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ABSTRACT 

Peroxisomes are single membrane-bound and autonomously replicating 

subcellular organelles. While their function as metabolic organelles is well 

known, their place in the world of cell signaling is only just beginning to emerge. 

Peroxisomes are able to adjust their number in response to changing 

environmental and/or physiological conditions. It is crucial to maintain 

peroxisome homeostasis for normal cellular functions. High risk pathologies are 

associated with too few peroxisomes, such as peroxisome biogenesis disorders 

(PBDs), and too many peroxisomes, such as disorders that increase cellular 

ROS production to promote the development of disease, including cancer. Early 

studies have shown that pexophagy (selective autophagy of peroxisomes) is 

responsible for the decrease in superfluous or damaged peroxisomes, yet the 

mechanisms of initiation of pexophagy are not well defined, especially in 

mammalian cells. In Chapter II of this dissertation, we report a key role for the 

ataxia-telangiectasia mutated (ATM) kinase at the peroxisomes as a sensor of 

ROS that regulates pexophagy. ATM is recognized and localized to the 

peroxisome by PEX5. In response to ROS, ATM signaling activates ULK1 and 

suppresses mTORC1 to induce pexophagy. Concomitant with activation of 

ULK1, ATM phosphorylates PEX5 at Serine 141. This modification then 

promotes PEX5 mono-ubiquitination at Lysine 209. Mono-ubiquitinated PEX5 is 



 

iii 

 

sufficient to target peroxisomes to the autophagosome via ubiquitin adaptor 

protein p62, leading to the initiation of pexophagy. 

Peroxisomes do not contain DNA, hence all their proteins are encoded 

inside the nucleus, synthesized by free polyribosomes in the cytoplasm and 

delivered to peroxisome with the help of import receptors. It is known that PEX5 

recognizes the peroxisome targeting sequence 1 (PTS1) of peroxisomal proteins 

and delivers them to peroxisome. However, how cells control this delivery has 

remained a mystery. In Chapter III of this dissertation, we found that AMP-

activated protein kinase (AMPK) phosphorylates PEX5 at Ser279, which 

correlates with the import of peroxisomal proteins in response to low energy.   

Thus, we have uncovered a previously unappreciated link between the 

peroxisome and the ATM and AMPK signaling pathways, which paves the way 

for a deeper understanding of peroxisome dynamics and its role in cellular 

metabolism. 
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RNS Reactive nitrogen species 

ROS Reactive oxygen species 
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Ser (S) Serine 
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TSC Tuberous sclerosis complex 

UBA Ubiquitin-associated domain 

ULK1 Unc-51 like autophagy activating kinase

VLCFAs Very-long-chain fatty acids 

WT Wild type 

ZS Zellweger syndrome 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

Peroxisomes are a class of small bodies enclosed by a single membrane 

found in the cytoplasm of all animal cells and many plant cells that range in size 

from 0.1 to 1.5µm1. Peroxisomes were first identified as “microbodies” using 

electron microscopy to analyze the cellular morphology of the mouse kidney in 

19542. Glyoxisomes are similar organelles, discovered in plant seeds in 1958, 

that oxidize stored lipids as a source of carbon and energy for growth3. At first, 

these two organelles were believed to be lysosomes because their morphology 

resembles that of lysosomes. However, in 1966, De Duve and Baudhuin were 

the first who isolated these “microbodies” from rat liver by cell-fractionation and 

discovered that the enzymes in these organelles differ greatly, in both 

composition and function, from those in lysosomes. They found that these 

microbodies were co-localized with production and detoxification oxidases of 

hydrogen peroxide (H2O2). Based on these findings, De Duve replaced the 

morphological name “microbodies” with the functional term “peroxisomes”4.  

Subsequent studies have shown that peroxisomes contain approximately 

50 identified peroxisomal enzymes. These enzymes are involved in several key 

cellular metabolic pathways in eukaryotes, including β-oxidation of branched and 

very-long-chain fatty acids (VLCFAs) which results in the production of reactive 

oxygen species (ROS) as a byproduct of this enzymatic reaction. ROS are 
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Catalase 

chemically reactive species, including peroxides, superoxide, and hydroxyl 

oxygen.5-7. To combat the destructive effects of these molecules, peroxisomes 

also contain copious amounts of the enzyme catalase. When excess H2O2 

accumulates in the cell, catalase decomposes H2O2 to H2O:  

2 H2O2                     2H2O + O2 (Figure 1. 1). 
 
 
 
 

 

 

 

 

 

 

 

 
 
 
 

It is now appreciated that peroxisomes have a much broader metabolic 

role than detoxification. For example, they catalyze the first two steps in the 

synthesis of plasmalogens. Furthermore, bile salts are also synthesized in 

peroxisomes. In plants, 2-phosphoglycolate, which is produced by the 

oxygenase action of rubisco in glyoxisomes8,9. In mammalian cells, mitochondria 

and peroxisomes are the two major sites of fatty acid β-oxidation. Both 

Figure 1. 1 Major metabolic pathways in peroxisomes. 
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organelles possess similar enzymes required for the degradation of fatty acids10. 

This is perhaps the best known example for peroxisome-mitochondria crosstalk. 

Very long- (>C26), long-chain (C22-C16) and branched fatty acids are major 

substrates for peroxisomal fatty acid β-oxidation. Peroxisomes oxidize these 

fatty acids down to a chain length of 6-8 carbon atoms, generating products 

such as acetyl-CoA and short-chain acyl-CoA that can subsequently be used for 

cytosolic fatty acid synthesis or exported to mitochondria for full degradation and 

generation of adenosine triphosphate (ATP) in the tricarboxylic acid (TCA) 

 
 

 

Table 1. Sequences that target proteins from the cytosol to organelles.  

 
 
 
 
 
cycle11. One major difference between the two organelles is that mitochondrial 

β-oxidation is directly associated with the production of ATP whereas 

peroxisomal metabolism of fatty acid leads to the production of H2O2, but not 

ATP12. 
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The process of peroxisome biogenesis consists three components: 1) 

peroxisome membrane formation, 2) peroxisomal proteins import, and 3) 

peroxisome division13. Peroxisomes do not contain their own genome. All 

peroxisomal proteins, both membrane and matrix, are encoded by nuclear 

genes and synthesized outside the organelle on “free” cytosolic ribosomes 

(ribosomes not bound to the rough endoplasmic reticulum)14. The newly made 

proteins are released into the cytosol and are then taken up by specific 

receptors into pre-existing peroxisomes. The targeting and import of membrane 

and matrix proteins to peroxisomes requires specific signal sequences, 

receptors, and translocation machineries. (Table 1.). For most peroxisomal 

proteins the uptake-targeting signal is known as peroxisomal targeting signal 1 

(PTS1), which is located in the C-terminus consisting of a conserved tripeptide, 

usually with the sequence (S/A/C)-(K/R/H)-L15,16. Very few peroxisome matrix 

proteins contain an N-terminal PTS2, which is a nonapeptide with the sequence 

(R/K)-(L/V/I)-X5-(H/Q)-(L/A) (where X can be any amino acid )17,18. PTS1-or 

PTS2-containing matrix proteins are recognized by the soluble receptors: PEX5 

(PTS1)19 and PEX7 (PTS2)18, and their co-receptors in the cytosol, which guide 

them to a docking site at the peroxisomal membrane. After translocation of the 

receptor-cargo complex to the luminal side of the peroxisomal membrane, the 

cargo is released and the receptors shuttle back to the cytosol20. PEX19 is an 

import receptor for peroxisomal membrane proteins with a PEX19 binding sites21 

(Figure 1. 2) and import usually membrane proteins of the peroxisomes. In 
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general, protein uptake into each of these organelles is an energy-requiring 

process that depends on integral proteins in the organelle membrane.  

The growth and division of peroxisomes are not coupled to nuclear 

division. The organelles grow by the incorporation of proteins (and lipids), a 

process that occurs continuously during the interphase period of the cell cycle. 

There are two major mechanisms of peroxisomal biogenesis: 1) de novo 

pathway, and 2) the growth and fission pathway. The de novo peroxisomes are 

synthesized via budding from the endoplasmic reticulum (ER) to form the 

“mature peroxisome”22. The de novo pathway are including three steps: 1) 

incorporation of peroxisomal proteins into the ER membranes, 2) intra-ER 

sorting of peroxisomal proteins , and 3) vesicles fusion and peroxisome 

formation. Sec61 is essential for peroxisomal proteins imcorporation. Although 

peroxisomal fusion is not well defined, recent studies have indicated that some 

peroxisomal proteins (peroxin), such as PEX1 and PEX6 are necessary for 

fusion23. Another pathway of peroxisomal biogenesis is that PEX11 and 

Dynamin-like protein 1 (DLP1) mediates the membrane of pre-existing 

remodeling and elongation to initiate the fission and formation of new 

peroxisomes24,25.  

Mutations of peroxisomal proteins that cause defective peroxisome 

assembly occur naturally in the human population. These include disorders 

resulting from a defect in a single peroxisomal enzyme and disorders that result 
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from a deficiency in biogenesis of the peroxisome, referred to as peroxisome 

biogenesis disorders (PBDs) and peroxisomal enzyme/transporter  

 

 

deficiencies(PEDs)26. An example of PBDs is Zellweger Syndrome (ZS), which 

results in severe impairment of many organs and death. Patients with ZS are 

born with congenital neurological and other abnormalities and usually die within 

the first year of life27. In ZS and related disorders, the transport of all proteins 

into the peroxisomal matrix is impaired; newly synthesized peroxisomal enzymes 

remain in the cytosol and are eventually degraded. A remarkable feature of the 

ZS is that cells contain empty peroxisomes; these do contain a normal 

complement of peroxisomal membrane proteins. Several defects of peroxisomal 

Figure 1. 2 Three targeting sequences for peroxisomal proteins. 
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protein import, among them the PEX5-associated PTS1 pathway, have been 

found in such patients. In cell lines from Zellweger patients and from PEX5-

knockout mice, peroxisomes are absent or grossly deficient and peroxisomal 

proteins are synthesized but remain localized to the cytoplasm and are 

subjected to degradation by proteolysis. These findings demonstrate that 

peroxisomes from patients with ZS are defective in the uptake of matrix proteins, 

but not of peroxisomal membrane proteins, from the cytosol. The ZS mutation 

causes a defect in a peroxisomal receptor or transport protein for peroxisomal 

matrix proteins but not membrane proteins. Recent studies have indicated that 

peroxisome function and dysfunction are associated with a wide variety of age-

related maladies, including cancer, type 2 diabetes, and neurodegeneration.5,28 

In mammalian cells, peroxisome proliferator-activated receptorα (PPAR

α) mediates the induction of peroxisome proliferation29. The hyperactivation of 

PPARα elevates peroxisome synthesis and basal β-oxidation rate, which 

causes more ROS generation. Induction of ROS at lower levels can activate 

cellular signaling pathways responsible for regulating cellular proliferation and 

survival, while high levels of ROS generation can lead to DNA damage directly, 

resulting in genomic instability and triggering the progression of cancer30.  

Thus peroxisomes are indispensable for human health and development. 

However, the mechanisms of regulation of peroxisomal homeostasis and matrix 

proteins transport have not been elucidated. This dissertation will 1) 

demonstrate ataxia-telangiectasia mutated (ATM) signaling and AMP-activated 
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protein kinase (AMPK) signaling at the peroxisome; 2) investigate the 

peroxisome as a new functional site for interaction of the ATM and the tuberous 

sclerosis complex (TSC) tumor suppressor to maintain peroxisomal 

homeostasis; and 3) identify AMPK phosphorylation of the PEX5 import receptor 

as a regulator of peroxisomal protein delivery. 
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CHAPTER II 

ATM FUNCTIONS AT THE PEROXISOME TO INDUCE PEXOPHAGY IN 

RESPONSE TO ROS* 

Introduction 

Peroxisomes are autonomously replicating organelles. 

Peroxisomes are autonomous, single membrane bound organelles that 

are involved in several key cellular functions in eukaryotic cells, including β-

oxidation of branched and very-long-chain fatty acids. ROS, including H2O2, is a 

by-product of this enzymatic reaction31,32. While ROS can serve as signaling to 

molecule that mediate many normal cellular processes33, excessive ROS can 

cause cellular damage, and trigger catabolic functions such as autophagy34-36. 

To prevent excessive production of ROS, cells must maintain peroxisome 

homeostasis by balancing peroxisome biogenesis with degradation23,37-40. 

Dysregulated peroxisome dynamics and dysfunctional peroxisomes have 

dramatic effects on human health and can give rise to many diseases. These 

diseases include ZS, PBDs 
37,40,41, white matter disease39 and Alzheimer’s  

 

* Part of this chapter is reprinted with permission from “ATM functions at the 
peroxisome to induce pexophagy in response to ROS” by Zhang, J#., Tripathi, 
D#., Jing, J#., Alexander, A., Kim, J., Powell, R., Dere, R., Tait-Mulder, J., Lee, 
J., Paull, T., Pandita, R., Charaka, V., Pandita, T., Kastam, M., and Walker, C, 
2015, Nat Cell Biol. Oct;17(10):1259-1269. doi: 10.1038/ncb3230, Copyright 
[2015] by all authors. # These authors contributed equally to this work. 

https://www.ncbi.nlm.nih.gov/pubmed/26344566
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disease38. It is clear that maintaining peroxisome homeostasis is crucial for 

normal cellular metabolism, however, mechanisms for the initiation, recognition 

and turnover of excessive or dysfunctional peroxisomes to prevent pathologies  

are not well defined.  

 The major pathway of degradation for excess peroxisomes is 

autophagosomal-lysosomal fusion (pexophagy)42-46. Induction of pexophagy is 

initiated via target recognition by adapter proteins, such as the ubiquitin-binding 

autophagy adaptor p62/SQSTM1. p62/SQSTM1 has dual functions, it can 

interact with ubiquitinated target proteins via the C-terminal ubiquitin-associated 

(UBA) domain, and it can bind directly to microtubule-associated protein 1 light 

chain 3 (LC3) via LC3-interacting region (LIR) to link with the autophagy 

machinery 47. Although other autophagy adaptor proteins have been identified, 

such as NBR1, and NDP52, only p62/SQSTM1has been shown to be involved in 

pexophagy 48,49. There is a gap in our knowledge regarding how peroxisomal 

proteins are recognized by autophagy adapter(s), and which mechanisms are 

responsible for regulation of pexophagy. 

The ATM and TSC Tumor Suppressors.  

Ataxia telangiectasia mutated (ATM), the gene mutated in the cancer-

prone human disease ataxia telangiectasia (AT), is a protein kinase that serves 

as a critical mediator of signaling pathways that facilitate the response of 

mammalian cells to ionizing radiation (IR) and other agents that induce 
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deoxyribonucleic acid (DNA) double-strand breaks 50. Recent evidence suggests 

that ATM has the potential to function in a much broader number of protein 

networks than related to DNA damage51 52,53.  

The tuberous sclerosis complex (TSC) is a tumor suppressor that 

functions as one of the gatekeepers for mammalian target of rapamycin complex 

1 (mTORC1). The TSC signaling node is comprised of the GTPase activating 

protein (GAP) TSC2, its activation partner, TSC1, and its GAP target, the small 

GTPase Rheb 54,55. The disease tuberous sclerosis results from defects in either 

the TSC1 or TSC2 tumor suppressor genes 56. TSC2 participates in energy 

sensing and growth factor signaling to repress the kinase mTOR in the mTORC1 

complex, a key regulator of protein synthesis and cell growth 57,58. TSC inhibits 

the activity of the small GTPase-Rheb to repress mTORC1, which is a negative 

regulator of autophagy 45,59-63.  

In previous studies, we have reported a novel function for ATM in the 

cytoplasm, where it activates TSC2 via the liver kinase B1 (LKB1)/AMPK 

metabolic pathway to repress mTORC1 signaling in response to ROS. We also 

have identified that the peroxisome is a signaling node involved in regulation of 

mTORC1 in response to ROS64.  

In this Chapter, we have continued this line of study and found that ATM 

binds to the peroxisome import receptor PEX5, and is localized and activated at 

peroxisomes. In response to ROS, it signals via AMPK and TSC to suppress 

mTORC1 and activate the autophagy initiating kinase ULK1, and PEX5 is 
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phosphorylated at Ser141 in an ATM-dependent manner, triggering its 

ubiquination at K209 and recognition by the autophagy adaptor protein p62 to 

induce pexophagy. These data are the first to demonstrate kinase signaling at 

the peroxisome, and point to a previously unappreciated role of ATM in an 

oxidative stress-signaling pathway important for inducing pexophagy to maintain 

peroxisome homeostasis.   
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Materials and Methods 

Antibodies 

Antibodies against lamin A/C (no. 2032, 1:1,000 WB), LC3B (no. 2775, 

1:1,000 WB), HA (no. 3724, 1:2,000 WB), phospho-(S/T) ATM/ATR substrates 

(no. 2851, 1:1,000 WB) were purchased from Cell Signaling Technology. 

Phospho-ATM Ser 1981 (ab81292, 1:1,000 WB, 1:200 immunofluorescence 

(IF)), catalase (ab1877, 1:5,000 WB, 1:500 IF), HA (ab9110, 0.5 g per 100 g of 

total protein for immunoprecipitation (IP)), and PEX14 (ab109999, 1:1,000 WB) 

were purchased from Abcam. c-Myc (9E10; sc-40, 1:2,000 WB, 2 g per 100 g of 

total protein for IP), p62 (sc-28359, 1:1,000 WB), PEX1 (SC-21957, 1:500 WB), 

GAPDH (SC-25778, 1:5,000 WB), and PEX5 (SC-23188 1:300 IF) were 

purchased from Santa Cruz Biotechnology. Other antibodies used in this study 

are as follows: phospho-PEX5 (Ser 141) was generated by Covance, PEX5 (no. 

12545-1-AP, 1:1,000 WB, 1:200 IF) were purchased from Proteintech. Flag 

(F3165, 1:4,000 WB, 1:500 IF, 1.25 g per 100 g of total protein for IP), PMP70 

(SAB4200181, 1:5,000WB, 1:500 IF) and ubiquitin (U5379, 1:100 IF) were 

purchased from Sigma. ATM (GTX70103, 1:1,000) was from GeneTex; LDH 

(AB1222, 1:2,000 WB) was from Chemicon; β-integrin (no. 610468, 1:2,000 WB) 

was from BD Transduction Laboratories; p62 (03-GP62-C, 1:100) was from 

ARP. Secondary antibodies conjugated to horseradish peroxidase were 

purchased from Santa Cruz Biotechnology. Secondary antibodies for 
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immunofluorescence staining were obtained from Molecular Probes. Reagents 

are as follows: hydrogen peroxide solution (323381-25ML) was purchased from 

Sigma. Ku55955 was obtained from Tocris Bioscience. 

Cell culture and transfection  

Wild-type (WT) (GM15871) fibroblast cells, WT human fibroblast 

(GM08399) and ataxia-telangiectasia (AT) patients fibroblast (GM05849) cells 

were purchased from Coriell Cell Repositories and cultured in MEM 

supplemented with 15% fetal bovine serum (FBS). HEK293 (ATCC) cells were 

cultured in DMEM supplemented with 10% FBS. HepG2 (ATCC) cells were 

cultured in MEM supplemented with 10% FBS. FAO (Sigma) cells were cultured 

in F12 media supplemented with 10% FBS and 2mM L-glutamine (Life 

technologies). MCF7 cells were grown in modified IMEM media supplemented 

with 10% FBS. All media and FBS were purchased from Life Technologies and 

Sigma respectively. Indicated DNA transfections were performed using the 

Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's 

instructions. All of the cell lines were tested and confirmed negative for 

mycoplasma.  

Plasmids and mutagenesis 

We used EST cDNA clone (Expressed-sequence tags, GE Healthcare) as 

a template to get the full-length hPEX5 by PCR. hPEX5 PCR product was 
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cloned into pJET1.2/blunt cloning vector to amplify full-length hPEX5 with SalI 

restriction sites. pCMV-Myc-PEX5 was made by inserting amplified fragments, 

with SalI restriction sites. Mutagenesis of pCMV-Myc-PEX5 was performed by 

the QuikChange LightningMulti Site-Directed Mutagenesis Kit. The primers for 

different sites were designed as follows (Table 2).  

RNAi knockdown 

Endogenous gene in cells were knocked down with 20nM siRNA each 

designed for targeting ATM, PEX5, p62/SQSTM1, and PEX2/10/12. siRNA is 

purchased from Dharmacon. The siRNA information for different genes is 

followed: On-TARGETplus ATM siRNA (L-003201-00-0005), SiGENOME human 

PEX2, PEX10 and PEX12 siRNA (M-006548-02, M-006545-00, and M-019337-

02), si SMARTpool human PEX5 (M-015788-00) and si SMARTpool human 

SQSTM1 (M-010230-00). HEK293 cells were transfected with the indicated 

siRNA at 20nM final concentrations with DharmaFECT 1 (GE Dharmacon) 

according to the manufacturer's instructions for 72 h before collection of lysates. 

As a transfection control, we used an equal amount of control siRNA.  

Cellular fractionation 

Wash and collect cells, pellet at 1500 rpm for 5min at 4℃ for twice. 

Resuspend the pellet in 5 volumes of hypotonic buffer containing complete 

protease inhibitor (10 mM HEPES, pH 7.2, 10 mM KCl, 1.5 mM MgCl2, 0.1 mM 
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EGTA, 20 mM NaF, and 100 µM Na3VO4). Break cells to release nuclei a 

Dounce homogenizer for 50-100 times depending on cell type. Centrifuge 

Dounced cells at 3,000 rpm at 4℃ for 5 min to pellet crude nuclei and other 

fragments and get supernatant A. Crude nuclei (pellet A) were resuspended with 

hypotonic buffer containing complete protease inhibitor and homogenized using 

a Dounce homogenizer. Discard the supernatant by centrifugation at 3000 rpm 

for 5 min at 4℃. Wash the pellet with nuclear wash buffer (10 mM Tris-HCl, pH 

7.4, 0.1% NP-40, 0.05% Na-Deoxycholate, 10 mM NaCl, and 3 mM MgCl2). 

Then the pellet (nuclear fraction) was lysed in high salt lysis buffer (20 mM 

HEPES, pH 7.4, 0.5 M NaCl, 0.5% NP-40, and 1.5 mM MgCl2). The supernatant 

A can be retained as the cytoplasmic fraction. The supernatant A separated by 

ultracentrifugation at 29,000 rpm for 1 h at 4℃. Collect the supernatant B, or 

cytosolic fraction. The pellet B (membrane containing fraction) was lysed in 1×

CST lysis buffer (as above) containing complete protease inhibitor. Remove the 

insoluble fractions by centrifugation at max speed for 10 min at 4 ℃, then get 

membrane lysate. 

Peroxisome Isolation 

Peroxisome isolation was performed using the Peroxisome Isolation Kit 

(Sigma) according to the manufacturer’s protocol. Briefly, cells were washed by 

scraping into ice-cold phosphate-buffered saline (PBS) to remove the serum. 

Pellet cells at 1,200 rpm for 5min at 4℃ and discard the supernatant for twice. 
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The cells were resuspended in 2.7 times packed cell volum 1×Peroxisome 

Extraction Buffer, homogenized the cells in Dounce homogenizer, and 

centrifuged at 1,000 g for 10 minutes. Transfer the supernatant to a new 

centrifuge tube and centrifuge at 2,000 g for 10 minutes. Collect the supernatant 

and further centrifuge at 25,000 g for 20 minutes. Resuspend the pellet in a 

minimal volume of 1×Peroxisome Extraction Buffer, and subjected to density 

gradient centrifugation at 100,000 g for 1.5 hours. The purified peroxisomes 

were enriched in the bottom layer of the density gradient. 

Western blot and Immunoprecipitation assay 

The cells were lysed directly with Cell Signaling Technology (CST) lysis 

buffer (20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% 

Triton X-100, 2.5mM Na pyrophosphate, 1mM β-glycerophosphate, and 1× 

protease inhibitor cocktail and phosphatase inhibitor cocktail 2 and 3), and 

rotated for 30 min at 4 ℃. Lysates were microcentrifuged at 4 ℃.at maximum 

speed (10,000g) for 10 min. The supernatant was subjected to BCA Protein 

Assay (Thermo Scientific) to quantify protein levels. For immunoprecipitation, the 

indicated antibody was coupled with Magnetic protein A/G beads (Thermo 

Scientific) and incubated with cell lysates overnight at 4 ℃.The beads were 

washed with lysis buffer 5 times before being resolving by SDS-PAGE. The cell 

lysates were separated on a 4-15% gel (Bio-Rad), transferred to PVDF 

membranes and probed with indicated antibodies. Quantification of expression 



 

18 

 

levels was performed using ImageQuantTL software and data were normalized 

with GAPDH expression. Student's t-test (two-tailed) was performed on at least 

three biological repeats using GraphPad Prism software. Error bars represent 

standard deviations of normalized fold changes.  

Protease protection assay 

The crude peroxisomal fraction was isolated using the Peroxisome 

Isolation Kit (Sigma). The fractionation sample was incubated with Proteinase K 

(Roche) 0.1 µg ml-1 with or without 1% Triton X-100 on ice for 5, 15 and 30 min 

respectively. The reaction was stopped by phenylmethyl sulphonyl fluoride and 

samples were processed by western blot assay.  

Immunofluorescence microscopy 

Seed cells on coverslips and culture at 37℃ and 5% CO2 for 24 h before 

staining. Cells were washed with 1×PBS three times and fixed for 15 min in 4% 

paraformaldehyde, permeabilized for 10 min in 0.5% Triton X-100 in PBS and 

blocked with 3.75% BSA in PBS for 1 h at room temperature. Then the cells 

were stained with the indicated primary antibody overnight at 4 ℃. Secondary 

antibodies were incubated for 1 h at 37 ℃. Nuclei were counterstained with 

DAPI for 2 min. Slides were mounted using SlowFade Gold Antifade reagent 

(Life Technologies). Images were captured using either a Deltavision 

Deconvolution Microscope (DeltaVision Elite, GE) or a Nikon confocal system. 
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Images were acquired with a × 60/1.42 oil objective (Olympus). SoftWoRx 

software was used for acquisition of image stacks, time-lapse and 

deconvolution. For time-lapse, the cells were seeded on glass-bottom micro-well 

dishes (MatTek) for 24 h ahead of time and then immediately treated with H2O2 

before image acquisition on the stage. Images were quantified using ImageJ 

software. All confocal images are representative of 4 independent experiments 

were used for quantification. 

RNA extraction and Quantitative real-time polymerase chain reaction (qPCR) 

Total RNA was isolated using the RiboPure Kit (Life technologies), and 

the first strand cDNA was generated from total RNA using oligo-dT primers and 

reverse transcriptase II (Life Technologies). Briefly, cells were plated in 6-well 

plates and cultured at 37 ℃ and 5% CO2 for 24 h ahead of treating cells with 

indicated condition. The cells were washed with PBS three times before 

scraping in 1 ml TRI Reagent solution (Ambion). One millilitre of the homogenate 

was transferred to a 1.5ml centrifuge tube. Two hundred microlitres of 

chloroform was added and vortexed at maximum speed. Following a 5 min 

incubation at room temperature, the samples were centrifuged at maximum 

speed for 10 min. Four hundred microlitres of the aqueous phase was 

transferred to a new tube followed by addition of 200 µl 100% ethanol. The 

sample was transferred to a Filter Cartridge-Collection and centrifuged 1 min at 

maximum speed. The column was washed with 70% ethanol and 100 µl of 
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elution buffer was added to elute RNA. qPCR was performed  with the Taq Man 

Fast Universal Kit and the ABI Viia7 analyzer ( Applied Biosystems). Target 

gene expression values were normalized to human GAPDH. The primers were 

purchased from Life Technologies.  

Statistical analysis 

The data are shown as mean ± s.d. Student's t-test (two-tailed) was 

performed for the comparisons between two groups and P <0.05 was 

considered statistically significant. All experiments were repeated at least three 

times and representative data are shown as indicated. 
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Table 2. Primers for plasmid construction and mutagenesis 

Gene Name Sequence (from 5’-3’) 

hPEX5 
Forward CGGTCGACCATGGCAATGCGGGAG 

Reverse GTCGACTCACTGGGGCAGGCCAAAC 

hPex5-S141A 
Forward GAGACTGACTGGGCCCAAGAATTCATC 

Reverse GATGAATTCTTGGGCCCAGTCAGTCTC 

hPex5-S141E 
Forward CGGTCGACCATGGCAATGCGGGAG 

Reverse GTCGACTCACTGGGGCAGGCCAAAC 

hPex5-S279A 

Forward 
GTTTGAACGAGCCAAGGCAGCTATAGAGTT
GCAG 

Reverse 
CTGCAACTCTATAGCTGCCTTGGCTCGTTCA
AAC 

hPex5-S621A 

Forward 
GACGCGCGGGATCTGGCCACCCTCCTAACT
ATG 

Reverse 
CATAGTTAGGAGGGTGGCCAGATCCCGCGC
GTC 

hPex5-K28R 
Forward CCCAGGACAGGGCCCTTCG 

Reverse CGAAGGGCCCTGTCCTGGG 

hPex5-K52R 
Forward GGCAGCCTCCAGGCCTTTGGGAG 

Reverse CTCCCAAAGGCCTGGAGGCTGCC 

hPex5-K170R 
Forward CAATCAGAGGAGAGGCTGTGGCTGGGAG 

Reverse CTCCCAGCCACAGCCTCTCCTCTGATTG 

hPex5-K204R 
Forward CTTTGTGGCCAGAGTGGATGAC 

Reverse GTCATCCACTCTGGCCACAAAG 

hPex5-K209R 
Forward GATGACCCCAGATTGGCTAATTC 

Reverse GAATTAGCCAATCTGGGGTCATC 

hPex5-K292R 
Forward GAGGAGATGGCAAGACGGGATGCTGAG 

Reverse CTCAGCATCCCGTCTTGCCATCTCCTC 

ATM R3047Q 

Forward 
GACCCCAAAAATCTCAGCCAACTTTTCCCAG
GATGGAAAGC 

Reverse 
GCTTTCCATCCTGGGAAAAGTTGGCTGAGAT
TTTTGGGGTC 
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Results  

ATM kinase localizes to the cytosolic surface of peroxisomes  

To investigate the subcellular localization of ATM, HEK293 cells were 

fractionated, revealing that endogenous ATM was detected in the nuclear (lamin 

A/C containing), in the membrane (β-integrin containing) and in the peroxisome 

(PMP70 and catalase containing) fractions (Figure 2. 1A) but not within the 

cytosolic fraction. This is consistent with previous reports that ATM is a DNA 

damage response sensor in the nucleus50,65 that localizes to the membrane and 

to peroxiomes 66,67. The localization of ATM within the peroxisomal membrane or 

matrix was further determined by protease protection assay. Isolated 

peroxisomes were treated with proteinase K in the absence or presence of 

membrane disrupting detergent TritonX-100 in vitro. The peroxisomal membrane 

protein PMP70 and ATM were degraded in both absence and presence of 

TritonX-100, while catalase, peroxisome matrix protein, was resistant to 

proteinase K (Figure 2. 1B), indicating that ATM was associated with the outer 

surface of peroxisomal membranes.  

ATM is activated at the peroxisome in response to ROS.  

Previous studies have shown that ATM has a cytoplasmic function and 

participates in the cellular response to ROS damage. ROS-induced ATM 

activation regulates mTORC1 signaling and autophagy via the  
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A. Subcellular fractionation of HEK293 cells demonstrating the localization of 

ATM. Catalase and PMP70 were used as subcellular markers of peroxisomal 

matrix and membrane proteins (P), respectively. LDH, lamin A/C and β-integrin 

were used as markers for cytosolic (C), nuclear (N) and membrane (M) fractions, 

respectively. WCE, whole-cell extract. B. Proteinase K assay in the presence or 

absence of Triton X-100 performed with peroxisomal fractions obtained from 

HEK293 cells. Immunoblotting was performed with ATM, catalase and PMP70 

antibodies. WCE, whole-cell extract; P, peroxisome fraction. 

 

 

Figure 2. 1 ATM is a peroxisome-localized kinase. 
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LKB1/AMPK/TSC2 signaling node53. To investigate whether peroxisome- 

localized ATM was activated in response to ROS, we purified peroxisomes from 

cells exposed to H2O2 and observed an increase in activated ATM in the 

peroxisome fraction (increased immunoreactivity with a phospho-specific ATM 

(S1981) antibody) (Figure 2. 2A). Localization of endogenous phospho-ATM to 

peroxisomes was confirmed by deconvolution microscopy, which demonstrated 

that co-localization of phospho-ATM with the peroxisomal protein catalase was 

increased in human fibroblasts in the presence of H2O2 (Figure 2. 2B). Together, 

these data identify the peroxisome as a site for activation of ATM in the 

cytoplasm in response to ROS.  

PEX5 localizes ATM to the peroxisome 

Most peroxisomal proteins contain a PTS1 motif, which is recognized by 

soluble receptors PEX568. Previous studies have been shown that ATM 

containes a putative PEX5 binding sequence (SRL) at its C-terminus67 (Figure 2. 

3A). Interestingly, we found that endogenous ATM could be co-

immunoprecipitated with PEX5, and the interaction between activated ATM 

(phospho-ATM) and PEX5 was increased by H2O2. (Figure 2. 3B). To test 

whether the putative PEX5 binding sequence-SRL was required for ATM 

interaction with PEX5 and localization of ATM to the peroxisome, we introduced 

an arginine (R) to glutamine (Q) mutation into wild-type ATM at amino acid 

position 3047 (R3047Q). Localization of the ATM R3047Q mutant in the 



 

25 

 

peroxisome fraction was dramatically decreased (Figure 2. 3C), because the 

mutant disturbed the interaction between ATM and PEX5 (Figure 2. 3D). These 

data were confirmed by immunocytochemistry, where ATM-WT was significantly 

increased and co-localized with the peroxisome membrane protein PMP70 in the 

cytoplasm in response to ROS. In contrast, the ATM-R3047Q mutant remained 

primarily nuclear, and exhibited little co-localization with PMP70 by H2O2 (Figure 

2. 3E). These results indicate that ATM is localized to the peroxisome by PEX5.  

PEX5 is a substrate of ATM 

The increased interaction of phospho-ATM with PEX5 in the presence of 

ROS (Figure 2. 3B) suggested that PEX5 might also be a target for the ATM 

kinase. Immunoprecipitated PEX5 was recognized by a pan-phospho-(S/T) ATM 

substrate antibody, and immunoreactivity was significantly increased by H2O2 

treatment (Figure 2. 4A). The immunoreactivity of PEX5 with the pan-phospho-

(S/T) ATM substrate antibody was abrogated by the ATM inhibitor KU55933. 

Furthermore, PEX5 immunoreactivity to the ATM substrate antibody was lost in 

AT fibroblasts, which lack ATM (Figure 2. 4B). These data demonstrate that 

PEX5 is a target for ATM. 

ATM phosphorylates PEX5 at Ser141 in response to ROS. 

ATM is a highly selective kinase that prefers substrates with S*/T*Q motif 

hydrophobic residues in the N-1 and the N-3 positions and negatively charged  
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A. HepG2 cells treated with H2O2 (0.4 mM) at 1, 3, 6 h. Whole cell extracts 

(WCE) and peroxisomal fractions (P) were probed with the indicated antibodies. 

B. Representative images of wild-type (GM15871) fibroblasts treated with or 

without H2O2 for 1 h and immunostained for active pATM (Ser 1981; green) and 

catalase (red). Scale bars, 15 µm. The insets show the regions outlined by 

dashed lines at higher magnification. Scale bar, 5 µm. 

 

 

 

 

Figure 2. 2 ATM is activated at peroxisome in response to ROS. 
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A. Schematic indicating the putative PEX5-binding region-SRL sequence at the 

C-terminus of ATM. B. Co-immunoprecipitation with anti-PEX5 antibody in 

HepG2 cells transfected with control or ATM siRNA and treated with H2O2 (0.4 

mM) for 3 h followed by immunoblotting with the indicated antibodies. C. 

Subcellular fractionation of HEK293 cells overexpressing Flag–ATM-WT or 

Flag–ATM-RQ (mutant). Immunoblotting was performed with the indicated 

antibodies. WCE, whole-cell extract; N, nuclear; P,peroxisome fraction. D. 

Immunoprecipitation was performed with anti-Myc antibody in HEK293 cells 

overexpressing Myc–PEX5 with Flag–ATM-WT or Flag–ATM-RQ and 

immunoblotted with Flag. Inputs were immunoblotted using the indicated 

antibodies. E. Representative images of HEK293 cells overexpressing Flag–

ATM-WT and treated with or without H2O2 (0.4 mM) for 1 h and immunostained 

for Flag (ATM-green) and PMP70 (peroxisome-red). Scale bars, 10µm. High-

magnification images of the outlined areas are shown to the right. Scale bars, 

5µm. The plot on the right shows the quantification of ATM and PMP70 co-

localization. 

 

Figure 2. 3 ATM is localized to the peroxisome by PEX5. 
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Figure 2. 3 Continued. 
 
 
 
 

residue at N+1 position69. Moreover, in silico analysis using the Scansite 

program (http://scansite.mit.edu/) identified a potential ATM phosphorylation site 

in PEX5 at Ser 141 (Figure 2. 5A). Ser 141 is highly conserved in PEX5 in 

multiple species and is similar to other ATM substrates, such as p53, CHK2, and 

BRCA1 (Figure 2. 5B). Serine has a nucleophilic (–OH) group that attacks of the 

γ-phosphate group (γ-PO3
2-) on the universal phosphoryl donor adenosine 

triphosphate (ATP), resulting in the transfer of the phosphate group to the 

Serine70,71. However, alanine does not contain –OH group, mutating serine to 

alanine effectively prevents potential serine phosphorylation. To determine if 

loss of Ser141 abrogated ATM phosphorylation of PEX5 serine 141 of PEX5 

was mutated to alanine (S141A). In PEX5-WT, immunoreactivity with the pan-

phospho-(S/T) ATM substrate antibody increased with H2O2 treatment, while the 

S141A PEX5 mutant was not recognized by the pan-phospho-(S/T) ATM 

substrate antibody (Figure 2. 5C). We next generated a polyclonal antibody  

http://scansite.mit.edu/
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A. Immunoprecipitation performed with anti-Myc antibody of lysates from 

HEK293 cells overexpressing Myc–PEX5, treated with H2O2 (0.4 mM) for 1 h in 

the presence/absence of an ATM inhibitor (KU-55933, 2 h pretreatment) 

followed by immunoblotting with phospho-(S/T) ATM substrate antibody. Inputs 

were immunoblotted using the indicated antibodies. B. WT fibroblasts 

(GM08399) and AT fibroblasts (GM05849) were transfected with Myc-PEX5-WT 

and treated with H2O2 for 1 h. The complex was immunoprecipitated with anti-

Myc and immunoblotted with phospho-(S/T) ATM substrate antibody. Inputs 

were immunoblotted using the indicated antibodies. 

 

 

against the phospho-Ser 141 of PEX5 and confirmed that phosphorylation of 

PEX5-WT at Ser 141 was increased, but not S141A mutant PEX5 in response to 

ROS (Figure 2. 5D). The increased phosphorylation at Ser 141 of PEX5 in 

response to ROS was lost with siRNA knockdown of ATM (Figure 2. 5E). 

Together, these data demonstrate that PEX5 is phosphorylated on Ser 141 in  

response to ROS, and that this phosphorylation is ATM-dependent.  

Figure 2. 4 PEX5 is a substrate of ATM. 
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Figure 2. 5 ATM phosphorylates PEX5 at Ser 141 in response to ROS. 

A. Prediction of PEX5 phosphorylation site and ubiquination site by ScanSite. B. 

Conserved S141 (ATM phosphorylation site) sequence in PEX5. C. HEK293 

cells transfected with either a Myc–PEX5-WT or Myc–PEX5-S141A mutant 

construct treated with H2O2 (0.4 mM) for the indicated times. 

Immunoprecipitation was performed with an anti-Myc antibody followed by 

immunoblotting with phospho-(S/T) ATM substrate antibody. D. HEK293 cells 

transfected with either a Myc–PEX5-WT or Myc–PEX5-S141A mutant construct 

treated with H2O2 (0.4 mM) for 1 h. Western analysis was performed with the 

indicated antibodies. E. HEK293 cells transfected with Myc–PEX5-WT for 24 h 

following a siRNA knockdown of ATM for 48 h treated with H2O2 (0.4 mM) for 1 

h. Western analysis was performed with indicated antibodies. 
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PEX5 is mono-ubiquitinated in response to ROS. 

Selective autophagy of peroxisomes is considered a major pathway for 

peroxisome degradation46. Ubiquitin is a key degradation signal, which is 

involved in selective autophagy of misfolded proteins or damaged organelles72. 

Although ubiquitin on the peroxisome membrane surface is thought to target 

peroxisomes to the autophagosome for degradation49, the initiation and specific 

site(s) of ubiquitination for peroxisomal degradation have not been investigated. 

As membrane-bound PEX5 has been reported to be ubiquitinated, becoming 

either poly-ubiquitinated and targeted for proteasome-mediated degradation, or 

mono- ubiquitinated for recycling back to the cytosol73-77, we determined whether 

PEX5 is ubiquitinated in response to ROS. Myc-PEX5 and HA-Ub were co-

transfected in HEK293 cells. Co-immunoprecipitation assays showed that 

immunoreactivity to a Myc antibody (an indicator of ubiquitinated PEX5) was 

significantly increased by ROS (Figure 2. 6A). It is possible that PEX5 is mono-

ubiquitinated, as we observed one specific band. To confirm that PEX5 is indeed 

mono-ubiquitiylated in response to ROS, HA-Ub-K0 (ubiquitin with all lysine 

residues mutated to arginine to prevent chain formation and poly-ubiquitination) 

was co-expressed with Myc-PEX5 in HEK293 cells. There was no observed 

decrease in the apparent molecular weight, or amount of PEX5 ubiquitination in 

response to ROS using the HA-Ub-K0 construct (that can only be mono-

ubiquitinated), compared to the HA-Ub-WT construct (Figure 2. 6B), indicating 

PEX5 was mono-ubiquitinated in response to ROS.  
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PEX2, PEX10 and PEX12 are E3 ligases for PEX5 ubiquitination 

Three RING peroxisome biogenesis factors (peroxins) PEX2, PEX10, and 

PEX12 have been identified as part of a peroxisome-localized E3 ligase 

responsible for poly-ubiquitination of PEX576,78. To identify E3 ligase of PEX5 

mono-ubiquitination in response to ROS. We knocked down PEX2, PEX10, and 

PEX12 with short interfering RNA (siRNA), and found that siRNA knockdown of 

these peroxins reduced ubiquitination of PEX5 in response to ROS (Figure 2. 

7A-B), indicating that PEX2, PEX10, and PEX12 are E3 ligases for PEX5 mono-

ubiquitination.  

PEX5 is mono-ubiquitinated at Lys 209 

The putative ubiquitination sites on PEX5 were identified using  

PhosphoSite (www.phophosite.org). Using site-directed mutagenesis, we 

introduced a series of Lysine (K) to Arginine (R) mutation constructs. We 

observed that, compared to other lysines in PEX5, mutation of lysine 209 

dramatically decreased PEX5 ubiquitination (Figure 2. 8). Lysine 209 was further 

supported as a bona fide site for PEX5 ubiquitination by publically available 

mass spectrometry databases (www.phosphosite.org)79. 

ROS-induced PEX5 ubiquitination is ATM-dependent 

Phosphorylation can regulate ubiquitination of a protein by promoting 

recognition by an E3 ligase and creating a phosphodegron 80.  Therefore, we 

http://www.phophosite.org/
http://www.phosphosite.org/
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Figure 2. 6 PEX5 is ubiquitinated in response to ROS. 

A. HEK293 cells expressing Myc–PEX5-WT and HA–Ub treated with H2O2 (0.4 

mM) for 6 h were co-immunoprecipitated using anti-HA and blotted using anti-

Myc antibody. The inputs were immunoblotted using the indicated antibodies. B. 

HEK293 cells expressing Myc–PEX5-WT and HA–Ub-WT or HA–Ub-K0 

(ubiquitin with all lysine residues mutated to arginine) constructs were treated 

with H2O2 (0.4 mM) for 6 h, and Myc–PEX5 co-immunoprecipitated using anti-

HA and blotted using anti-Myc antibody. Inputs were immunoblotted using the 

indicated antibodies.  
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A. HEK293 cells transfected with Myc-PEX5-WT/Myc-PEX5-K209R and HA-Ub 

constructs for 24 h following a prior siRNA knockdown of PEX2/10/12 for 48 h 

were immunoprecipitated with anti-HA and immunoblotted with anti-Myc 

antibodies. Input lysates were immunoblotted using the indicated antibodies. B. 

RT-PCR was performed to confirm siRNA knockdown of PEX2, PEX10 and 

PEX12.  

 

 

 

 

 

Figure2. 7 PEX2, PEX10 and PEX12 are E3 ligase for PEX5 ubiquitination. 
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HEK293 cells expressing Myc-PEX5-WT or PEX5 mutants (K28R, K52R, 

K170R, K204R, K209R, K292R) and HA-Ub constructs were co-

immunoprecipitated using anti-HA and blotting with an anti-Myc antibody. Input 

lysates were immunoblotted using the indicated antibodies. 

 

 

next asked whether phosphorylation of PEX5 by ATM regulated PEX5 

ubiquitination in response to ROS. We co-expressed WT and phosphorylation-

deficient mutant S141A (mutation of the ATM phosphorylation site) with HA-Ub. 

We found that Ser 141 mutation in PEX5 abrogated the increase in 

Figure 2. 8 PEX5 is ubiquitinated at Lys209. 



 

36 

 

ubiquitination of PEX5 in response to ROS (Figure 2. 9A), indicating that ATM 

phosphorylation PEX5 at Ser141 regulated ROS-induced PEX5 ubiquitination. 

We observed low background levels of PEX5 ubiquitination with both WT and 

S141A PEX5 (Figure 2. 9A), suggesting there may be other sites of 

ubiquitination that are not dependent on ATM phosphorylation at Ser 141, nor 

ROS-responsive. Furthermore, ROS-induced ubiquitination of endogenous 

PEX5 was deficient with ATM knock-down with siRNA (Figure 2. 9B). Together, 

these data indicate that PEX5 ubiquitination is dependent on ATM 

phosphorylation.  

ROS-induced p62 and PEX5 interaction 

Many autophagy adaptors have been identified, including p62/SQSTM1, 

NBR1, and NDP52. Only adaptor p62, which contains both LIR 

(autophagosome) and UBA (ubiquitin) binding domains, has been implicated in 

selective degradation of peroxisomes in mammalian cells, leading us to ask 

whether ROS induces p62 and PEX5 interaction. We observed that endogenous 

PEX5 could be co-immunoprecipitated with endogenous p62, and this 

interaction was enhanced by ROS (Figure 2. 10A). In agreement with this data, 

the interaction between exogenous PEX5 and exogenous p62 was increased by 

ROS (Figure 2. 10B). 
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A. HEK293 cells expressing HA-Ub-WT and Myc-PEX5-WT or Myc-PEX5- 

S141A constructs were treated with H2O2 (0.4 mM) for 6 h, and Myc-PEX5 co-

immunoprecipitated using anti-HA antibody and blotted using anti-Myc antibody. 

Input lysates were immunoblotted using the indicated antibodies. B. HEK293 

cells transfected with Myc-PEX5-WT and HA-Ub for 24 h following a prior siRNA 

knockdown of ATM for 48 h, were treated with H2O2 for 6 h and 

immunoprecipitated with anti-HA and immunoblotted withanti-Myc antibodies. 

Input lysates were immunoblotted using the indicated antibodies. 

  

Figure 2. 9 ROS-induced PEX5 ubiquitination is ATM-dependent. 
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A. HepG2 cells treated with 0.4 mM of H2O2 for the indicated time points were 

immunoprecipitated with anti-PEX5 and immunoblotted with anti-p62 antibodies. 

Inputs were immunoblotted using the indicated antibodies. B. HEK293 cells 

were transfected with Myc- PEX5-WT andHA-p62, and treated with 0.4 mM of 

H2O2 for indicated times. The complex of HA-p62 and Myc-PEX5 was 

immunoprecipitated with anti-HA and immunoblotted with anti-Myc. Inputs were 

immunoblotted using the indicated antibodies.  

 

 

Ubiquitinated PEX5 binds to p62 to target peroxisomes for pexophagy 

We next tested whether the autophagy adaptor p62 recognizes 

ubiquitinated PEX5 to mediate peroxisome targeting to the autophagosome. Co-

localization of ubiquitinated PEX5 and p62 was increased by ROS in HepG2 

liver cells (Figure 2. 11A). ROS-induced p62 tethered to peroxisomes was 

confirmed by co-localization of p62 with the peroxisomal membrane marker 

Figure 2. 10 p62 interacts with PEX5. 
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PMP70 in HepG2 liver cells (Figure 2. 11B). Furthermore, p62 localization to the 

peroxisome fraction of HEK293 cells was decreased by K209R PEX5 (Figure 2. 

11C), concomitant with decreased p62 binding to K209R compared to WT PEX5 

(Figure 2. 11D). Together, these data demonstrate that the autophagy adaptor 

protein p62 binds to PEX5, and that ROS-mediated ubiquitiylation at Lys 209 is 

necessary for tethering p62 to peroxisomes.  

Induction of pexophagy by ROS 

Pexophagy is a major process for the prevention of excessive peroxisome 

number. In order to monitor autophagic flux of pexophagy in response to ROS, 

we transfected construct in HepG2 cells with differential pH stability, EGFP-

mRFP-SKL, and we observed accelerated degradation of peroxisome-localized 

EGFP- relative to mRFP (Figure 2. 12A)81. In response to ROS, there was 

relatively weak fluorescence of EGFP, indicating that peroxisomes engulfed by 

autophagosomes fused with lysosomes in cells undergoing pexophagy (Figure 

2. 12B). Consistent with induction of pexophagy by ROS, expression of the 

peroxisomal proteins PEX1 and PEX14 were significantly decreased over time 

by H2O2 treatment (Figure 2. 12C, D) and this decrease was blocked with the 

lysosomal inhibitor Bafilomycin A1, indicating that the decrease in PEX1 and 

PEX14 was due to increased autophagic flux (Figure 2. 12E). ROS-induced 

pexophagy was further confirmed by electron microscopy (Figure 2. 13).  
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A. Representative images of HepG2 cells treated with 0.4 mM of H2O2 for 3h 

and immunostained with p62 (green), PEX5 (red), and ubiquitin (purple). Scale 

bar, 10µm. B. Representative images of FAO cells treated with 0.4 mM of H2O2 

for 1h and immunostained with p62 (green) and PMP70 (red). Scale bars, 10 

µm. High-magnification images of the outlined areas are shown to the right, 

scale bars, 2.5 µm. C. Subcellular fractionation of HEK293 cells overexpressing 

Myc-PEX5-WT or Myc-PEX5-K209R treated with 0.4mM of H2O2 for 3h. 

Immunoblotting was performed with the indicated antibodies. D. HEK293 cells 

transfected with HA–p62 and Myc–PEX5-WT or Myc–PEX5-K209R, and treated 

with 0.4mM of H2O2 for 6 h. Lysates were immunoprecipitated with anti-Myc and 

immunoblotted with anti-HA antibodies. Inputs were immunoblotted using the 

indicated antibodies.  

 

 

Figure 2. 11 Ubiquitinated PEX5 binds with the autophagy adaptor 

protein p62 in response to ROS. 
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Figure 2. 11. Continued. 

 

 

 

Regulation of pexophagy by ROS is ATM and p62 dependent  

In previous studies we found that, in response to ROS, ATM induces 

autophagy by repressing mTORC1 via the TSC2/LKB1/AMPK signaling node53. 

Our data indicate that ATM is localized to the peroxisome by PEX5 and is 

involved in the regulation of PEX5 phosphorylation and ubiquitination. These 

data led us to ask whether ATM signaling is involved in the regulation of 

pexophagy in response to ROS. PEX5-S141A (ATM-phosphorylation deficient), 

PEX5-S141E (phosphomimetic) or PEX5-K209R (monoubiquitination-deficient) 

were transfected in PEX5 knockdown cells. The results demonstrated that 

induction of pexophagy (decreased PEX1 and PEX14) was attenuated in cells 

expressing the S141A or K209R PEX5 mutants, but not in cells expressing the 
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A. The working process interpretation of a tandem SKL fluorescence protein 

reporter gene system (RFP–GFP–LC3) for peroxisome autophagic flux 

evaluation. Modified from Yimin Wang,Yu Li,Fujing Wei,Yixiang Duan: Optical 

Imaging Paves the Way for Autophagy Research. Trends in Biotechnology, 

2017, 35(12).* B. Representative images using HepG2 cells transfected with an 

mRFP-EGFP-SKL construct and treated with H2O2 (0.4 mM) for 6h. Scale bars 

10µm. High-magnification images of the outlined areas are indicated to the right 

(scale bars, 2.5 µm). The plot on the right shows the Pearson’s correlation 

coefficient for co-localization between mRFP-SKL and EGFP-SKL.  

 

* Reprinted with permission from “Optical Imaging Paves the Way for Autophagy 
Research” by Yimin Wang,Yu Li,Fujing Wei,Yixiang Duan, 2017, Trends in 
Biotechnology, 35(12), 1181-1193, Copyright [2017] by Elsevier. 

 

Figure 2. 12 Induction of pexophagy by ROS. 

https://www.ncbi.nlm.nih.gov/pubmed/26344566
https://www.ncbi.nlm.nih.gov/pubmed/26344566
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Figure 2. 12 Continued. 

C. HepG2 cells treated with either H2O2 (0.4 mM) for the indicated times. 

Western analysis of the peroxisome proteins PEX1 and PEX14 (p62 and LC3-II 

as autophagy markers). D. Quantification of PEX1 and PEX14 intensity 

normalized to GAPDH. E. Western analysis of HepG2 cells pre-incubated in the 

presence or absence of Bafilomycin A1 (Baf A1, 200nM) for 1h before treatment 

with H2O2 (0.4 mM) for 3h using the indicated antibodies.  

 

 

 

S141E phosphomimetic (Figure 2. 14A-C). Interestingly, the S141E mutation 

alone did not induce PEX1 and PEX14 degradation, indicating phosphorylation 

(and ubiquitination) is not sufficient to induce peroxisome degradation via 

selective autophagy. Furthermore, PEX1 and PEX14 protein levels were 

elevated in ATM-deficient cells in response to ROS (Figure 2. 15A). Consistent 

with this expectation, we transfected ATM-WT or ATM-KD (kinase dead) in 

ATM-deficient cells. We observed that pexophagy occurred in ATM-WT cells, 
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Representative electron microscopy images of HepG2 and FAO cells treated 

with H2O2 (0.4mM). Autophagosomes containing peroxisomes are represented 

by red arrows and shown enlarged in the boxed area (Scale bar, 1 μm). 

 

 

but not ATM-KD cells (Figure 2. 15B). The decrease in PEX1/PEX14 in 

response to ROS was abrogated in response to ROS in p62 knockdown cells 

(Figure 2. 15C-D). All these data indicate that ROS-induced pexophagy is ATM 

signaling and p62 dependent.  

Figure 2. 13 Pexophagy in HepG2 and FAO cells in response to H2O2. 
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A. HEK293 cells transfected with Myc–PEX5-WT or Myc–PEX5-K209R or Myc–

PEX5-Ser141 for 24 h following prior siRNA knockdown of PEX5 for 48 h, 

treated with H2O2 (0.4 mM) for 6 h. Western analysis was performed using the 

indicated antibodies. B. Corresponding immunoblots for HEK293 cells 

transfected with control or PEX5 siRNA showing levels of PEX5. C. 

Quantification of PEX1 and PEX14 intensity normalized to GAPDH from A.  

 

 

Figure 2. 14 ROS-induced pexophagy is ATM signaling dependent. 
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A. WT (GM08399) and AT (GM05849) fibroblasts were treated with H2O2 (0.4 

mM) for 6 h and immunoblotted with the indicated antibodies. B. Western 

analysis of AT (GM05849) fibroblasts transfected with Flag-ATM WT or Flag-

ATM KD (kinase dead) mutant and treated with 0.4 mM H2O2 for 6 h using the 

indicated antibodies. C. Western analysis of HepG2 cells transfected with or 

without si p62 for 72 h and treated with 0.4 mM H2O2 for 3 h and blotted the 

indicated antibodies. D. Quantification of PEX1 and PEX14 intensity normalized 

to GAPDH from C. 

  

Figure 2. 15 Regulation of pexophagy by ROS is ATM and p62 dependent. 
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Conclusion and Discussion 

Selective autophagy is a major pathway to remove damaged organelles. 

In mammals, selective autophagy of mitochondria (mitophagy) is well defined. 

During mitophagy, the mitochondrial outer membrane protein mitofusin 2 is 

phosphorylated by mitochondrial kinase PINK1, inducing its ubiquitination by 

recruiting the E3 ligase parkin82,83 to trigger mitophagy84. Mitophagy reveals a 

good model for the degradation of  other organelles, including the peroxisome 

illustrating that showing autophagy receptors play a key role in initiating the 

formation of autophagosome around the organelles. Peroxisomes are 

autonomously replicating organelles and maintenance of peroxisome 

homeostasis is crucial for normal cellular functions. Too few peroxisomes cause 

pathologies collectively known as PEDs and PBDs. Overload of redox enzymes, 

such as D-amino acid oxidase, may cause oxidative damage and promote 

diseases such as cancer. In this chapter, we identify a key role for ATM 

signaling in the regulation of peroxisomal autophagy in response to ROS.  

In our previous studies, we identified that the peroxisome is an important 

functional site for the TSC tumor suppressor. Our recent studies presented here, 

provided evidence for cross talk between ATM and the TSC tumor suppressor 

occurring at the peroxisome in response to ROS. ATM is recognized and bound 

by the PEX5 import receptor, which localizes this kinase to the peroxisome. In 

response to ROS, ATM is activated, suppressing mTORC1 in a LKB1-AMPK-

TSC2 dependent signaling pathway to activate ULK1 and trigger autophagy85. 
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Concomitant with activation of ULK1, PEX5 is phosphorylated at Ser141(Figure 

2. 5), leading to mono-ubiquitination of peroxisome-localized PEX5 at Lys209 

(Figure 2. 8) by the peroxisomal E3 ligase PEX2/10/12 (Figure 2. 7) in an ATM-

dependent manner (Figure 2. 9). Subsequently, ubiquitinated PEX5 is 

recognized by the ubiquitination adapter protein p62, tethering autophagosomes 

to peroxisomes to induce peroxisomal autophagy (Figure 2. 10-15). Overall, we 

have identified a model for peroxisomal ATM signaling to induce peroxphagy in 

response to ROS (Figure 2. 16).  

 

 

 

 

 

 

 

 

 

ATM represses mTORC1 through TSC signaling node to, phosphorylation of 

PEX5 to induce ubiquitination by PEX2/10/12 R3 ligase, and recognition of Ub-

PEX5 by p62 to induce pexophagy in response to ROS. 

  

Figure 2. 16 Working model for ATM signaling on peroxisome. 
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PEX14 has also been reported to directly bind LC3-II under starvation 

conditions86. Moreover, overexpression PMP34 or PEX3 fused with an ubiquitin 

on the cytosolic face of, is sufficient to trigger peroxisomes turnover49. Whether 

these peroxisomal proteins are also targets of the ATM kinase, or regulated by 

other, yet to be identified. Furthermore, PEX14 as a docking protein on 

peroxisomal membrane plays a key role for recruiting the PTS1-PEX5 complex 

to the peroxisome87. It is possible that PEX14 serve as dual roles for PTS1 

protein peroxisomal translocation and pexophagy. In addition to p62, NBR1 and 

NDP52 can also participate in mammalian autophagy48,49, suggesting that other 

pathways for selective autophagy of peroxsiomes may also exist.  

Peroxisomes also carry a tremendous liability for the cell, as they 

generate reactive nitrogen species (RNS) as another byproduct. In a previous 

study, our group identified that RNS regulates ATM-AMPK-TSC2-mediated 

suppression of mTORC1 and induce autophagy88. This suggests the interesting 

possibility that ATM may also be activated by RNS to repress mTORC1 on 

peroxisome to deduce peroxisome turnover. 
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CHAPTER III 

AMPK REGULATES PEROXISOMAL CARGO PROTEINS IMPORT VIA PEX5 

PHOSPHORYLATION IN RESPONSE TO LOW ENERGY 

 

Introduction 

Peroxisomal cargo proteins import. 

Peroxisomes are devoid of DNA. All peroxisomal proteins are encoded in 

the nucleus, and are subsequently synthesized on free ribosomes in the 

cytoplasm and post-transported into the organelles. Peroxisomes can import 

completely folded and oligomeric proteins89. A major breakthrough in the 

elucidation of the mechanism of protein import into peroxisomes was the 

identification of the first peroxisomal targeting signal (PTS1) at the C-terminus 

consisting of a conserved tripeptide, usually with the consensus sequence 

(S/A/C)-(K/R/H)-L15,16. Very few peroxisome matrix proteins destined for 

translocation into peroxisomes contain the PTS2 motif, which comprises a 

nonapeptide with the consensus sequence sequence (R/K)-(L/V/I)-X5-(H/Q)-

(L/A) at the N-terminus. 17,18. PTS1 is recognized by PEX5, while the receptor for 

PTS2 is PEX7. In mammals, there are two major isoforms of PEX5: PEX5 short 

isoform (PEX5S) and PEX5 long isoform (PEX5L), which differs from the short 

one by inserting of 37 residues at the N-terminus. There is a PEX7 receptor 

binding site on PEX5L that is required for PTS2 protein peroxisomal destination. 
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Lack PEX5L fail to import both PTS1 and PTS2-terminated proteins90. In 

contrast to matrix protein import, the mechanisms of PMPs translocation 

remains poorly defined. There is evidence that PEX3 and PEX19 are involved in 

PMPs transport in mammals and most yeast species21,91.  

In general, there are four steps per cycle for PEX5-dependent recruitment 

to PTS1 cargo proteins to the peroxisomal matrix: i) recognition; ii) integration 

into the peroxisomal membrane; iii) release into the peroxisomal lumen; and iv) 

receptor recycling back to the cytosol92. Upon cargo protein recognition, PTS1-

containing proteins are recognized by PEX5 in the cytosol via PEX5 C-terminal 

seven tetratricopeptide repeats (TPRs) region (Figure 3. 1).  

Segments within this region contain two TRP triplets, TPRs 1-3 and TPRs 

5-7, that form a “ring” like structure that recognizes PTS1 cargo proteins. TPR4 

is a “hinge” region that enables the two TRP triplets to completely surround a 

single PTS1 containing peptide93. A recent study showed that replacement of 

the asparagine side chain with Lysine in TPR region, such as N489K, would 

abrogate ligand recognition93, while a N526K mutant mimics PEX5 binding with 

PTS1 cargo proteins by triggering a conformation switch in the TRP region. The 

PTS1 cargo-PEX5 complex is then docked by peroxisomal membrane peroxins 

PEX13 and/or PEX4 (in mammals) through PEX5 N-terminal pentapeptide 

WxxxF/Y motif, followed by translocation of the complex into the luminal side of 

peroxisomal membrane and dissociation of the PTS1 cargo-PEX5 complex87,94. 

Finally, PEX5 undergoes mono-ubiquitination Cys11 by PEX4 and PEX274 and 
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the subsequently exported from the peroxisomal membrane back to the cytosol 

for another cycle of import in an AAA ATPase (PEX1 and PEX6) and ATP 

hydrolysis dependent manner95.  

As a site of metabolism, the peroxisome includes appproximately 50 

identified peroxisomal enzymes that contribute to several crucial metabolic 

processes as such as β-oxidation of fatty acids, biosynthesis of ether 

phospholipids, and metabolism of ROS. Recent studies have indicated that 

peroxisome function and dysfunction are associated with a wide variety of age-

Figure 3. 1 Schematic presentation of the domain structure of the human 

PEX5 receptor and interaction sites for known components of the PEX5 

docking complex. 
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related maladies, including cancer, type 2 diabetes, and neurodegeneration.5,28 

Although many peroxisomal enzymes and metabolic pathways are well defined, 

the mechanisms of regulation of peroxisomal enzymes and their recognition by 

import receptor(s) have not been elucidated, leaving the regulation of delivery of 

peroxisomal metabolizing enzymes to the peroxisomal matrix an enigma.  

AMPK: A central metabolic regulator. 

AMPK is a key regulator of energy balance and is expressed ubiquitously 

in eukaryotic cells. Genes encoding AMPK subunits are found in essentially all 

eukaryotes. AMPK is an obligate heterotrimer, containing a catalytic α-subunit, a 

scaffolding β-subunit and a regulatory γ-subunit.96,97 The catalytic α-subunit is 

composed of a conventional serine/threonine kinase domains at the N-terminus, 

containing a threonine residue (Thr172) that phosphorylation by upstream 

kinases98. Cellular energy stress leads to convert ATP to ADP, some of which is 

converted to AMP by the adenylate kinase reaction (2ADP↔ATP+AMP), then 

AMP activates AMPK by binding to the AMPK γ-subunit, which promotes AMPK 

phosphorylation at Thr172 by LKB1 and inhibits its de-phosphorylation99. 

Although allosteric activation is only caused by AMP, it has recently been found 

that this effect of AMP was mimicked by binding of ADP100. Two upstream 

kinases, LKB1101 and CaMKKβ102 (Ca2+/calmodulin-dependent protein kinase β), 

phosphorylate Thr-172 of the AMPKα subunit. Once activated, AMPK acts to 

restore energy homeostasis by promoting catabolic pathways, resulting in ATP 
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generation, and inhibiting anabolic pathways that consume ATP103. Another 

important aspect of AMPK biology is the role of AMPK in autophagy, a 

lysosome-dependent catabolic program that maintains cellular homeostasis104. A 

number of studies have demonstrated that AMPK plays an important role in 

autophagy regulation by directly phosphorylating two autophagy-initiating 

regulators: the protein kinase complex ULK1105,106 (Unc-51-like autophagy-

activating kinase) and the lipid kinase complex PI3KC3/VPS34107 

(phosphatidylinositol 3-kinase, catalytic subunit type 3; also known as VPS34). 

Given the functional attributes of AMPK in energy (glucose/lipid) homeostasis, 

body weight, food intake, insulin signaling and autophagy, AMPK is considered 

to be a major therapeutic target for the treatment of metabolic diseases including 

type 2 diabetes and obesity. A number of studies have shed light on the role of 

AMPK in tumorigenesis108. 

AMPK is a highly selective kinase that strongly prefers basic residues in 

the -3 and -4 positions and hydrophobic residues at the -5 and +4 positions or 

both109,110. This suggests that proteins that have this signature sequence are 

likely to be authentic substrates of AMPK. This was confirmed by the first 

peptide substrate for AMPK acetyl-CoA carboxylase-1 (ACC1) at Ser79110 and 

mTOR binding partner raptor on Ser792109. Thus we can use the optimal AMPK 

substrate motifs to mine protein databases for matching sequences to identify 

candidate substrates. 
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Our previous studies showed that ATM suppresses mTORC1 in a TSC2-

dependent signaling pathway via LKB1 and AMPK to activate ULK1 and trigger 

selective autophagy of peroxisomes in response to ROS/RNS. My work, in 

chapter III continues this line of study, focusing on uncovering novel kinases 

(with focus on AMPK) at the peroxisome, and investigating if 1) the peroxisome 

is a signaling organelle involved in the AMPK signaling pathway, and 2) AMPK 

phosphorylation of PEX proteins (with focus on PEX5) affects delivery of 

peroxisomal matrix proteins to the peroxisome to regulate its homeostasis or 

functions.  
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Materials and Methods 

Antibodies 

The following antibodies were used: phospho-AMPK (Thr 172; no. 2531, 

1:500 WB), AMPK (no. 2532, 1:500 WB), lamin A/C (no. 2032, 1:1,000 WB), HA 

(no. 3724, 1:2,000 WB), TSC2 (no. 4308, 1:2,000 WB), phospho-(S/T) AMPK 

substrates (no. 5759, 1:1,000 WB), phospho-ACC (no. 3661L, 1:1,000 WB), 

ACC (no. 3662S, 1:1,000 WB) were purchased from Cell Signaling Technology. 

Phospho-ATM Ser 1981 (ab81292, 1:1,000 WB), catalase (ab1877, 1:5,000 WB, 

1:500 IF), and HA (ab9110, 0.5 g per 100 g of total protein for 

immunoprecipitation (IP)) were purchased from Abcam. c-Myc (9E10; sc-40, 

1:2,000 WB, 2 g per 100 g of total protein for IP), GAPDH (SC-25778, 1:5,000 

WB), ATM (SC-23921 1:1,000 WB), PEX5 (SC-23188 1:300 IF)  were 

purchased from Santa Cruz Biotechnology. Other antibodies used in this study 

are as follows: phospho-PEX5 (Ser 141) and PEX5 (Ser 279) were synthesiszed 

by Covance. PEX5 (no. 12545-1-AP, 1:1,000 WB, 1:200 IF) were purchased 

from Proteintech. Flag (F3165, 1:4,000 WB, 1:500 IF, 1.25 g per 100 g of total 

protein for IP) and PMP70 (SAB4200181, 1:5,000WB, 1:500 IF) were purchased 

from Sigma. ATM (GTX70103, 1:1,000) was from GeneTex; LDH (AB1222, 

1:2,000 WB) was from Chemicon; β-integrin (no. 610468, 1:2,000 WB) was from 

BD Transduction Laboratories; Secondary antibodies (1:2,000) conjugated to 

horseradish peroxidase were purchased from Santa Cruz Biotechnology. 
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Secondary antibodies for immunofluorescence staining, anti-mouse, -goat and -

rabbit Alexa Fluor 488, 546 and 633 were obtained from Molecular Probes 

(1:1,000). Reagents are as follows: hydrogen peroxide solution 

(323381-25ML) and 2-Deoxy-D-Glucose (2-DG) were purchased from Sigma.  

Cell culture and transfection  

HEK293T (ATCC) cells were maintained in DMEM supplemented with 

10% FBS. HepG2 (ATCC) cells were cultured in MEM supplemented with 10% 

FBS. Transient transfections were performed using the Lipofectamine 2000 

reagent (Invitrogen) according to the manufacturer's instructions. All of the cell 

lines were also tested and confirmed negative for mycoplasma.  

Plasmids and mutagenesis  

Full length human PEX5 was subcloned into pJET1.2/blunt cloning vector 

with SalI restriction sites to amplify full-length hPEX5. Myc-tagged hPEX5 was 

made by inserting amplified fragments, using SalI restriction sites, into the 

pCMV-Myc expression vector. Flag-PEX5 was generated through Gateway 

cloning (Life Technologies). A series of mutant constructs of PEX5 were 

generated by the QuikChange Lightning Multi Site-Directed Mutagenesis Kit. 

The primers for different sites were designed as follows (Table 3.).  

Immunoprecipitation and western blotting assay 

The cells were washed in cold PBS 3 times and lysed in cold CST lysis 
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Table 3. Primers for mutagenesis 

Gene Name Sequence (from 5’-3’) 

hPex5-S279A 

Forward GTTTGAACGAGCCAAGGCAGCTATAGAGTTGCAG 

Reverse CTGCAACTCTATAGCTGCCTTGGCTCGTTCAAAC 

hPex5-S621A 

Forward GACGCGCGGGATCTGGCCACCCTCCTAACTATG 

Reverse CATAGTTAGGAGGGTGGCCAGATCCCGCGCGTC 

 

 

buffer (20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% 

Triton X-100, 2.5mM Na pyrophosphate, 1mM β-glycerophosphate) containing 1

× protease inhibitor cocktail and phosphatase inhibitor cocktail 2 and 3 (Sigma). 

Rotate the cell lysates at 4 ℃ for 30 min, and centrifuge at 4 ℃ at maximum 

speed (10,000g) for 10 min. The supernatant was transferred to a new 

centrifuge tube and subjected to BCA Protein Assay (Thermo Scientific) to 

quantify protein levels. The cell lysates were used for western blotting with the 

indicated antibodies. For immunoprecipitation, the cell lysates were 

immunoprecipitated with the indicated antibodies and incubated with Magnetic 

A/G beads (Thermo Scientific) overnight at 4 ℃. The beads were pelleted and 

washed with CST lysis buffer 5 times and were heated in 1× denaturing loading 

buffer for 10 min at 95 ℃. The immune-complexes were separated on a 4-15% 

gel (Bio-Rad), transferred to PVDF membranes and probed with indicated 

antibodies. 
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AMPK in vitro kinase assay 

Grow cells to 70-80% confluency. Myc-PEX5 WT or mutants were 

transfected into HEK293T cells for 24 hours at 37 ℃, 5% CO2. Myc-PEX5 WT or 

mutants were immunoprecipitated with Myc antibody as indicated. Rotate IP 

samples at 4 ℃ for overnight. The immune-complex was washed with CST lysis 

buffer (20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM EDTA, 1mM EGTA, 1% 

Triton X-100, 2.5mM Na pyrophosphate, 1mM β-glycerophosphate) containing 1

× protease inhibitor cocktail and phosphatase inhibitor cocktail 2 and 3 (Sigma) 

for 3 times. Then washed with AMPK kinase buffer (25mM MOPS, pH 7.5, 1mM 

EGTA, 0.1 mM Na3VO4, 15mM MgCl2) for 3 times. Immunoprecipitated PEX5 

beads were performed in AMPK kinase buffer containing 0.5µg recombinant 

AMPK (Millipore, #14-840), 100µM cold ATP and 5µCi [γ32] ATP per reaction for 

30 min at 30 ℃. Terminate reaction by adding 20 µl 2× protein sample buffer. 

Boil for 5 min at 95℃. Run samples on a 4-15% gradient gel until the dye front 

has reached close to bottom. Dry gel for 1 hour at 80 ℃ using a vacuum slab gel 

dryer. Cover dry gel with plastic wrap and develop gel in indicated time.  

Cellular Fractionation assay 

Wash and collect cells from 15-cm plates (70-80% confluent) by scraping 

into ice-cold PBS, and pellet by centrifugation at 1500 rpm for 5min at 4℃. 

Aspirate the supernatant and resuspend the pellet in 5 volumes of hypotonic 

buffer containing complete protease inhibitor (10 mM HEPES, pH 7.2, 10 mM 
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KCl, 1.5 mM MgCl2, 0.1 mM EGTA, 20 mM NaF, and 100 µM Na3VO4), and 

stroke using a Dounce homogenizer for 50-100 times depending on cell type. 

Crude nuclei and unbroken cells were then pelleted (termed pellet A) by 

centrifugation at 3,000 rpm at 4℃ for 5 min. The supernatant A was separated 

by ultracentrifugation at 29,000 rpm for 1 h at 4℃. Collect the supernatant B, or 

cytosolic fraction. The pellet B (membrane containing fraction) was lysed in 1×

CST lysis buffer (as above) containing complete protease inhibitor. Remove the 

insoluble fractions by centrifugation at max speed for 10 min at 4 ℃, then get 

supernatant C (membrane lysate). Crude nuclei (pellet A) were resuspended 

with hypotonic buffer containing complete protease inhibitor and homogenized 

using a Dounce homogenizer. Discard the supernatant by centrifugation at 3000 

rpm for 5 min at 4℃. Wash the pellet with nuclear wash buffer (10 mM Tris-HCl, 

pH 7.4, 0.1% NP-40, 0.05% Na-Deoxycholate, 10 mM NaCl, and 3 mM MgCl2). 

The pellet (nuclear fraction) was lysed in high salt lysis buffer (20 mM HEPES, 

pH 7.4, 0.5 M NaCl, 0.5% NP-40, and 1.5 mM MgCl2). 

Peroxisome Isolation 

Peroxisome isolation was performed using the Peroxisome Isolation Kit 

(Sigma) according to the manufacturer’s protocol. Briefly, cells were washed by 

scraping into ice-cold PBS to remove the serum. Pellet cells at 1,200 rpm for 

5min at 4℃ and discard the supernatant. The cells were resuspended in 1×

Peroxisome Extraction Buffer, broke the cells in Dounce homogenizer, and 
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centrifuged at 1,000 g for 10 minutes. Transfer the supernatant to a new 

centrifuge tube and centrifuge at 2,000 g for 10 minutes. Collect the supernatant 

and further centrifuge at 25,000 g for 20 minutes. Resuspend the pellet in a 

minimal volume of 1×Peroxisome Extraction Buffer, and subjected to density 

gradient centrifugation at 100,000 g for 1.5 hours. The purified peroxisomes 

were enriched in the bottom layer.  

Statistical analysis 

The quantitative data are shown as mean ± s.d. Statistical significance 

was determined with paired Student's t-test between two groups and P <0.05 

was considered statistically significant. All experiments were repeated at least 

three times and representative data are shown as indicated. 

These results may reflect the diverse functions of … 

The links, if any, between these alternative functions of … remain to be 

discovered. 
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Results 

PEX5 contains an AMPK substrate motif 

To identify AMPK substrates that mediate AMPK effects on peroxisomal 

function and metabolism, we used a two-part screen to identify AMPK 

substrates. The known optimal AMPK substrate motif was used to analyze all 

PEX protein(s) in Peroxisome DB 2.0 for proteins containing conserved 

candidate target sites. The minimal essential requirement for the AMPK 

substrates was strong selectivity at the -5, -4, -3, +3, and +4 positions (Figure 3. 

2A). Strong selection criteria included: 1) basic residues in the -3 and -4 

positions relative to the phospho-acceptor site; 2) hydrophobic residues, 

including leucine and methionine, in the -5 position and the +4 position, which 

are consistent with previous studies of the optimal peptide substrates for AMPK 

based on mutagenesis and molecular modeling; and 3) polar residues in the +3 

position, with asparagine, aspartate and glutamate being the most highly 

selected109. Kinase prediction identified potential AMPK phosphorylation motifs 

in PEX5 at Ser279 and Ser621, but only Ser279 is evolutionarily conserved 

(Figure 3. 2B). This highly conserved sequence in PEX5, similar to that of other 

AMPK substrates such as acetyl-CoA carboxylase1 (ACC1) and Raptor, 

matches the consensus AMPK phosphorylation motif (Figure 3. 2B).  
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A. The structure of optimal AMPK motif. AMPK displayed strong selectivity at the 

−5, −3, +3, and +4 positions. B. PEX5 amino acid sequence. Clustal alignment 

of Ser 279 and Ser621 in PEX5 matches the optimal AMPK substrate motif.  

  

Figure 3. 2 PEX5 with AMPK substrate motif. 
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AMPK phosphorylates PEX5 at Ser279 in response to low energy 

Based on in silico analyses, we predicted that Ser 279 and Ser 621 of 

PEX5 are phosphorylated by AMPK. To test this prediction, we used site-

directed mutagenesis to generate S279A and/or S621A of PEX5 mutants that 

cannot be phosphorylated to determine if loss of the S279 or S621 residues 

abrogates AMPK phosphorylation of PEX5. Using an AMPK-substrate-specific 

antibody that recognizes S/T sites phosphorylated by AMPK, we found that 

PEX5 was recognized by this pan-phospho-(S/T) AMPK substrate antibody 

(Figure 3. 3A). Further, we established in vitro kinase assays to test the 

residue(s) of PEX5 that are phosphorylated by AMPK. Myc-tagged wild-type 

(WT) PEX5 and mutant (S279A, S621A or S279/621A) PEX5 were 

immunoprecipitated from HEK293 cells and used as substrates for purified 

active AMPK in the presence of [32P]-ATP. PEX5 was phosphorylated by AMPK 

in vitro (Figure 3. 3B). Furthermore, mutation analyses identified Ser279 (not 

Ser621) as the major AMPK phosphorylation site. A search of mass 

spectrometry databases (http://www.phosphosite.org) revealed that Ser279 of 

PEX5 has been identified by mass spectrometry as being phosphorylated, 

confirming Ser279 as a bona fide site for PEX5 phosphorylation. We next 

generated a polyclonal antibody to a phosphor-Ser279 peptide, and used this 

antibody to confirm that phosphorylation of PEX5 at Ser279 increased in 

response to low energy (Figure 3. 3C-D) Together, these data demonstrate that 

PEX5 is directly phosphorylated by AMPK at Ser279.  

http://www.phosphosite.org/
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A. Immunoprecipitation of Myc-PEX5 (WT or mutant) using an anti-Myc antibody 

followed by immunoblotting with a phospho-AMPK substrate antibody. B. In vitro 

kinase assays, Myc-tagged WT PEX5 or mutant (S279A, S621A, or S279/621A) 

PEX5 that were immunoprecipitated with Myc antibody from HEK293T cells and 

used as substrates for purified active AMPK in the presence of [32P]-ATP. C. 

HEK293T cells transfected with either a Flag–PEX5-WT or Flag–PEX5-S279A 

mutant construct. The cells were starved of glucose for 8 hours before lysis. 

Western analysis was performed with the indicated antibodies. D. Quantification 

of p-S279 PEX5 intensity from C.  

Figure 3. 3 AMPK phosphorylates PEX5 at Ser 279 A. 
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PEX5 is phosphorylated at Ser 279 in response to ROS 

We previously found that PEX5 binds ATM and localizes this kinase to 

the peroxisome (Chapter II). In response to ROS, ATM signaling activates ULK1 

and inhibits mTORC1 via the LKB1-AMPK-TSC2 signaling node to induce 

autophagy53. The specificity for pexophagy is provided by ATM phosphorylation 

of PEX5 at Ser141, which promotes PEX5 mono-ubiquitination at K209 by the 

peroxisome E3 ligase PEX2/10/12. Ubiquitinated-PEX5 is recognized by the 

autophagy adapter protein p62, directing the autophagosome to peroxisomes to 

induce pexophagy. Since ATM is upstream of AMPK (Figure 3. 4A), PEX5 

should be phosphorylated at Ser279 in response to ROS. Indeed, site-directed 

mutagenesis of Ser279 of Flag-PEX5 to alanine revealed that immunoreactivity 

with the phosphor-Ser279-PEX5 polyclonal antibody increased with H2O2 

treatment in Flag-PEX5-WT, but the Flag-PEX5- S279A mutant was not 

recognized by this antibody (Figure 3. 4B). This suggests that PEX5 is 

phosphorylated at Ser279 in response to ROS.  

PEX5 phosphorylation at Ser279 is independent of Ser141 phosphorylation in 

response to low energy. 

ROS induces PEX5 phosphorylation at Ser279, leading us to predict that 

phosphorylation of PEX5 at Ser141 is required for phosphorylation of PEX5 at 

Ser279 by AMPK. Therefore, we next asked whether PEX5 phosphorylation at 

Ser141 is required for Ser279 phosphorylation in response to low energy. 
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A. Schematic showing ATM and AMPK signaling pathway in response to ROS 

or low energy. B. HEK293T cells transfected with either a Myc–PEX5-WT or 

Myc–PEX5-S141A mutant construct treated with H2O2 (0.4 mM) for 1 h. Western 

analysis was performed with anti-pPEX5 (Ser141), Myc, pATM (Ser 1981), ATM 

and GAPDH antibodies.  

 

 

 

We examined PEX5 phosphorylation in response to low energy using Flag-

PEX5-WT and Flag-PEX5-S141A. Mutation of the ATM phosphorylation site in 

PEX5 (S141A) didn’t abrogate the increase in phosphorylation of PEX5 in 

response to low energy (Figure 3. 5A). This result was confirmed by an in vitro 

kinase assay where Myc-tagged wild-type (WT) PEX5 and mutant (S279A or 

S141A) PEX5 were immunoprecipitated from HEK293 cells and used as 

Figure 3. 4 PEX5 phosphorylation at Ser279 in response to ROS. 
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substrates for purified active AMPK in the presence of [32P]-ATP. Ser141 mutant 

is no affect for PEX5 phosphorylation by AMPK in vitro (Figure 3. 5B). This result 

suggests that PEX5 phosphorylation by AMPK is independent of ATM 

phosphorylation at Ser141.  

 

 

 

 

Figure 3. 5 PEX5 phosphorylation at Ser141 is not required for Ser279 in 

response to low energy. 

A. Either a Flag–PEX5-WT or Flag–PEX5-S279A mutant construct was 

transfected into HEK293T cells. The cells were starved of glucose for 8 hours 

before lysis. Western analysis was performed with anti-pPEX5 (Ser 279), Myc, 

pACC (Ser 79), ACC and GAPDH antibodies. B. In vitro kinase assays, Myc-

tagged WT PEX5 or mutant (S279A, or S141A,) PEX5 that were 

immunoprecipitated with Myc antibody from HEK293T cells and used as 

substrates for purified active AMPK in the presence of [32P]-ATP. 
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The PEX5 and ATM/TSC2 interaction in response to low energy 

PEX5 recognizes newly synthesized proteins with a PTS1 motif in the 

cytosol and promotes their translocation across the peroxisomal membrane. 

However, how PEX5 recognition and translocation of cargo proteins is regulated 

remains unclear. We have shown that TSC and ATM signaling nodes localize to 

peroxisomes, where they regulate mTORC1 and peroxisomal degradation in 

response to ROS64 (Chapter II). We also identified that TSC2 and ATM were 

both localized to the peroxisome by PEX5. In silico analysis of the TSC2 and 

ATM (http://peroxisomedb.org) identified a region of homology with a known 

PTS1 sequence. This ARL motif, 1739KWIARLRHIKR1749, was located 63 amino 

acids from the C-terminus of the TSC2 protein64; 3043KNLSRLFPGWK3053 was 

located 8 residues from the C-terminus of ATM protein (Chapter II) (Figure 3. 

6A). Therefore, we hypothesized that PEX5 phosphorylation at Ser279 by AMPK 

affects TSC2 or ATM cytosolic recognition in response to low energy. To verify 

this hypothesis, we next investigated PEX5 and TSC2 or ATM interaction in 

response to low energy. In HEK293T cells transfected with Flag-PEX5-WT or 

Ser279 mutant, there is no difference in the interaction between PEX5 and 

TSC2 or ATM in response to low energy (Figure 3. 6B), suggesting that glucose 

starvation-induced PEX5 phosphorylation at Ser279 is not required for the 

interaction between receptor PEX5 and the cargo proteins TSC2 and ATM. 

 

 

http://peroxisomedb.org/
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A. Peroxisomal proteins with putative PEX5-binding sequence. B. HEK293T 

cells were transfected with either a Flag–PEX5-WT or Flag–PEX5-S279A 

mutant construct. The cells were starved of glucose for 8 hours before lysis. 

PEX5 WT or mutant was immunoprecipitated from HEK293T cells with Flag 

antibody. Western analysis was performed with indicated antibodies.  

 
 
 
 
The TSC2 and ATM peroxisomal distribution in response to low energy 

PTS1 containing peroxisomal cargo proteins are recognized by the import 

receptor PEX5 in the cytosol, which guides them to integrate into the 

peroxisomal membrane. We observed that Ser279 phosphorylation in response 

Figure 3. 6 PEX5 interacts with TSC2 or ATM in response to low energy. 
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to low energy did not affect the PEX5 and TSC2 or ATM interaction, however, it 

is possible that AMPK plays a role in regulating TSC2 or ATM peroxisomal 

membrane translocation in response to low energy. To explore this possibility, 

we next examined ATM and TSC2 peroxisomal distribution in response to low 

energy. Cell fractionation studies showed that TSC2 and ATM localization to the 

peroxisome fraction of cells was greatly decreased in response to glucose 

starvation (Figure 3. 7). Taken together, data generated from Chapter III 

demonstrate that AMPK phosphorylation of PEX5 at Ser 279 regulates delivery 

of peroxisomal cargo proteins (particularly TSC2 and ATM) to peroxisomes. 

 

 

Peroxisome fractionation of HEK293T cells. Catalase and PMP70 were used as 

subcellular markers of the peroxisome (P). WCE, whole-cell extract. Left panel is 

quantification of ATM and TSC2 intensity normalized to PMP70 (Student’s t-test, 

P < 0.01).   

Figure 3. 7 TSC2 and ATM peroxisomal distribution in response low energy 
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Conclusion and Discussion 

AMPK is known to be a major regulator of cellular energy homeostasis, 

but it has not been linked to the peroxisome, which is the major site for 

metabolism in mammalian cells. In this chapter, we provide evidence that 1) the 

peroxisome is a site involved in AMPK signaling; and 2) AMPK phosphorylation 

of the peroxisomal import receptor PEX5 at Ser279 affects delivery of 

peoxisomal cargo proteins to the peroxisome (Figure 3. 8). This suggests a 

model where the AMPK regulates peroxisomal functions and dynamics to yield a 

better understanding of the crosstalk between AMPK and peroxisomes.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8 Model for the AMPK regulation of PEX5 phosphorylation and 

peroxisomal cargo proteins import. 
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The targeting and import of peroxisomal membrane and matrix proteins 

requires specific signal sequences, receptors, and translocation machineries. 

Peroxisomes can import completely folded and oligomeric proteins89. The 

transport of new protein synthesized in cytoplasm to peroxisomes depends on 

the peroxisomal targeting signal. Two types matrix protein import receptors have 

been identified: PEX5 and PEX7, which bind with PTS1 and PTS2 motif, 

respectively. Most matrix proteins contain C-terminal conserved tripeptide PTS1, 

which is recognized by PEX518,19 and they form cargo-receptor complexes in 

cytosol. Subsequently the complexes are recruited to the peroxisome membrane 

by the docking sub-complex, PEX13/PEX14, thus, promoting PTS1 proteins 

import111. However, how to regulate PTS1 proteins and PEX5 recognition and 

how to regulate the cargo-receptor complexes peroxisomal translocation are still 

not well defined.  

I demonstrated here that glucose starvation decreased PEX5 mediated 

localization of ATM and TSC2 the peroxisome, but had no effort on the 

interaction of with PEX5 and ATM or TSC2. We have considered two 

possibilities to potentially explain this phenomenon (Figure 3. 8). One possibility 

is that 14-3-3 traps the cargo-PEX5 complex in the cytosol, abrogating import by 

PEX5 and 14-3-3 association. 14-3-3 proteins are conserved regulatory 

molecules, which could be involved in many different signaling pathways to 

modulate cellular energy and nutrient dynamic in all eukaryotic cells. Recent 

studies have been shown that 14-3-3 proteins have the ability to bind numerous 
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proteins upon phosphorylation by AMPK112,113. Using the Scansite program 

prediction, I found that phosphorylated PEX5 at Ser279 has the potential to be 

associated with 14-3-3 (Figure 3. 9A). It is possible that phosphorylation of PEX5 

by AMPK at Ser279 is bound by 14-3-3 proteins. Indeed, co-immunoprecipitation 

assay showed that Myc-PEX5 interacts with HA-14-3-3 β, further confirmed by 

reverse co-immunoprecipitation (Figure 3. 9B, C). However, in response to 

glucose starvation, there is no effect on the PEX5 and 14-3-3 interaction that 

dominate that less TSC2 and ATM peroxisomal distribution is not because of 14-

3-3 and PEX5 interaction (Figure 3. 9D). Another possibility is that glucose 

starvation abolish docking of the cargo-PEX5 complex to the anchoring factor, 

PEX14, to inhibit cargo protein peroxisomal delivery. In mammals, PEX5 carries 

cargo proteins to dock at the peroxisomal membrane by PEX14 and subsequent 

translocation of the proteins to the lumen of the peroxisome. It is possible AMPK 

phosphorylation PEX5 at Ser297 blocks the cargo-PEX5 complex directing to 

PEX14 to disrupt cargo protein peroxisomal translocation. Finally, another 

possibility is that PEX5 recycling is blocked in response to low energy. 

Ubiquitination plays a vital role in PEX5 shuttling from the lumen of the 

peroxisome to the cytosol. PEX5 ubiquitined at Cys11 is activated in an ATP-

dependent manner by an ubiquitin-activating enzyme (E1)74. It is transferred to 

an ubiquitin-conjugating enzyme (Ubc, E2, PEX4)114 that- supported by an 

ubiquitin-protein ligase (E3, PEX2, PEX10, and PEX12). AMPK serves as a key 

regulator of energy homeostasis by promoting catabolic pathways, resulting in 
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ATP generation, and inhibition of anabolic pathways that consume ATP. 

Because ubiquitination is an ATP dependent process, it is possible AMPK 

phosphorylation of PEX5 at Ser279 inhibits Cys11 ubiquitination to block ATP 

consuming in response to low energy.  

Peroxisomes are cellular organelles that play a central role in lipid 

metabolism, such as β-oxidation of VLCFAs, and ROS homeostasis. Although 

the mechanism of peroxisomal matrix proteins, which contribute to several 

crucial metabolic processes, import is not well characterized, maintaining 

peroxisome metabolic pathway homeostasis is critical. Deficiency in β-oxidation 

enzymes, such acyl-CoA oxidase or D-bifunctional protein, causes pathologies 

known collectively known as PEDs26. Overload of redox enzymes, such as D-

amino acid oxidase, may cause oxidative damage and promote diseases such 

as cancer5. Together with the data showed in this chapter identified a novel 

signaling cascade within the peroxisome and a new role for AMPK signaling in 

the regulation of peroxisomal dynamics.  
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A. Identification of potential 14-3-3 binding sites in PEX5 using Scansite. B-C. 

Myc-PEX5 and HA-14-3-3 β were transfected into HEK293T cells. Cell lysates 

and Myc/HA pulldowns were immuoblotted as indicated. D. HEK293T cells were 

transfected with Myc-PEX5 WT or Myc-PEX5 S279A for 24 hours. 

Immunoprecipitation used anti-Myc antibody and blotting with indicated 

antibodies.  

 

Figure 3. 9 PEX5 phosphorylation at Ser279 is not required for 14-3-3 

and PEX5 interaction. 
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CHAPTER IV  

CONCLUSION AND FUTURE DIRECTION 

 

 The data presented here have led to two key findings with functional 

implications for the peroxisomal autophagy and molecular translocation process 

of PTS1 cargoes by the import receptor PEX5.  

In a previous study, our group identified that ATM functions as a signaling 

kinase in the cytoplasm in response to ROS/RNS that plays an important role in 

protecting the cell from both DNA and oxidative damage53,88. Additional studies 

showed that the peroxisome is a signaling node involved in the regulation of 

mTORC1 and autophagy via the TSC tumor suppressor dependent signaling 

pathway in response to ROS64. The data we present in chapter II continued this 

line of study and found that ATM signaling at the peroxisome participates in 

pexophagy via two pathways. The first is activation of AMPK and TSC2, leading 

to repression of mTORC1 in response to ROS. mTORC1 is a well-known 

inhibitor of autophagy115, and relief of this repression via AMPK activation and 

phosphorylation of ULK1 at S317 would increase autophagic flux116. The second 

is phosphorylation of PEX5, which triggers ubiquitination of this peroxisomal 

receptor protein, binding of the autophagy adapter protein, p62, and targeting 

peroxisomes to autophagosome for pexophagy. Since ROS can be produced by 

other organelles, it will be interesting to determine if ROS produced at other 

sites, such as mitochondria, activates ATM and induces pexophagy, or if 
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mechanisms exist to prevent peroxisomes from being targeted for pexophagy in 

response to ROS produced elsewhere in the cell. There are several possible 

mechanisms by which cells could regulate pexophagy in response to ROS to 

provide organelle-specificity. For example, when oxidized by ROS, ATM forms 

an active dimer117. We do not know at this time if PEX5 recognizes and binds 

ATM as a monomer or a dimer, the former of which could provide specificity as 

an ATM dimer activated elsewhere would not be imported into the peroxisome. 

Another possibility is that additional modification of ATM at the peroxisome could 

contribute to specificity. Activation of ATM by RNS also opens up the possibility 

ATM could be modified (S-nitrosylated) by RNS generated at the peroxisome, 

which would also potentially contribute to specificity. Whether ROS produced by 

other organelles can lead to pexophagy and/or ATM-mediated 

phosphorylation/ubiquitination of PEX5 at the sites we identified (S141 and 

K209) is also not known. While S141 appears to be necessary for ROS-induced 

ubiquitination, we do not know if it is sufficient, and perhaps there are other 

sites/modifications that occur on PEX5 (or other peroxisomal proteins) and 

contribute to specificity, modifications that could occur only at peroxisomes, or 

specifically in response to peroxisomal ROS/RNS. In Chapter II, we 

demonstrated that the phosphomimetic S141E PEX5 mutation alone was unable 

to induce pexophagy in the absence of ATM activation by ROS (Figure 2. 14) 

suggests that both mTORC1 repression and PEX5 phosphorylation are 

important. In Chapter III, the data showed that PEX5 was also phosphorylated at 
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Ser279 in response to ROS (Figure 3. 4B), indicating another possibility that 

S279 phosphorylation of PEX5 is also necessary to induce pexophagy in 

response to ROS. These interesting possibilities need further identifying.  

The study we present in Chapter II reveals an important new role for ATM in 

metabolism as a sensor of ROS that regulates pexophagy. However, many 

aspects of peroxisome biology involved in peroxisomal biogenesis and cellular 

metabolism are still undefined.  

Mammalian peroxisomes are highly metabolic organelles without its own 

DNA. All matrix proteins are synthesized in cytosol and transported to 

peroxisome by import receptors24. Deficiency in matrix proteins import, such as 

β-oxidation enzyme and H2O2-degrading enzyme-catalase, causes seriously 

pathologies known as PBDs and PEDs. Patients with Zellweger syndrome are 

born with congenital neurological and other abnormalities and usually die within 

the first year of life. Several defects of peroxisomal protein import systems, 

among them the PEX5-associated PTS1 pathway, have been found in such 

patients118. In cell lines from Zellweger patients and from PEX5-knockout mice, 

peroxisomes are absent or grossly deficient and peroxisomal proteins are 

synthesized but remain localized to the cytoplasm and are subjected to 

degradation by proteolysis. Although peroxisomal targeting signal and its import 

receptor are well studied, the mechanism of how the peroxisomal matrix proteins 

recognition and translocation are still not well characterized. My work, in chapter 

III, focused on uncovering novel kinases (with focus on AMPK) at the 
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peroxisome, and found that 1) peroxisome is a signaling organelle involved in 

the AMPK signaling pathway, 2) AMPK directly phosphorylates PEX5 at Ser279 

(Figure 3. 3), and 3) ATM and TSC2, which are localized to the peroxisome by 

PEX5, peroxisome distribution are decreased in response to low energy (Figure 

3. 7), but no effect on the interaction between PEX5 and ATM or TSC2 (Figure 

3. 6). Interestingly, the results of present study showed that ATM and TSC2 are 

less distribution in the peroxisome in response to low energy (Figure 3. 7). In 

contrast, phospho-ATM and TSC2 were increased in the peroxisome by H2O2 

(Figure 2. 2 and Figure 4. 1). This suggests the interesting possibility that AMPK 

phosphorylation of PEX5 at Ser279 may prevent peroxisome from pexophagy, 

while ATM phosphorylation of PEX5 at Ser141 promotes pexophagy.  

Since PEX5 recognizes newly synthesized proteins with the PTS1 motif in 

the cytosol and promotes their translocation across the peroxisomal membrane, 

the results of the present study suggest that peroxisomal proteins with PTS1 

motif may be synthesized and recognized by import receptor-PEX5 in cytosol 

but fail to be transported to peroxisomes in response to low energy (Figure 4. 2). 

The mechanism(s) of preventing PTS1 protein peroxisomal delivery still await 

further investigation. Possible explanations include 1) 14-3-3 trapping cargo-

PEX5 complex in the cytosol; 2) Glucose starvation abolishing cargo-PEX5 

complex docking to anchoring factor, PEX14, to inhibit cargo protein 

peroxisomal delivery (Figure 3. 8). 
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HEK293T cells treated with H2O2  (0.4 mM) for 1 hour. Whole cell extracts 

(WCE) and peroxisomal fractions (P) were probed with the indicated antibodies. 

The plot on the right shows the quantification of TSC2 intensities normalized to 

PMP70 intensities from the peroxisomal fraction.  

 
 
 

 
The reason accounting for the low distribution of ATM and TSC2 in 

response to low energy is not known. As an energy sensor, AMPK switches on 

catabolic processes that generate ATP and switches off ATP-consuming 

pathways. It is possible that AMPK blocks pexophagy and regulates peroxisomal 

β-oxidation in response to energy stress. Although peroxisomes do not generate 

ATP directly, it oxidizes fatty acids down to a short chain fatty acids, which are 

exported to mitochondria for total degradation and to generate ATP in TCA 

Figure 4. 1 TSC2 and p-ATM peroxisomal distribution in response to 

ROS. 
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cycle. Hence, AMPK serves as a “rheostat” that regulates energy homeostasis 

via peroxisome dynamics and functions in response to low energy. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Furthermore, peroxisomal enzymes contribute to several crucial metabolic 

processes, such as β-oxidation of VLCFAs and metabolism of ROS/RNS. 

Maintain redox metabolic homeostasis is critical for normal function of 

Figure 4. 2 Model for the ATM and AMPK regulation of PEX5 

phosphorylation at Ser 141 for peroxisome degradation in response to 

ROS; at Ser 279 for peroxisomal cargo proteins import in response to low 

energy. 
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peroxisome. Excess ROS can cause cellular damage and link to over 150 

diseases such as cancer5. Thus elucidating key cell signaling pathways that 

regulate redox metabolic enzyme transport is important for redox homeostasis. 

Interestingly, the results of present study showed that some PTS1 proteins are 

less distribution in the peroxisome in response to low energy. This suggests the 

interesting possibility that AMPK phosphorylation of PEX5 at Ser279 may 

prevent H2O2-producing oxidase, such as D-amino acid oxidase (DAO) and 

Acyl-CoA oxidase (ACOX), peroxisomal distribution, reducing H2O2 production. 

This represents a novel mechanism to prevent excessive production of ROS in 

peroxisomes. Moreover, a future challenge remains in the determination of the 

events leading to cargo-receptor docking to the peroxisomal membrane, 

releasing proteins into the lumen of peroxisomes and receptor recycling. Further, 

it will be of specific interest to investigate the functional implications of potential 

factors or regulators during the peroxisomal proteins translocation cycle. These 

(and other) possibilities now await further exploration. 

Our previous studies and the data described in this dissertation provide 

two models (Figure 2. 16 and Figure 4. 2) to investigate peroxisome dynamics in 

response to different stress. ROS-induced ATM signals to the TSC-mTORC1, 

PEX5 phosphorylation, ubiquitination and recognition of Ub-PEX5 by p62 to 

trigger peroxisome degradation. This model led us to reason that ROS acts as a 

“rheostat” for peroxisomal homeostasis. Moreover AMPK, a major metabolic 

regulator, phosphorylates import receptor PEX5 to regulate peroxisomal proteins 
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delivery in response to low energy. These new concepts uncover crucial roles 

for the ATM and AMPK signaling pathway at the peroxisome and open new 

horizons for understanding peroxisomal homeostasis and its role in cellular 

metabolism. The inability to maintain peroxisome homeostasis would result in 

accumulation of damaged/dysfunctional peroxisomes, redox disequilibrium, and 

increased cancer risk5. Abnormal delivery of peroxisomal matrix proteins would 

disrupt several anabolic and catabolic reactions that promote peroxisomal 

enzyme deficiency disorders119. Thus, the function of ATM and AMPK as 

signaling kinases at the peroxisome in response to ROS/low energy may be key 

factors for monitoring peroxisome homeostasis and functions.  
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