuclear localization of TFEB by PEX5 depletion was sig-
nificantly recovered in serum-starved cells in the presence
of rapamycin (Fig. 5a). Next, we investigated the sub-
cellular localization of TFEB by western blot analysis
(Fig. 5b). Nuclear translocation of TFEB in control cells
was inhibited by treatment with PEX5 siRNA upon serum
starvation. However, treatment with rapamycin resulted
in the appearance of an anti-TFEB reactive signal in the
nuclear fraction along with faded signals in the cytosolic
fraction, in PEX5-depleted and serum-starved cells. We
also tested whether rapamycin restores autophagy, which
is inhibited by PEX5 depletion during starvation. Con-
sistently, depletion of PEX5 with siRNA clearly inhibited
the activation of autophagy evidenced by both a faint
signal of LC3-II and a recovered strong signal of
SQSTM1/p62in cells treated with dimethyl sulfoxide
(DMSO) during serum starvation (Fig. 5c). Inhibitory
effects of PEX5 depletion on autophagy caused by serum
starvation were reversed by treatment with rapamycin, as
shown by the increased signal intensities of LC3-II and

decreased signals of SQSTM1/p62, recovered to levels
similar to those of control cells. Moreover, treatment with
rapamycin resulted in decreased phosphorylation of
70S6K, S6K, and 4EBP-1 proteins in cells transfected with
PEX5 siRNA (Fig. 5d). These results suggest that PEX5
depletion downregulated TFEB activity via the
mTORC1 signaling pathway.

Rapamycin restores the functions of peroxisomes and
lysosomes in PEX5-depleted cells during serum starvation
Since PEX5 depletion suppressed the mRNA expression

of peroxisomal genes, we evaluated the effect of rapa-
mycin on the expression levels of peroxisomal genes and
proteins in PEX5-depleted cells during starvation. Treat-
ment with rapamycin increased mRNA expression of
peroxisome-related genes, including PMP70, ACOX1,
catalase, NUDT7, PGC1α, and PPARα in PEX5-depleted
and serum-starved cells compared to control cells in
DMSO (Fig. 6a). Consistently, the expression levels of
proteins including, PMP70, ACOX1, and catalase in
PEX5-depleted and serum-starved cells were recovered by
rapamycin treatment as compared to control cells in
DMSO (Fig. 6b). These data suggest that rapamycin
restored peroxisome biogenesis by regulating mTORC1
activity during PEX5 depletion in starvation. To further

Fig. 3 PEX5 depletion inhibits nuclear translocation of TFEB in response to starvation. a Cells were treated with CTL and PEX5 siRNAs (100 nM)
for 24 h. Then, cells were incubated in the presence or absence of serum. After 24 h, cells were stained with an antibody against TFEB and analyzed by
fluorescence microscopy. Scale bar: 10 μm. b After HepG2 cells were treated as indicated, cells were subjected to nuclear and cytosol fractionation
and immunoblotted with antibodies against TFEB, PCNA, and β-actin. PCNA and β-actin were used as nuclear and cytosolic markers, respectively.
c, d Cells were transfected with CTL or TFEB siRNA (100 nM) for 24 h, and then incubated in the presence or absence of serum for 24 h. Protein
expression of TFEB, LC3 and SQSTM1/p62 (autophagy proteins), and PMP70, DBP, and catalase (peroxisomal proteins) were measured by
immunoblotting. e Q-PCR analysis of peroxisomal genes was performed (**P < 0.01, *P < 0.05)

Eun et al. Experimental & Molecular Medicine (2018) 50:4 Page 7 of 12

Official Journal of the Korean Society for Biochemistry and Molecular Biology



confirm TFEB activation, we measured the mRNA
expression of target genes. mRNA levels of TFEB, LIPA,
and LAMP-1 were decreased by PEX5 depletion, but
increased by treatment with rapamycin (Fig. 6c). Further,
mTORC1 inhibition by rapamycin markedly increased the
expression of lysosomal proteins, including LAMP-1,
LAMP-2, cathepsin A, and cathepsin B (Fig. 6d). It was
previously suggested that phosphorylation of TFEB by
mTORC1 inhibited the nuclear translocation of TFEB. To
test whether constitutive activation of TFEB was able to
overcome the effect of PEX5 depletion on both autophagy
and peroxisome biogenesis, ectopic expression of wild-
type (WT) TFEB or constitutively active TFEB(S142A)
was individually induced in HepG2 cells. The expression
of constitutively active TFEB(S142A) recovered the pro-
tein levels of LC3-II, LAMP-1, and PMP70 in PEX5-
depleted cells compared with WT-TFEB-overexpressing
cells during starvation (Fig. 6e). These results suggest that
PEX5 depletion downregulated TFEB activity via the
mTORC1 signaling pathway.

Discussion
The present data suggest that there is a relationship

between PEX5 and autophagy mediated through the
regulation of TSC2 expression and mTORC1 signaling. It
has been shown that TSC1-TSC2 complex inhibits Rheb
GTPase activity, suppressing the mTORC1 pathway, a

negative modulator of autophagy28,33. Since TSC1 inter-
acts with TSC2 and prevents its ubiquitin-dependent
degradation34, it is considered that TSC2 protein stability
is critical for regulating mTORC1 signaling. Moreover,
recent studies have demonstrated that PEX5 recruits
TSC2 to the peroxisomes through interaction between
PEX5 and PTS1 in TSC2, indicating that their localization
to peroxisomes plays an important role in repressing
mTORC1 signaling in response to ROS5. Based on our
data, PEX5 depletion repressed the transcriptional
expression of TSC2 during starvation, which in turn was
unable to inhibit mTOR activation, thereby blocking the
autophagy process even in serum-depleted conditions.
Although the detailed mechanism needs to be defined,
our results suggested that TSC2 mRNA expression could
be regulated to control its function, and that PEX5 might
affect the transcriptional activity of TSC2 to modulate
mTORC1 signaling during starvation.
The number of peroxisomes is tightly regulated by

biogenesis and pexophagy to meet the metabolic needs of
the cell35,36. Even though, mRNA of PMP70 was increased
by PEX5 knockdown in normal condition, its protein level
was not changed in Fig. 2. It is because the number of
peroxisomes might be enough to supply the metabolic
need in normal condition. Therefore, we considered that
the number of peroxisomes are not induced despite of
increased the level of PMP70 mRNA. On the other hands,

Fig. 4 Knockdown of PEX5 inhibits lysosomal activity in serum-starved cells. Cells were transfected with CTL siRNA (100 nM) and PEX5 siRNA
(100 nM) for 24 h, and then incubated in the presence or absence of serum for 24 h. After incubation, cells were stained with LysoTracker Red DND-99
(50 nM) for 3 h and analyzed by confocal microscopy (a) or fluorescence-activated cell sorting and quantified (b). Data are presented as mean ± s.d.
from three independent experiments (*P < 0.05). c Transcript levels of TFEB target genes were measured by Q-PCR. Values are expressed as fold
increase compared to the starvation control group. Data were presented as mean ± s.d. from three independent experiments (**P < 0.01, *P < 0.05). d,
e Protein expression of LAMP-1/LAMP-2 (lysosomal proteins) and cathepsins B/D (lysosomal proteases) were measured by immunoblotting
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PEX5 depletion suppressed peroxisome biogenesis in
serum starvation condition. Our data have tried to
demonstrate that PEX5 depletion was not able to suppress
mTOR signaling during starvation, which prevents TFEB
nuclear localization. Then, TFEB target genes including
PPAR alpha and PGC1 alpha were not activated, which
leads to down-regulate the peroxisome biogenesis. Based
on our data, PEX5 depletion blocks peroxisome biogen-
esis through regulating TFEB during starvation.
In addition to response to lack of nutrient supply,

autophagy is also required for modulating metabolic dis-
turbances caused by genetic problems or variety of
stresses, including oxidative stress, infection, and hypoxia.
Autophagy dysfunction is suggested to contribute to the
development and progression of numerous human dis-
eases, including cancer, neurodegenerative disorders,
aging, and metabolic diseases. According to previous
findings, regulation of the autophagy process can exert
therapeutic effects on several disorders37–41. One of the

major peroxisomal disorders, X-linked ALD (X-ALD), is
associated with the accumulation of VLCFA caused by
mutations in ABCD1, a gene encoding the peroxisomal
transporter protein42–44. Recent studies have suggested
that abnormal accumulation of VLCFA attenuates
autophagy, and restoration of autophagy by pharmacolo-
gical treatment alleviates the symptoms of X-ALD caused
by ABCD1 deficiency in mouse models45. Since PEX5 is
involved in peroxisome biogenesis and its deficiency
induces VLCFA accumulation, we hypothesized that
PEX5 might play a critical role in regulation of autophagy.
According to our results, PEX5-depleted cells showed
increased mTORC1 activity and suppressed autophagy at
the same time. It is suggested that mTORC1 activity
might not be suppressed during starvation owing to the
lack of TSC2 protein. Furthermore, PEX5 depletion also
inhibited TFEB nuclear translocation in serum-starved
cells as compared to control cells. Consistently, the
transcription of genes for autophagy was significantly

Fig. 5 Rapamycin restored TFEB localization and autophagy in PEX5 depletion during serum starvation. Cells transfected with CTL siRNA
(100 nM) and PEX5 siRNA (100 nM) for 24 h were pretreated with DMSO or rapamycin (1 μM) for 6 h, and then incubated in the absence of serum for
24 h. (a) After HepG2 cells were treated as indicated, cells were stained with an antibody against TFEB and analyzed by fluorescence microscopy.
Scale bar: 10 μm. Data are presented as mean ± SD from three independent experiments (**P < 0.01). (b) After HepG2 cells were treated as indicated,
cells were subjected to nuclear and cytosol fractionation and immunoblotted with antibodies against TFEB, PCNA, and β-actin. PCNA and β-actin
were used as nuclear and cytosolic markers, respectively. (c) Immunoblot analysis of LC3 and SQSTM1/p62. (d) Immunoblot analysis of PEX5, p-70S6K,
p-S6R, and p-4E-BP-1
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suppressed in PEX5-depleted cells under starvation.
Notably, inhibition of mTORC1 restored TFEB activity,
lysosomal biogenesis, and autophagy in PEX5-depleted
cells under starvation. These results suggest that PEX5
may be a critical regulator of the mTOR-TFEB-autophagy
axis during nutrient deprivation. Interestingly, our data
suggested that TFEB might be involved in peroxisome
biogenesis by regulating the transcription of peroxisomal
genes during starvation. Because both PEX5 and TFEB
depletion reduced the mRNA expression of peroxisomal
genes, TFEB can be considered as a novel regulator of
peroxisome biogenesis (Fig. 7).
Despite regulating peroxisome biogenesis by trans-

porting matrix proteins into peroxisomes, PEX5 induces
pexophagy under stress conditions. In response to ROS
stress or amino-acid starvation, PEX5 becomes ubiquiti-
nated by E3 ligase located in the peroxisome and recruits
the autophagy adaptor proteins, SQSTM1/p62 and NBR1,

which target peroxisomes to autophagosomes for pex-
ophagy13,36. We also observed that the number of per-
oxisomes was reduced by PEX5 knockdown during
starvation. However, this reduction may not be due to
pexophagy because PEX5 depletion by RNAi is not suf-
ficient to control pexophagy through PEX5 ubiquitina-
tion. Therefore, it is possible that the decreased
peroxisome numbers are resulted from suppression of
peroxisome biogenesis through TFEB inactivation. On the
other hand, PEX5 depletion in the liver led to abnormal
mitochondrial accumulation10,29. It has been known that
the damaged mitochondria are subjected to degradation
by mitophagy46,47. From our results, it can be speculated
that the presence of damaged mitochondria in PEX5
knockout liver is due to the suppressed autophagy, which
in turn inhibits mitophagy. It is possible that elimination
of abnormal mitochondria by induction of autophagy
might alleviate the symptoms of Zellweger syndrome.

Fig. 6 Rapamycin restored the reduced peroxisomal and lysosomal gene expression induced by PEX5 depletion during starvation. Cells
transfected with siRNA for 24 h were pretreated with DMSO or rapamycin (1 μM) for 6 h, and then incubated in the absence of serum for 24 h. a
Transcript levels of peroxisome-related genes were measured by Q-PCR. Values are expressed as fold increase compared to the starvation control
group. Data are presented as mean ± s.d. from three independent experiments (**P < 0.01, *P < 0.05). b Immunoblot analysis of PMP70, ACOX1, DBP,
catalase, and PEX5. c Q-PCR analysis of TFEB-regulated genes. Data are presented as mean ± s.d. from three independent experiments (**P < 0.01, *P
< 0.05). d Protein expression of LAMP-1/LAMP-2 (lysosomal proteins) and cathepsins B/D (lysosomal proteases) were measured by immunoblotting. e
Cells were transfected with empty, GFP-WT-TFEB, and GFP-TFEB-S142A plasmids. After 6 h of transfection, cells were treated with CTL and
PEX5 siRNAs. After incubation in the absence of serum for 24 h, cells were subjected to immunoblot analysis with antibodies against PEX5, LC3,
LAMP1, PMP70, TFEB, and β-actin
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Taken together, our study suggested that PEX5 is required
for the regulation of autophagy via TFEB, and induction
of autophagy could be an attractive therapeutic option for
patients with Zellweger syndrome.
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