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Abstract

Peroxisomes participate in lipid metabolism, and are a major source of ROS in the cell. Their 

importance in cellular energy balance and redox homeostasis is well-established, as is the need to 

maintain peroxisome homeostasis to prevent pathologies associated with too few, or too many, of 

these organelles. How cells regulate peroxisome number has remained somewhat elusive. 

Recently, the tumor suppressors ATM and TSC, which regulate mTORC1 signaling, have been 

localized to peroxisomes. When activated by peroxisomal ROS, ATM signals to TSC to repress 

mTORC1 signaling and increase autophagic flux in cells, and also phosphorylates the peroxisomal 

protein PEX 5 to target peroxisomes for selective autophagy (pexophagy), providing a mechanism 

for regulation of peroxisomal homeostasis using ROS as a rheostat.

Peroxisomes: The “Late Bloomers” of the Cell Biology World

Peroxisomes were the last of the major organelles to be discovered following identification 

by De Duve in the late 60s [1,2], and only very recently found their place in the world of cell 

signaling. Similar to mitochondria, peroxisomes are capable of autonomous replication, 

although unlike mitochondria, peroxisomes do not contain their own DNA. Peroxisomes are 

highly metabolic organelles involved in several key cellular functions, including bile acid 

synthesis, glyoxylate and dicarboxylate metabolism, D-amino acid metabolism and β-

oxidation of branched and very long chain fatty acids (VLCFAs). Importantly, D-amino acid 

metabolism and peroxisomal β-oxidation result in the production of reactive oxygen and 

nitrogen species (ROS and RNS) [3,4], which in excess, can cause cellular damage, and 

trigger catabolic functions such as autophagy [5–7]. It has been estimated that peroxisomes 

contribute approximately 35% of the ROS generated in the cell [8]. As autonomously 

replicating organelles, maintaining the balance between peroxisome biogenesis (to support 

key metabolic processes), and degradation (to limit excess ROS production) is critical for 

normal cellular homeostasis.
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Maintaining Peroxisome Homeostasis

Excess ROS has been linked to over 150 diseases, including atherosclerosis, diabetes, 

cancer, and neurodegenerative diseases [9,10]. To prevent excessive production of ROS, 

cells must maintain peroxisome homeostasis by balancing peroxisome biogenesis with 

degradation. Peroxisome biogenesis occurs by importation of proteins to the peroxisome by 

import receptors that recognize their cargo via peroxisome targeting signal (PTS) sequences 

in a process very analogous to nuclear localization via nuclear localization signals. 

Peroxisome proteins (PEX proteins) such as PEX5 that function as import receptors, 

recognize PTS sequences in proteins destined for the peroxisome, and deliver them to this 

organelle [11,12]. These peroxisome import receptors are essential for the assembly of 

functional peroxisomes [11]. Mutations in these import receptors cause defects in 

peroxisome biogenesis and/or an absence of peroxisomes. Such peroxisome biogenesis 

disorders (PBDs) [11,13] differ in severity, the worst being Zellweger syndrome, which 

results in a complete absence of functional peroxisomes, and is lethal in the first months of 

life [13]. While the importance of maintaining peroxisome homeostasis is clear, mechanisms 

that specifically, and appropriately, allow the cell to recognize and remove excessive or 

aberrantly functioning peroxisomes to prevent pathologies associated with too few or too 

many of these organelles have remained elusive.

Autophagy is Important for Maintaining Peroxisome Homeostasis

Autophagy is a catabolic process in which cells deliver, in-bulk, cytoplasmic components for 

degradation to the lysosome. Autophagy plays a pivotal role in cell survival during 

starvation, and also participates in normal cellular functions, including selective autophagy 

of organelles. Selective autophagy of peroxisomes (pexophagy) is thought to be the major 

pathway by which excess peroxisomes are eliminated [14–18]. Selective autophagy is 

accomplished via adapter proteins involved in target recognition and recruitment of the 

phagophore membrane. These adapters include p62 and NBR1, which contain both an LC3-

interacting region [17] that binds to LC3-associated with the nascent phagophore, and a 

ubiquitin-associated [17] domain that binds to monoubiquitinated lysine residues in the 

target [19]. The autophagy adapters p62 and NBR1 have both been implicated in autophagy 

of peroxisomes [20,21], although the peroxisomal proteins recognized by these adapters, and 

the signaling pathways responsible for regulation of pexophagy, have remained elusive.

Cell Signaling Pathways that Localize and Function at the Peroxisome

Until recently, the best-known connection between cell signaling and peroxisome biology 

was the regulated transcription of genes required for peroxisome biogenesis [22,23]. For 

example, peroxisome proliferator activated receptors (PPARs) bind ligands, such as the 

hypolipidemic thioldiozinediones (TZDs), to transcriptionally upregulate genes that promote 

peroxisome biogenesis. Studies investigating the “peroxisome proteome” have characterized 

over 85 different proteins found in peroxisomes using combined biochemical fractionation 

and mass specrometry approaches [24–26]. However, these studies have primarily identified 

enzymes involved in metabolic processes carried out by peroxisomes, rather than proteins 

specifically linked to canonical cell signaling pathways, although several kinases involved in 

Tripathi and Walker Page 2

Curr Opin Cell Biol. Author manuscript; available in PMC 2017 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metabolism, such as mevalonate and phosphomevalonate kinase, have been determined to be 

peroxisomal proteins [27]. The first report about peroxisome as signaling organelles appear 

by Dixit et al., in which they demonstrated that mitochondrial antiviral signaling protein 

(MAVS, also known as IPS-1, Cardif, or VISA) localized at peroxisome apart from 

mitochondria and plays role in antiviral innate immunity [28]. The same group further 

expanded the role of peroxisome in innate immune response and reported that peroxisomes 

increases expression of type III interferon in response to diverse pathogenic stimuli [29].

Our group has now shown that the peroxisome is indeed an important a site for cross-talk 

between signaling pathways in which the TSC-2 (tuberous sclerosis complex 2) and ATM 

(ataxia telangiectasia mutated) tumor suppressors participate. An important function for 

ATM outside the nucleus was established by our group in 2010, when we reported that 

cytoplasmic ATM was activated in response to oxidative stress [30]. In this report, we 

showed that ATM phosphorylated LKB in response to exogenous or endogenous ROS, and 

later reactive nitrogen species (RNS) [31] to activate AMPK and TSC2. As a result, 

mTORC1 signaling was shut off, decreasing protein synthesis (due to decreased 

phosphorylation of ribosomal S6 kinase) and activating autophagy (mTORC1 is a known 

repressor of autophagy). These data established a new function for ATM in the cytoplasm, 

and identified a new signaling pathway in which both ATM and TSC2 participated to 

regulate autophagy in response to oxidative stress.

These early studies were soon followed by data that the TSC signaling node (TSC1, TSC2 

and Rheb) was localized to the peroxisome [32]. Peroxisome targeting sequences were 

identified on both TSC1 and TSC2, which if mutated, abrogated their localization to the 

peroxisome. Data were also obtained that when localized to the peroxisome, the TSC tumor 

suppressor was activated by peroxisomal ROS, using drugs such as fibrate Wy-14643, which 

increase ROS production by peroxisomes [32]. In the liver, PPAR activation by fibrates 

results in an imbalance between PPAR-mediated transcription of peroxisomal ROS 

generating enzymes and ROS scavenging enzymes, leading to elevated production of 

peroxisomal ROS. For example, in response to fibrates, ROS generating enzymes, such as 

fatty acyl CoA oxidase, are increased in the rodent liver 10–30 fold, whereas ROS 

scavenging enzymes, such as catalase, are upregulated only 1–2 fold [4]. This elevated ROS 

is thought to contribute to hepatocarcinogenesis observed in response to fibrates [33,34], a 

hallmark of the adverse affect of these drugs in rodent models. As expected, when TSC2 was 

activated by peroxisomal ROS, repression of mTORC1 occurred, which increased 

autophagic flux in the cell.

Most recently, we have shown that ATM localization to the peroxisome mediates activation 

of the TSC tumor suppressor and specifically targets peroxisomes for pexophagy in response 

to ROS [35]. An initial report from the Watters group had localized ATM to the peroxisome, 

and identified a putative peroxisome import signal at the carboxyterminus of this kinase 

[36]. We confirmed ATM localization to the peroxisome, and went on to show this was the 

site for a functional interaction between the ATM and TSC tumor suppressors. When 

activated by peroxisomal ROS, ATM signals via LKB1 and AMPK to phosphorylate and 

activate TSC2, repressing mTORC1 and increasing autophagic flux. Importantly, ATM also 

phosphorylates the peroxisomal protein PEX5 on peroxisomes at S141, triggering PEX5 
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ubiquitination by the peroxisomal E3-ligase, PEX2/10/12. This ubiquitination of PEX5 at 

L209 creates a binding site for the autophagy adapter protein p62, which recognizes 

ubiquitinated peroxisomes via its ubiquitin-binding domain and tethers them to the 

autophagophore via its LC3-binding domain to target them for pexophagy.

A New Era for Cell Signaling in Peroxisome Biology

The discovery that the TSC and ATM signaling nodes localize and function at the 

peroxisome opens new opportunities for understanding how the biology of this organelle is 

regulated by these, and possibly other, cell signaling pathways. In particular, ATM 

phosphorylation of PEX5 opens the possibility that phosphorylation of this import receptor 

by ATM, or possibly other kinases, may regulate peroxisomal biogenesis as well as 

destruction. Furthermore, since ATM activation of TSC2 is mediated by the LKB1 and 

AMPK kinases, it is possible that these kinases may also function at the peroxisome to 

phosphorylate peroxisomal proteins resident at this organelle.
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The TSC and ATM Tumor Suppressors

TSC2 functions as a negative regulator of mTORC1 signaling. TSC2 and its activation 

partner, TSC1 form a GTPase activating protein (GAP) that resides at endomembranes 

and regulates Rheb, which is required for mTORC1 signaling. Thus, TSC1/2 functions as 

a “brake” on mTORC1 signaling. The TSC tumor suppressor itself is regulated by 

upstream signals that can activate or repress its GAP activity. TSC is activated by AMP 

kinase (AMPK) phosphorylation in response to energy stress, and inactivated when TSC2 

is phosphorylated by other kinases in response to growth factor signaling, such as AKT. 

AKT inactivates TSC by creating a 14-3-3 binding site, which removes TSC2 from the 

membrane, sequestering it in the cytosol and relieving inhibition of Rheb.

ATM is a DNA repair kinase, and “first responder” to double-strand breaks in DNA. 

When activated by DNA damage, ATM triggers several downstream signaling cascades 

that initiate DNA repair, cell cycle arrest and apoptosis. Although ATM’s role in the 

nucleus as a DNA repair kinase is well-known, data have begun to emerge that this kinase 

also plays an important, albeit poorly defined, role in cellular metabolism. ATM regulates 

cellular ROS level and plays role in carbon metabolism, adipocyte differentiation and 

glucose homeostasis, insulin resistance, cardiac remodeling and induction of autophagy. 

Due to its role in various metabolic activities, ATM is emerging as a therapeutic target for 

various diseases such as diabetes, cancer and neuronal degeneration.
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Figure 1. 
Schematic diagram depicting the localization of ATM and TSC at peroxisome. In response 

to peroxisomal ROS, ATM is activated and signals through TSC to suppress mTORC1. It 

also phosphorylates PEX5, leading to PEX5 ubiquitination and selective autophagy 

(pexophagy). Targeting of peroxisomes for pexophagy is mediated by binding of the adapter 

protein p62 to ubquitinated PEX5 and LC3 on the phagophore forming the nascent 

autophagosome.
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