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Scope of this thesis 
Ozz, formally known as Neurl2 (Neuralized-like protein 2), is the substrate-binding 

component of the Cullin-RING E3 ubiquitin ligase complex, CRL5Ozz (formerly 

referred to as Ozz-E3) that comprises Elongin B, Elongin C, Cullin 5 and Rbx1. Ozz 

is expressed exclusively in striated muscle and, to date, CRL5Ozz remains the only 

ubiquitin ligase of this type in skeletal muscle. We have previously established that 

CRL5Ozz ubiquitinates and targets key muscle proteins (i.e. membrane-associated b-

catenin and embryonic MyHC) for proteasomal degradation. The regulated turnover 

of these substrates is essential for the integrity of the sarcolemma, the alignment of 

the sarcomeric units, and the timely exchange of myosin isoforms. Most notably, all 

Ozz’ substrates identified so far share the common feature that they are components 
of macromolecular assemblies, which function in tight relationship with the actin 

cytoskeleton. These features are shared by one unexpected target of CRL5Ozz, the 

actin-binding, ubiquitous, scaffold protein, Alix. 

 The scope of this thesis was twofold: 1) to investigate how CRL5Ozz and Alix 

cooperate in maintaining muscle fiber homeostasis. 2) to gain insight into the in vivo 

function(s) of Alix, in skeletal muscle and beyond. Both sets of studies were based on 

the generation of mouse models, whose characterization uncovered new aspects of 

pathogenesis downstream of Ozz or Alix deficiency. While Ozz loss of function in vivo 
affects myofibrillogenesis, leading to sarcomeric defects, the most evident and early 

onset phenotype in Alix–/– mice is bilateral hydrocephalus. We found that this 

phenotype is caused by improper assembly and positioning of the actomyosin-tight 

junction complex that maintains the apical-basal polarity and barrier of the choroid 

plexus epithelium. Surprisingly, in skeletal muscle both Alix–/– or Ozz –/– share a 

prominent mitochondrial phenotype, consisting of an increased number of swollen 

and giant mitochondria. Both Ozz and Alix were shown to localize to the mitochondria, 
highlighting a previously unknown role of the two proteins in this organelle. Deficiency 

of either Ozz or Alix affects the amount and localization of the other protein, resulting 

in similar defects in mitochondrial morphology, metabolism, and respiration in skeletal 

muscle. 

 Together these studies provide new insights into the fine interplay between 

the actin cytoskeleton and membrane multiprotein complexes that require to be 
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assembled or turned over in a timely, spatial, and dynamic manner. They also put 

forward a refined mechanism of substrate recognition that allows CRL5Ozz to 

selectively access and target already assembled structural proteins for ubiquitination 

without the need for complete dismantling of the cytoskeletal apparatus during 

skeletal muscle development and remodeling. 



 
 

 

 

CHAPTER 1 

General Introduction 
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GENERAL INTRODUCTION 
THE SKELETAL MUSCLE 

In mammals skeletal muscle is the largest organ mass of the body [1], 

accounting for ~40%-45% of total body weight, and is essential for promoting 

locomotion, maintaining posture and joint stability, and heat production [1-6]. 

Anatomically it consists of multinucleated, striated myofibers, embedded in layers of 
connective tissue, and a network of blood vessels, peripheral nerves and extracellular 

matrix that together provide structural and mechanical support to the tissue [7] (Figure 

1). Skeletal muscle contains ~50–75 % of all body proteins, and makes up 30–50 % 

of the total protein turnover [5]. Its basic constituents include water (75%), proteins 

(20%), inorganic salts, minerals, fat, and carbohydrates (5%). Most importantly, 

muscle is responsible for most of the body’s energy consumption. It is powered by 

predominantly aerobic metabolism that relies on oxidation of fats and carbohydrates; 
but it also uses glycolysis to produce ATP and creatine phosphate through 

fermentation of glucose, which in muscle derives from stored glycogen. 

Maintenance of the muscle mass relies on the balance between the processes 

of protein synthesis and degradation that are regulated by factors such as nutritional 

status, hormonal balance, physical activity/exercise, and injury or disease, among 

others [5]. Under pathological conditions, such as neurological dysfunction (e.g. 

spinal cord injury, multiple scleroses), genetic defects (e.g. Duchene muscular 

dystrophy, Pompe disease, myotonic muscular dystrophy) or other non-
communicable diseases (e.g. cancer cachexia, stroke, chronic obstructive pulmonary 

disease), a rapid loss of muscle mass has dreadful physiological, functional, and 

health consequences [8-10]. 

 

THE SARCOMERIC CYTOSKELETON 
Striated muscle is composed of regularly arranged, repeated sarcomeric 

units that form the myofibrils of a muscle fiber (Figure 1), the basic structure of the 

organ that give its striated appearance. Individual fibers are surrounded by a plasma 
membrane or sarcolemma, that directly engages in critical muscle functions, including 

synaptic transmission, action potential propagation, and excitation-contraction 

coupling [11]. 
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Figure 1. Structure of skeletal muscle. Illustrative diagram of the anatomy of the muscular system, which 
includes the whole muscle, a muscle fascicle, bundles of muscle fibers, myofibrils, the sarcomere and the 
major components of the sarcomere, Titin, thick (myosin) and thin (actin) filaments. Adapted from [12, 13]  
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Individual muscle fibers are bordered by connective tissue, the so-called 

endomysium, and multiple muscle fibers are arranged in bundles or fascicles 

surrounded by an additional layer of connective tissue, known as the perimysium. 

Groups of fascicles form different skeletal muscle types, which are enclosed in an 
external layer of connective tissue, the epimysium.  An important characteristic of 

myofibers is that they are supported by several discrete skeletal muscle stem cells, 

named satellite cells. These cells reside between the basement membrane of 

individual myofibers and their sarcolemma and play a key role in muscle repair and 

regeneration [11, 14]. 

The development of force and motion during skeletal muscle contraction rely 

on the sarcomeric cytoskeleton, whose mechanical and signaling functions depend 

on the precise assembly of actin and myosin filaments (Figure 1). In striated muscle 
the sarcomeres can be regarded as a highly specialized form of the actomyosin 

cytoskeleton (e.g. stress fibers or the actomyosin filaments). Sarcomeres are 

arranged in series or in tandem [15, 16] and are composed of alternating bands: the 

I-bands (isotropic in polarized light) appear light in color and the A-bands (anisotropic 

in polarized light) appear dark in color. The alternating pattern of these bands results 

in the striated appearance of skeletal muscle (Figure 1). Z-discs (also referred to as 

Z-lines or Z-bands) bisect the I-bands, form the boundaries of the individual 

sarcomeres and provide stability. One of the main proteins embedded in the Z-disc is 

a-actinin, but this structure houses many other proteins that define its functions, 

including nebulin, desmin and titin. It has been proposed that the Z-discs act as 

mechano-sensory structures that transmit signaling to the nuclei due to their physical 

connection to the sarcolemma through structures called costameres [17]. 

Furthermore, interaction of Z-discs with chaperones, co-chaperones and E3 ligases 
contributes to the maintenance of muscle homeostasis [18-20]. The I-band is 

composed of troponin, tropomyosin and actin thin filaments. Actin filaments 

(filamentous actin, F-actin) are polymers of globular actin (G-actin) monomeric units. 

F-actin is arranged along the protein nebulin in twin strands, about 7-9 nm in diameter, 

twisted around each other to form the backbone of the thin filaments. These actin 

filaments are anchored by a-actinin at each end of individual sarcomeres to form the 

Z-disc. 
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In an ATP and calcium dependent manner, actin binds and releases myosin 

thick filaments during muscle contraction. Myosin filaments are designated thick 

because they are composed of large polymers with a diameter of 12-14 nm. Myosin 

filaments consist of two heavy and four light chains. The heavy chains contain a 
globular head, a neck, and a tail domain. The globular head of myosin is the catalytic 

domain that binds to filamentous actin and use ATP hydrolysis to pull the filaments 

toward the center of the sarcomere during contraction. The neck serves as a linker 

transducing force generated by the head domain. The myosin light chains localize to 

the myosin neck domain and regulate the activity of the protein. Two myosin heavy 

chains associate via their tail domains through a coiled-coil structure forming a rod. 

During muscle development and differentiation myosin is expressed as a series of 

isoforms: embryonic (MyHCemb), neonatal or perinatal and adult. One isoform is 
switched or exchanged with the next isoform at different stages of muscle 

differentiation, ultimately assuming adult patterns appropriate for slow or fast 

contraction (slow fiber or type I and fast fibers or type II), and aerobic or anaerobic 

metabolism. The formation of new sarcomeres during muscle development depends 

on the assembly of the embryonic isoforms (MyHCemb), which are in dynamic 

equilibrium with a cytoplasmic pool of monomers. This allows them to be relocated 

and degraded, which mediates their exchange with perinatal and adult isoforms. 

Overall, these biochemical and molecular properties define the contractile apparatus 
of the myofibers [21-23].  

Central to the A-band is the H-band that is bisected by the M-line. The A-

band contains, beside myosin, the myosin binding proteins MyBP-C and MyBP-H, 

which regulate the assembly and thickness of the thick filaments. MyBP-C and MyBP-

H also interact with titin, a giant protein that stretches one half of the sarcomere from 

the Z-disc to the M-line. Titin is considered the third main filamentous component of 

the sarcomere; however, its role in sarcomere assembly, maintenance and disease 
is still unknown. The last component of the sarcomere, the M-line, resides in the 

center of two Z-discs and is proposed to regulate sarcomere stability and monitor 

sarcomere integrity. Components of the M-line are still being uncovered, but include 

various isoforms of myomesin, creatine kinase and the C terminus of titin [18]. The I- 

and H-bands are areas where thick and thin filaments do not overlap and appear paler 
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under the microscope. The I-band contains exclusively thin filaments whereas the H-

band contains exclusively thick filaments. This unique arrangement of actin (thin 

filaments) and myosin (thick filaments) myofilaments on the scaffold proteins, titin and 

nebulin, makes up the paracrystalline lattice structure of the sarcomeres [24]. The 
pioneering work of Hugh Huxley in the early fifties set the basis of what is known as 

the “the sliding filament model” [25, 26]. Using X-ray diffraction, Huxley described how 

the I-band shortens and the H-zone disappears whereas there is no change in the A-

band at different sarcomere lengths during muscle contraction. 

The sarcolemma, the cell membrane of the muscle fiber, is composed of a 

lipid bilayer, a glycocalyx and a basement membrane. It is connected to the 

sarcomeres through the costameres, sub-sarcolemmal protein complexes aligned 

with the Z-discs [24, 27] and composed of actin and desmin. Desmin is an 
intermediate filament that connects the Z-discs of adjacent myofibrils with the 

sarcolemma, and with other organelles within the myofiber, like nuclei or 

mitochondria. Thus, the intermediate filaments are responsible for maintaining the 

highly ordered myofibrillar alignment and for the precise positioning of intracellular 

organelles within the myofiber [24, 28].  
 
DEGRADATIVE SYSTEMS OF SKELETAL MUSCLE 

The main functions of skeletal muscle are controlled by the breakdown and 
turnover of its constituents. The following mechanisms are involved in the degradation 

of muscle constituents: 1. The endo-lysosomal system, 2. the cytosolic calcium-

dependent, calpains, 3. the cysteine proteases, caspases, and 4. the ubiquitin 

proteasome system (UPS) [29, 30]. All these degradative systems work together and 

are tightly regulated [31-34]. However, in this thesis, we will focus exclusively on the 

ubiquitin-proteasome system. 

 
THE UBIQUITIN PROTEASOME SYSTEM (UPS) 
 The UPS is the primary mechanism by which ~ 80 % of sarcomeric 

cytoskeleton or actomyosin proteins are degraded in healthy muscle. This mechanism 

is critical during skeletal muscle development [35], muscle growth [36], muscle 

wasting [37], muscle atrophy, and cachexia [38]. To date, a large body of work has 
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been directed to the understanding of the role of the UPS in muscle functions under 

physiological and pathological conditions. Specifically, proteins like actin, myosin 

heavy chain (MyHC), troponin I, myosin light chains and telethonin are known to be 

regulated by the UPS [39].  
UPS-mediated degradation is achieved by the covalent attachment of a 

ubiquitin (Ub) chain [40], 76-amino acid conserved peptide, to a target substrate. The 

ubiquitination reaction occurs via the sequential action of three enzymes: the Ub 

activating enzyme E1, the Ub conjugating enzyme E2, and the Ub ligase E3 (Figure 

2).  

 
 

Figure 2. The Ubiquitin Proteasome System. The ubiquitination reaction involves the action of three 
enzymes: a ubiquitin activating enzyme (E1), a ubiquitin conjugating enzyme (E2) and a E3 ubiquitin ligase 
(E3). Ubiquitinated substrates are targeted to the 26S proteasome for degradation. Adapted from [41, 42]. 
 
This process is initiated in an ATP-dependent manner when the E1 enzyme activates 

the glycine carboxy terminal group of Ub, resulting in a high-energy thioester linkage 

with the active-site cysteine of the E1 [43]. Studies of the E1 have shown that its 

activity is regulated by three structural elements embedded in the enzyme: the 
adenylation domain that binds ATP, ubiquitin, and Mg+2; the catalytic cysteine domain; 

and the ubiquitin-fold domain (UFD) that recruits the E2 enzyme [44]. The resulting, 

activated Ub is then transferred to a cysteine residue in the E2 enzyme via a thioester 

linkage to form an E2-Ub complex; hence, the E2s function as a link between the E1 

and the E3s. The E2s have a catalytic core termed the Ubiquitin conjugating domain 
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(UBC domain) that consist of an α/β-fold typically composed of four α-helices and a 

four stranded β-sheets [45]. This UBC domain interacts with either E1s or E3s but 

never with E1 and E3 simultaneously. Ub-conjugating enzymes are critical 

components of the UPS, because they regulate the configuration of the Ub chains 
and also have the ability to interact with the E3 to promote the transfer of the Ub chain 

to the target substrate. Lastly, the E3 enzymes transfer Ub from the E2-ubiquitin 

complex to the substrate. Attachment of Ub to the lysine ε-amino terminus on the 

substrate can occur with any of the seven lysines within the Ub molecule (6, 11, 27, 

29, 33, 48 or 63 lysine), giving rise to substrates that contain either mono-Ub or multi-

mono-Ub (Figure 3).  

 
 

Figure 3. Schematic representation of different types of ubiquitin chains on a target substrate. Attachment 
of a single ubiquitin molecule to the substrate results in mono-ubiquitination. Addition of several ubiquitin 
molecules to the substrate results in multi-ubiquitination. Poly-ubiquitination occurs when a ubiquitin 
molecule is attached to an existing one at specific lysine (K) residues (K6, K11, K27, K33 or K63). Adapted 
from [46]. 
 

The flexibility of Ub to generate diverse substrate-ubiquitin configurations specifies 

the outcome of the modified protein. For instance, mono-ubiquitination has been 

demonstrated to be involved in DNA repair and gene expression, protein sorting and 

trafficking, virus budding and even target the protein for proteasomal degradation [47-
52]. After Ub is transferred to the target lysine on the substrate, any of the lysine 

amino groups of Ub can incorporate another Ub to form Ub chain of variable length, 

linkage type and configuration (homotypic or heterotypic) [52]. Within the homotypic 

Ub chain configuration, the sequential conjugation of Ub to itself through the lysine 

48 amino acid (aa) promotes the formation of a poly-Ub chain, which then drives the 

substrate to the proteasome, the essential step for UPS-mediated degradation [53]. 

The type of E3s dictates the specificity and selectivity of the ubiquitination reaction 
towards any of the substrates [29, 54]. In humans, two isoforms of E1 and 
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approximately 40 E2s have been identified. In contrast, over 700 E3s have been 

reported and their number is still growing [55, 56]. However, the full range of 

substrates targeted by each of these E3s is still largely unknown. [31, 57, 58] (Figure 

4)  

 
 

 

Figure 4. Hierarchic representation of the ubiquitin proteasome components. An activating enzyme (E1) 
catalyzes the activation of ubiquitin and promotes the transfer of the activated ubiquitin to a conjugating 
enzyme (E2). The E2 enzyme transfers ubiquitin molecules to different ubiquitin ligases (E3). A substrate 
can be ubiquitinated by different E3s. Adapted from [59] 
 

E3 UBIQUITIN LIGASES 
 E3 ligases come in two structural configurations: single-chain E3s that embed 
all the domains or motifs required for ligase activity in a single protein; and multi-

subunit E3s that rely on the assembly of different proteins in the complex, each of 

which tasked with a specific function. In general, E3s use two modes of action, they 

either serve as catalytic intermediates, like E1 and E2, or they promote the transfer 

of the Ub chain from the E2 to the substrates. E3s have been classified into three 

main families characterized by one of several defining motifs: 1. HECT (Homologous 

to the E6-AP carboxyl terminus) class of single-chain ligases; 2. RING (Really 
interesting new gene) class of ligases that can be either monomeric or multi-subunit; 

3. RING between RINGs (RBRs) ubiquitin ligases. Given the focus of the study 

described in this thesis, the RING class of ligases is discussed in more detail below. 
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RING ubiquitin ligases 
The RING type E3s are by far the largest group of Ub ligases that target and 

regulate a huge and diverse number of substrates and consequently have been 

implicated in many cellular processes. To mention a few these, include cell survival, 
cell growth, DNA repair, inflammation, autophagy, and endocytosis, under both 

physiological and pathological conditions. One RING E3 may ubiquitinate multiple 

substrates, or the same substrate may be ubiquitinated by multiple ligases. Thus, the 

great diversity of RING E3s and the broad spectrum of substrates they target make it 

impossible to review them all; so, I will give only some relevant examples that are 

pertinent to the content of this thesis.  

RING E3s are characterized by the presence of a RING motif (C3HC4 type 

zinc-finger motif, also referred to as RING finger or RING domain), or a U-box domain 
[60]. The RING Zn finger motif consists of a cysteine-rich stretch of 40 to 60 amino 

acid residues that binds two zinc ions through a cysteine/ histidine amino acid 

consensus sequence: C-X2-C-X(9-39)-C-X(1-3)-H-X(2-3)-C-X2-C-X(4-48)-C-X2-C 

(where X is any amino acid). The RING motif serves as a platform for the binding of 

E2 and the dimerization of the ligase [54, 60-62] (further discussed below). The U-

box domain is structurally and functionally similar to the RING domain, acquiring the 

same fold without binding to zinc [60]. The RING E3 ligases do not have an intrinsic 

catalytic site, but rather bring together the specific E2 and the target substrate, which 
facilitates the direct transfer of Ub from the E2 to the substrate, thereby avoiding the 

formation of a thioester intermediate. RING-type E3s range in size from 13 kDa to 

over 500 KDa, and their architecture is highly conserved among the plant and animal 

kingdom [40, 63].  

RING E3s can be subdivided into two major classes: monomeric, single-
chain RING E3s or multi-subunit RING E3s:  

 
Monomeric RING E3s. The primary structure of monomeric RING E3s incorporate 

both the catalytic substrate-binding site and the RING motif. This type of E3s function 

as scaffold for the proper positioning of the ubiquitin chain conjugated to E2 and the 

target substrate. Examples of these E3 ligases are neuralized (Neur) that promotes 

the mono-ubiquitination and endocytosis of the Notch ligand, Delta, and hence 



 20 

functions as positive regulator of the Notch signaling pathway [64, 65]; and Cbl-b 

(Casitas B-lineage lymphoma proto-oncogene-b) that multi-ubiquitinate the EGFR 

(epidermal growth factor receptor), for its endocytosis and trafficking to the lysosome 

where it is degraded [66-68]. 
An additional characteristic of single-chain RING E3s is that they can function 

as monomers or homodimers/heterodimers. Examples of RING E3s that 

homodimerize are the cIAP (cellular inhibitor of apoptosis) proteins, a family of ligases 

that regulates cell survival, proliferation, migration, and oncogenesis [69, 70]. The 

cIAP1 and cIAP2 paralogs contain three N-terminal baculoviral IAP repeat domains 

and a C-terminal RING domain that is required for homodimerization, recognition of 

the substrate for ubiquitination, and autoubiquitination. The latter process dampens 

ligase activity because it targets the proteins for proteasomal degradation. Inhibiting 
autoubiquitination increases ligase activity towards their substrates, which is critical 

for their antiapoptotic function [70]. For example, both cIAP1 and cIAP2 are 

responsible for the polyubiquitination of the TRAF2 (Tumor necrosis factor-R-

associated) that promotes its degradation, thereby regulating TNF ligand-mediated 

apoptotic signaling and the modulation of the NF-kB pathway [70-73]. A well-known 

example of heterodimeric RING E3s is that formed by the association of MDM2 

(Murine double minute 2) and MDMX (Murine double minute X). MDM2 ligase 

regulates p53 degradation during non-stress conditions [74-76] while MDMX interact 

with the transactivation domain of p53 and blocks its transcription [76]. Although 

MDMX contains a RING domain that is very similar to that of MDM2, the protein by 

itself does not have intrinsic ubiquitin ligase activity. Formation of the MDM2/MDMX 

heterodimer reduces the autoubiquitination capacity of MDM2 and increases its E3 

ubiquitin ligase activity to keep p53 levels low in healthy cells [76]. Another example 
of these single chain RING E3s is the heterodimer BRCA1/BARD1(breast cancer 

gene 1/BRACA1 associated RING domain), which plays a role in DNA double-strand 

breaks repair, maintenance of the replication fork, transcription regulation and tumor 

suppression [77-79]. BRCA1 is mostly present in this heterodimeric form, suggesting 

that the formation of this stable complex is an essential aspect of BRCA1 tumor 

suppression [80]. 
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Multi-subunit E3 complexes. This group is the largest family of RING E3 ligases 

with many members identified to date. Being the most numerous, these ligases have 

been implicated in the regulation of a myriad of cellular processes, including cell cycle 

progression, transcription regulation, signal transduction, development, immune 
response, viral modulation, cancer, and protein quality control [81-83]. All protein 

components of multi-subunit RING E3s participate in the ubiquitination reaction; 

hence, selective post-translational modifications of each of the components may 

influence the assembly/stability of the ligase complex. However, only the substrate 

recognition component dictates the specificity of the ligase toward one or a group of 

substrates [84]. One major family of multi-subunit E3 ligases is the Cullin-RING 

ligases (CRLs). 

 
Cullin-RING Ligase complexes (CRLs)  

In mammals, the CRLs comprise over 400 members [57, 85-89]. These ligase 

complexes are responsible for almost 20% of all ubiquitinated proteins present in 

different tissues and cell types [57, 90]. All CRLs share a common molecular 

architecture consisting of one of the seven Cullin proteins (Cul1, 2, 3, 4A/4B, 5, 7 and 

9) [86, 87], one of two RING–zinc finger proteins, Rbx1 (ROC1), or Rbx2, 

(ROC2/SAG), one or more adaptor proteins (SKP1, Elongin B-Elongin C, DDB1), and 

one substrate recognition receptor (F-box proteins, SOCS proteins, BTB proteins, and 
DCAF proteins) [57, 86, 91]. In CRLs, the Cullin proteins with their elongated shape 

serve as scaffold for the rest of the components, accommodating the RING–zinc 

finger proteins that bind the E2 ubiquitin-conjugating enzyme, the substrate receptors 

that recognize the proteins to be ubiquitinated, and the adaptor proteins that function 

as a bridge between the substrate receptors and the Cullins. Each CRL assembles 

with its own adaptor(s) and substrate receptor [57, 91]. This restricts the specificity of 

the ligase given that each substrate receptor embeds different protein–protein 
interaction domains that recognize specific sequences or domains in the target 

substrates. Additionally, all Cullins contain an evolutionarily conserved lysine residue 

at their C-termini that is subjected to a modification by the ubiquitin-like protein, 

NEDD8, in a reaction known as neddylation. Neddylation, a process similar to 

ubiquitination, entails the actions of an E1, NEDD8-activating enzyme 
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(APPBP1/UBA3, also known as NAE), which activates NEDD8; an E2, NEDD8-

conjugating enzyme (UBE2M, also known as UBC12, or UBE2F), which carries the 

activated NEDD8; and finally, an E3, NEDD8 ligase, which recognizes and promotes 

the transfer of NEDD8 to the dedicated lysine residue on the Cullin protein. The latter 
process is crucial for CRL’s activation and regulation [86, 90, 92]. 

Five major types of CRL complexes have been identified in multicellular 

organism that are defined by different Cullin proteins, RING proteins, adaptor proteins 

and substrate receptors. They are: 

 

1. SCF (Skp, Cullin, F-box) that includes the adaptor protein, Skp1 (S-phase kinase 

associated protein 1), the scaffold protein, Cul1 (Cullin1), the RING-containing 

protein, Rbx1, and one of the F-box family of substrate recognition proteins [57, 86, 
93-96]. An example for this group is the E3 ubiquitin ligase SCFβ-TrCP that promotes 

the polyubiquitination and proteasomal degradation of cytosolic β-catenin, thereby 

modulating its function as a transcriptional coactivator of the Wnt pathway. Later in 

this thesis, we will introduce the role of CRL5Ozz in targeting another pool of β-catenin 

for polyubiquitination, the one associated with the cadherins at the sarcolemma of 

muscle fibers [84, 97]. 

 

 2. VBC (VHL-Elongin-Cullin) that is composed of the adaptor proteins, Elongin B and 
Elongin C (EloBC), Cul2 (Cullin 2), Rbx1 and the substrate receptor VHL (Von Hippel–

Lindau protein) [98-100]. The prototypical complex of this group is the E3 ubiquitin 

ligase CRL2VHL that plays a key role in the response to cell hypoxia. CRL2VHL 

promotes the polyubiquitination of the transcription factors HIF-1 and HIF-2 (hypoxia-

inducible factor 1 and 2) for their proteasomal degradation [89, 98]. 

 
3. BTB (Bric a Brac/Tramtrack/Broad, Cullin), also known as a poxvirus and zinc 
finger domain (POZ) specifies a class of CRLs that include the BTB adaptor, first 

identified in the Drosophila transcriptional repressor broad complex, tramtrack and 

bric-a-brac [101], Cul3 (Culllin 3) and Rbx1 [85, 87, 101-103]. Cul-3/MEL-26 is the 

archetypic complex of the BTB E3 ubiquitin ligases that was identified in C. elegans. 

This ubiquitin ligase is required during embryogenesis for proteasomal degradation 
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of the meiotic spindle component microtubule-severing protein MEI-1 [85, 104]. 

 

4. DWD (WD-40/DDB1, Cullin) one of the most recent additions to the CRLs, includes 

Cul4 (Cullin 4) and Rbx1, along with the adaptor module DDB-1 (DNA damage-
binding protein-1) [105-107]. The common feature among DDB1 binding proteins is 

the presence of ~40 Trp-Asp (WD) residues which serve as a protein-protein or 

protein-DNA interaction platform [105, 108]. One protein that has been found in 

association with the Cul4-DDB1 is FBXW5 (F-box and WD repeat domain-containing 

5). FBXW5 serves as the substrate recognition component of DWD ligase that recruits 

DLC1 (deleted in liver cancer 1) for ubiquitination and proteasomal degradation. 

DCL1 is a tumor suppressor identified in hepatocellular carcinomas [109]. 

 
5. ECS (Elongin-Cullin-SOCS box) that consists of the EloBC adaptors, Cul2 or Cul5 

(Cullin 5), Rbx1 or Rbx2 and one of the SOCS (suppressors of cytokine signaling) 

proteins. More details on this type of multi-subunit CRLs are given below, because 

CRL5Ozz (Figure 5) is a member of this group. 

 

 
 

Figure 5. Schematic representation of CRL5Ozz ubiquitin ligase, which is composed of the SOCS-box 
protein, Ozz, Elongin B, Elongin C, Cul5 and Rbx1. 
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ECS  
ECS ligases are defined by their Cullin-RING module that interacts with the 

adaptors EloBC and one of the SOCS-box-containing proteins serving as substrate 

recognition receptors [110]. Members of the SOCS family of proteins (SOCS 1-7) 
share significant sequence and structural homology [111]. They consist of an N-

terminal region of variable length, embedding different protein-protein interaction 

modules responsible for substrate recognition, such as SH2 (Src homology 2), SPRY 

and WD40 domains, leucine and ankyrin repeats and NHR domains. These protein-

protein interaction modules define the choice of substrate targeted for ubiquitination 

[57, 84, 97, 112, 113]. All members of this family of ligases include a SOCS-box at 

their C-terminus [114, 115]. 

The SOCS-box sequence motif was first recognized in the cytokine-inducible 
SH2 domain-containing protein CIS (or CISH) and in SOCS1-3 [111, 116, 117]. It 

consists of a ~40-60 amino acid motif composed of two conserved interaction 

domains at either end, separated by 2–10 non-conserved residues, which share 

structural similarities to the α domain of the pVHL and to a lower degree, the F-box 

from Skp2. The C-terminal portion of the SOCS box contains a Cullin box that 

determines which Cullin (Cul2 or Cul5) is recruited to the ligase complex, while the N-

terminal portion harbors the so-called BC-box, a region of 12 amino acid residues that 

recruits EloBC [111]. The complex formed by a SOCS protein and EloBC [110], 
interacts to one of the Cullins to generate an active ECS [118]. 

The following are few examples of currently known substrates that interact 

with different SOCS proteins and are ubiquitinated by ECS ligases. Besides 

functioning as negative a regulator of cytokine signaling, SOCS1 also targets other 

proteins for proteasomal degradation. These include the oncoprotein TEL/Jak2, the 

guanine nucleotide exchange factor, VAV, the p65/RelA subunit of NF-kB, the Toll-

like receptor (TLR) adaptor, which are involved in immune and inflammatory 

responses and cell survival [119], leukemia [120], and hematopoiesis [121]. On the 

other hand SOCS3 substrates include JAK1 (Janus kinase 1), FAK1 (Focal adhesion 

kinase 1), IRS1/2 (Insulin receptor substrate 1/2), SIGLEC3/CD33 (Sialic acid-binding 

Ig-like lectin 3), SIGLEC7 (Sialic acid-binding Ig-like lectin), IDO (Indoleamine 2,3-

dioxygenase), and IDO (Indoleamine 2,3-dioxygenase)) [122] which are involved in 
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cell motility [122, 123], cell proliferation, chronic inflammation and metabolic 

syndrome, and immune response to infection [124]. Many of the studies describing 

these complexes have been performed using in vitro systems which may limit their 

true scope of interaction.  
The presence of a bona fide SOCS box at the C-terminus of Ozz, identified it 

as a member of this family of proteins [97]. This initial observation led us to postulate 

that Ozz could be the substrate recognition receptor of a CRL ligase and prompted 

us to identify the other components of this complex. [97].This study brought us to the 

discovery of CRL5Ozz as a member of the ECS ligases (described in detail in the 

Introduction to the Experimental Work section of this thesis). 

 

E3 UBIQUITIN LIGASES IN STRIATED MUSCLE 
Several components of the ubiquitin pathway that control the turnover of 

muscle proteins have been initially identified in relation to the anabolic and catabolic 

processes relating to muscle atrophy [125]. Skeletal muscle atrophy is associated 

with a variety of physiological and pathological causes, such as inactivity, 

denervation, starvation, sepsis, hyperthyroidism, burn injuries, cirrhosis, diabetes, 

uremia, cancer cachexia and AIDS [126, 127]. This pathological condition consists in 

progressive loss of muscle mass, muscle weakening, reduction of myofiber size and 

length, and changes in myofiber composition and type [31, 127-129]. The 
pathophysiology of muscle atrophy involves processes, like oxidative stress and 

inflammation, which trigger signal transduction pathways ultimately responsible for 

the activation of the two major degradative systems, the UPS and autophagy-

lysosome system [127]. Therefore, muscle atrophy is primarily due to an imbalance 

between protein synthesis and degradation.  

The following are the E3 ubiquitin ligases that localize to skeletal and cardiac 

muscles, and directly or indirectly modulate the processes/pathways that ensue or 
contribute to muscle atrophy: the muscle-specific RING E3s, MURF1/TRIM63 

(muscle RING-finger protein-1) and Atrogin-1 (MAFbx/FBX032) were the first 

identified ligases associated with muscle atrophy [130, 131]. Their encoding genes 

are referred to as ‘atrophy-related genes’ or ‘atrogenes’ [125, 132-137] and their 
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transcription is differentially regulated by either the FOXO (Forkhead Box O) or NF-

kB transcription factor [8, 138]. 

 

MURF1 is a single-chain, monomeric RING E3, belonging to a small family of ligases 

that include two other homologs, MURF2 and MURF3 [139, 140]. All three proteins 

share structural characteristics, which include an N-terminal RING-finger domain, an 

MFC-motif, a B-box, a coiled-coil region (CC), a COS-box domain and an acidic tail 

domain (AT) at the C-terminus [139-142]. The three proteins are differentially 

expressed in the developing and adult muscle: MuRF1 is undetectable during 

embryogenesis and its expression increases moderately postnatally, while MuRF2 
and MuRF3, are highly expressed during embryogenesis and after birth. However, 

MuRF1 is the only member of the family that is transcriptionally upregulated in 

response to catabolic insults leading to muscle atrophy [140, 143]. Beside the 

regulation of MuRF1 expression by FOXO transcription factors, several signaling 

molecules are also involved, including those that increase the catabolic stimulus, such 

as myostatin, glucocorticoids, cytokines, and those that repress the anabolic stimulus 

like insulin/IGF-I. During the atrophic process, MURF1 targets for proteasomal 
degradation components of the thick filaments, i.e. MyHC, MyBP-C, MLC1, MLC2, 

troponin-T, Titin and Telethonin (Titin Cap-TCAP) [125, 132, 133, 140, 144, 145], 

thereby contributing to the disassembly of the muscle fiber [140, 143]. 

Early studies, on cardiac tissue and cultured cardiac myocytes demonstrated 

that MuRF1 localizes to multiple subcellular compartments, i.e. the nucleus, the 

cytoplasm, the Z-disc, the I-band and the M-Line in a domain-dependent manner. For 

example, the MuRF1 B-box and CC domain [142] were shown to specifically interact 

with the repeats A168/A169 of the giant protein titin that stretches from the M-Line to 
the Z-disc of the sarcomeres. However, MURF1 localization in skeletal muscle was 

less clear at the time of these studies. Later, it was found that the skeletal muscle 

isoform of titin contains a MURF1-binding domain A168/169 [146], suggesting similar 

localization of MURF1 in both skeletal and cardiac muscle [140]. The generation of a 

KO mouse model of MURF1 helped to better understand the physiological 

implications of MURF1 in skeletal muscle atrophy. MURF1 KO mice are viable, fertile, 

and have skeletal muscles and heart of normal size and morphology. However, 
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deletion of MURF1 in skeletal muscle spares the loss of muscle mass under atrophic 

conditions induced by denervation, disuse, and glucocorticoid treatment [8, 140, 143]. 

Interestingly, until approximately 18 months of age WT and MURF1 KO mice maintain 

similar characteristics of their skeletal muscle, but in older mice deletion of MuRF1 
attenuates the loss of muscle mass, characteristic of the aging process, and 

preserves the fiber cross-sectional area. Also, both 20S and 26S proteasome 

activities decreased significantly with age in WT mice, while in MURF1 KO of the 

same age, the activities of most of the proteasome subunits were significantly higher, 

which suggests that MuRF1 expression plays an important role in the regulation of 

skeletal muscle mass and function during aging [147]. It was proposed that, because 

of its localization and interaction with titin, MURF1 might cause the disruption of 

titin/M-Line interaction and promote the disassembly of the sarcomere. Once the 

sarcomere is disrupted, MURF1 can access the contractile proteins, such as a-actin, 

troponins, MyHC, MLC, MyBP-C, promoting their polyubiquitination and proteasomal 

degradation [140]. It is however important to keep in mind that the mechanisms 

behind MuRF1 involvement in skeletal muscle atrophy have not been fully elucidated.  

 
Atrogin-1 is a component of a multi-subunit RING E3 and a member of the SCF 

family of ligases. Atrogin-1 is a muscle specific F-box protein that was originally 

identified as a key contributor to skeletal muscle atrophy. Like MuRF1, Atrogin-1 is 

transcriptionally upregulated by nearly all catabolic stimuli that cause muscle atrophy. 

Its expression is modulated by members of the FOXO transcription factors [148] and 

by the same signaling pathways that regulate MuRF1 during muscle atrophy. Also, 

Atrogin-1 KO mice were found to be more resistant than WT mice to muscle wasting 

induced by denervation of the sciatic nerve or other atrophic stimuli. However, 
contrary to MuRF1 that target myofibrillar proteins, Atrogin-1 degrades proteins 

involved in growth-related processes or survival pathways [129], such as MyoD 

(myoblast determination protein 1) [149] and eIF3f (elongation factor 3 subunit f) 

[150]. MyoD, one of the earliest markers of myogenic commitment, is a basic helix-

loop-helix transcription factor that regulates muscle differentiation programs [151, 

152], while eIF3f is a key component of protein synthesis. Atrogin-1 increases eIF3-f 

degradation in myotubes undergoing atrophy in vitro, and overexpression of eIF3-f 
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causes hypertrophy both in vitro and in vivo. Thus, under normal conditions, Atrogin-

1 controls the anabolic processes that regulate the growth/differentiation of skeletal 

muscle [125]. Interestingly, immunoprecipitation experiments in C2C12 myoblasts 

and myotubes treated with myostatin have shown that Atrogin-1 also interacts with 
several sarcomeric proteins, including MyHC, desmin and vimentin, as well as 

transcription factors, components of the translational machinery, enzymes involved in 

glycolysis and gluconeogenesis, and mitochondrial proteins[129, 153]. Whether 

Atrogin-1 indeed ubiquitinates these proteins in vivo has not yet been demonstrated 

[129].  

 

TRIM32 (tripartite motif containing 32), is a single-chain, monomeric RING ligase that 

is ubiquitously expressed and targets a broad repertoire of substrates, ranging from 

muscle proteins, such as actin, a-actinin, desmin, tropomyosin and dysbindin, to cell 

cycle regulators, the inhibitor of apoptosis XIAP, the E3 SUMO ligase, Piasy, and p62 

[154-156]. Thus, TRIM32 is implicated in differentiation, tumor suppression, muscle 

physiology and regeneration [155]. TRIM32 belongs to the TRIM family of proteins, 

consisting of ~70 members that all share the characteristic tripartite motif, consisting 
of a RING-finger, a coiled-coil region, and a B-box type 1 and 2 [132, 155]. Mutations 

in TRIM32 are associated with two clinically distinct diseases, depending on their 

position within either domain of the protein [155, 157]. Mutations in the NHL repeats 

or in the RING-coiled-coil domain cause LGMD2H (limb-girdle muscular dystrophy 

type 2H), a rare genetic disorder characterized by progressive muscle weakness and 

tissue degeneration [158, 159]. These phenotypic alterations were recapitulated in 

the Trim32 KO mouse model, that develops overt skeletal muscle defects, such as 

centralized nuclei and fiber splitting. Extensive muscle damage was also seen at the 
ultrastructural level, including Z-disc streaming, autophagic vacuoles, myofibrillar 

degeneration, and a dilated sarcotubular system with prominent sarcoplasmic 

reticulum and mitochondrial defects [155, 160]. Contrary to MURF1 and Atrogin-1, 

which are key regulators of muscle atrophy, it has been proposed that TRIM32 takes 

part in the regrowth of an atrophic muscle [125, 161]. Interestingly, downregulation of 

Trim32 by shRNA injection in mouse hindlimb muscles prevent loss of myofibrillar 

proteins in particular of the thin filament components. Together these observations 
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created a controversy regarding the function of TRIM32 in either skeletal muscle 

atrophy or muscle remodeling and growth [162]. It is likely that TRIM32 participates 

to both processes depending on the time and type of the atrophic stimulus. 

 
cIAP1 E3 ligase but not its paralog, cIAP2, is expressed in skeletal muscle. Ablation 

of this ligase dramatically increased myoblast fusion in vitro and in vivo during 

myotubes differentiation and muscle fiber regeneration. Most importantly, and in line 

with the other muscle ligases, cIAP1 ablation reduces denervation-induced atrophy 

in different muscle types, while its overexpression in differentiated myofibers induces 

muscle fiber atrophy [163]. Mechanistically, it was shown that cIAP1 controls the 

atrophic process by regulating the NF-kB signaling pathway. In skeletal muscle, NF-

kB activation acts as a positive regulator of myoblast proliferation and fusion but 

inhibits the late-stages of muscle differentiation, leads to degradation of specific 

muscle proteins, induces inflammation and fibrosis, and blocks the regeneration of 

myofibers after injury/atrophy [163-166]. It was also reported that during atrophic 

conditions NF-kB binds to the promoter of MURF1 and increases its expression, 

supporting the idea that NF-kB not only regulates muscle atrophy but also the UPS 

[167]. 
 

TRAF6 (TNF Receptor-Associated Factor 6) is another RING-type ligase involved in 

the regulation of the catabolic processes associated with the canonical NF-kB 

pathway [125, 132]. TRAF6 is a member of the TRAF family of adaptor proteins, that 

have E3 ubiquitin ligase activity, which primarily promotes the formation of lysine 63-
linked polyubiquitin chains [132]. This type of polyubiquitin chains is generally 

attached to scaffold adaptor proteins or kinases, targeting them for proteasomal 

degradation or promoting the formation of signaling scaffolds, which are required in 

the activation/inhibition of NF-kB signaling [165]. TRAF6 null mice are resistant to 

muscle atrophy induced by denervation, cancer cachexia, starvation, or 

Dexamethasone (Dex) treatment. Also, ablation of TRAF6 rescues skeletal muscle 
degradation, preserving myofiber size and strength [125] Most interestingly, it inhibits 

the activation of Atrogin-1 and MURF1, suggesting that TRAF6 is an upstream 

regulator of both E3 ubiquitin ligases [125, 132]. The mechanisms implicated in this 
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process require TRAF6-mediated ubiquitination of the components regulating NF-kB 

signaling and the activation of the catabolic pathways controlled by Atrogin-1 and 
MURF1 [125, 132]. 

 

Fbxo40 (F-box only protein 40) is the substrate-binding component an SCF ubiquitin 

ligase complex (SCFFbxo40) expressed exclusively in cardiac and skeletal muscle. 

Fbxo40 expression increases upon muscle fiber differentiation. SCFFbxo40 

ubiquitinates and targets for proteasomal degradation IRS-1(insulin receptor 

substrate 1), a highly expressed protein in striated muscle [168, 169]. Its ligand, IGF1 

(Insulin-like growth factor 1), induces skeletal muscle hypertrophy by activating the 
PI3K/Akt pathway and inhibiting protein breakdown. In vitro studies in differentiated 

C2C12 cells have shown that, upon IGF1 stimulation, IRS1 is rapidly degraded by the 

UPS [169], while knockdown of Fbxo40 increases the half-life of the protein and 

causes hypertrophy of the myotubes. Fbxo40 null mice have increased levels of IRS1 

and increased muscle size and body. This phenotype was observed during the growth 

phase of the mice, which correlates with high levels of IGF1 [125, 169]. Adult null mice 

have significantly larger muscles, and their muscle fibers contain high levels of IRS1 
protein, an indication that Fbxo40 is required for the regulation of IRS1 levels in vivo 

[169, 170]. 

 

Cbl-b is another RING-type ubiquitin ligase that is involved in the polyubiquitination 

and proteasomal degradation of IRS-1. Cbl-b ligase is highly expressed during 

muscle wasting caused by disuse, diabetes, and fasting. Also, Cbl-b promotes the 

degradation of IRS1, which leads to the inactivation of PI3K/Akt signaling. On the 

other hand, the enhanced degradation of IRS1 inhibits muscle growth and activates 
FOXO3 transcriptional activity, stimulating the expression of atrophy-related genes, 

like Atrogin-1[171, 172]. In addition, mice deficient for Cbl-b are partially resistant to 

unloading-induced skeletal muscle atrophy. Based on these studies, Cbl-b-mediated 

ubiquitination of IRS-1 has gained attention as a potential therapeutic target for the 

treatment of muscle atrophy [125, 129, 145, 172, 173]. 
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FbxL21 is a novel SCF E3 complex, initially identified as a circadian clock controlled 

E3 ligase that modulates the circadian periodicity via proteasomal degradation of the 

flavoprotein cryptochrome (CRY 1/2) [174]. The circadian clock is synchronized every 

day by the environmental light/dark cycle that conveys coordinated cues to cell-
autonomous oscillators in tissues throughout the body [175], affecting behavior, 

physiology, and metabolism [176]. In skeletal muscle, FbxL21 was shown to play a 

role in the maintenance of muscle fiber size and several other muscle functions, 

including exercise endurance, grip strength, and atrophy [177, 178]. FbxL21 is 

mutated in the Pstm (Past-time mutation) mice. These mice have reduced FbxL21 

activity, causing shortening of the circadian period, but also develop skeletal muscle 

defects, such as decreased fiber cross-sectional area in the gastrocnemius, and 

impaired exercise tolerance and grip strength in all four limbs. [125, 174, 177]. These 
results indicate a regulatory role of FbxL21 not only in cellular signaling but also in 

the maintenance of skeletal muscle homeostasis. 

Together these studies reiterate the importance of the UPS and E3 ligases in 

the degradation of components of the contractile apparatus in striated and cardiac 

muscles in the context of muscle atrophy. [140] [125]. However, much less is known 

about the role played by the UPS and in particular E3 ligases during muscle 

development and regeneration, a gap in knowledge that is in part covered by the work 

described in this thesis (see Chapter 2). 
 

THE UPS, A QUALITY CONTROL SYSTEM IN MITOCHONDRIA 
Mitochondria are essential for muscle contractile activity and plasticity. In 

striated muscle, mitochondria are organized into an orderly, yet dynamic network, and 

continuously reshape by fusion and fission events [179, 180]. Under physiological and 

pathological conditions, alterations in the number, shape, and localization of 

mitochondria affects muscle mass, metabolism, and function [181, 182]. Multiple lines 
of evidence have pinpointed the UPS as one of the key quality control systems in 

mitochondria that also functions as a regulatory mechanism, controlling mitochondrial 

biogenesis and morphology [179, 183]. Approximately 62% of the mitochondrial 

proteome is regulated and turned over by the UPS, and 49% of all ubiquitinated 

proteins are localized exclusively to the mitochondria [184]. UPS components, such 
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as ubiquitin (Ub), E1 ubiquitin-activating enzyme [184], deubiquitinating enzyme-

USP30 and E3 ligases [185] are localized to the outer mitochondrial membrane 

(OMM). This strategic localization allows for the ubiquitination of mitochondrial 

proteins that need to be extracted from the mitochondrial membrane and are properly 
positioned to face the cytosol in order to eventually be translocated and degraded by 

the proteasome [179, 186]. It has been proposed that these series of events are 

mediated by a mechanism named MAD for mitochondrial associated degradation, 

which is analogous to the ERAD (endoplasmic-reticulum-associated protein 

degradation) system in the ER [187-189]. Both pathways rely on the activity of the 

highly conserved AAA+ATPase, Cdc48/VCP/p97 that has been implicated in 

cytoplasmic, nuclear and organellar degradation, autophagy, as well as intracellular 

trafficking [190]. During MAD, Cdc48/VCP/p97 together with other co-factors, such as 
Ufd1, Npl4, Ubx2 and Doa, play the essential role of recognizing and dislodging 

ubiquitinated proteins from the OMM and guide their proteasomal degradation [186]. 
Thus, Cdc48/VCP/p97 participates in mitochondrial quality control and mutations in 

this ATPase result in mitochondrial abnormalities, including mitochondrial swelling, 

ROS production, and reduced ATP production [191-193]. 

One of the best studied E3 ubiquitin ligases that functions in mitochondria is 

Parkin (PRKN), which is regarded as an essential component of the UPS and the 

mitophagy/lysosomal degradation pathways. PRKN is a cytosolic protein that belongs 
to the RING-between-RING E3 ubiquitin ligase family and has an imprecise substrate 

specificity [194, 195]. PRKN is encoded by the PARK2 gene that was initially identified 

by positional cloning in a patient with autosomal recessive, early onset Parkinson’s 

disease (PD), a progressive neurodegenerative disease that affects the motor system 

and is characterized by tremors, muscle stiffness, and muscle weakness [196, 197]. 

Subsequent genome wide association studies have established PARK2 and PARK6, 

later referred to as PINK1, as two of the susceptibility genes that are most commonly 
mutated in the recessive forms of early onset PD [196, 198]. PRKN and PINK1 (PTEN 

induced kinase 1) are highly expressed in the brain, striated and cardiac muscles, 

and testis [199, 200], and within the cells, localize in the cytosol and the mitochondria 

[196]. PINK1/PRKN are key constituents of a large multi-protein complex, which 

controls the clearance of irreversibly damaged mitochondria via the 
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mitophagy/lysosomal system [201]. PINK1 is a mitochondrial serine/threonine kinase 

that contains an N-terminal mitochondrial targeting sequence (MTS), a 

transmembrane domain [202, 203], and a C-terminal auto-regulatory domain. PINK1 

is located in the OMM where it acts as a molecular sensor for mitophagy, and its 
activity is regulated by PRKN. Under homeostatic conditions, PINK1 is imported into 

the Inner Mitochondrial Membrane (IMM), where it is cleaved by two proteases 

mitochondrial targeting sequence (MTS) and PARL (Presenilins-associated 

rhomboid-like protein) [34, 204]. Cleaved PINK1 is then retro translocated to the 

cytosol where it is targeted for proteasomal degradation. Healthy mitochondria have 

undetectable levels of PINK1 protein. However, upon depolarization of the 

mitochondrial membrane, PINK1 is no-longer internalized into the IMM, accumulates 

in the OMM where it homodimerizes, interacts with the mitochondrial TOM complex 
and undergoes autophosphorylation and activation. Activated PINK1 phosphorylates 

ubiquitinated substrates on the OMM and recruits and phosphorylates PRKN. 

Phosphorylated PRKN localizes to the OMM and promotes the ubiquitination of 

PINK1 and a plethora of other OMM proteins, including Mfn1 and Mfn2 (mitofusins 1 

and 2) [205-209], VDAC1 and Miro1 [210, 211], the fission protein FIS, its adaptor 

TBC1D15 and the translocases TOMM20 and TOMM70 [212, 213]. This highly 

ubiquitinated mitochondrial surface engages members of the autophagic machinery 

that trigger the formation of the phagophore via proteins including ubiquitin, the 
adaptor protein sequestosome 1 (p62) and membrane bound microtubule-associated 

protein light chain 3 (LC3), promoting the engulfment of dysfunctional or damaged 

mitochondria and clearance by the lysosome [214]. Therefore, the PINK1/PRKN 

complex bridges the UPS and mitophagy for the effective control of mitochondrial 

proteostasis. 

 In muscle, the maintenance of healthy mitochondria is essential for their 

natural performance, which is achieved by the precise balance between mitochondrial 
biogenesis and the orderly removal of dysfunctional mitochondria by mitophagy. 

Therefore, defects in these processes affect mitochondrial morphology and function, 

and accumulation of defective mitochondria has been shown to result in muscle 

atrophy [34, 215]. However, the cross talk between different mitochondria quality 

control mechanisms in regulating skeletal muscle function, particularly during an 
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atrophic process, has not been explored until recently and studies have often been 

conducted using in vitro systems. For instance, it was shown that in differentiated 

C2C12 muscle cells the induction of mitophagy by the potent mitochondrial oxidative 

phosphorylation uncoupler, CCCP (carbonyl cyanide m-chlorophenyl hydrazone), 
that dissipates the transmembrane potential and depolarizes the mitochondria, results 

in myotube atrophy. CCCP treatment affects the mitochondrial respiratory capacity of 

myofibers, increases PINK1/PRKN-mediated mitophagy, exacerbates the loss of 

mitochondria, and promotes the activation of the energy sensor AMPKa. The latter 

responds to reduced levels of ATP by fostering the catabolic processes of energy 

production to maintain cell proliferation and survival [196, 216, 217]. It has also been 
demonstrated that siRNA-mediated knockdown of Prkn in differentiated C2C12 cells 

results in an increased number of mitochondria due to reduced levels of mitochondrial 

fission and fusion. The resultant mitochondria have defects in oxygen consumption 

(OCR), increased levels of ROS and again activate the AMPKa downstream pathway. 

In this case, the knockdown of Prkn not only results in accumulation of defective 
mitochondria, but also promotes myofiber atrophy [196]. Contrary to the results of in 

vitro downregulation of Prkn in muscle cells, mitochondria content or overt 

autophagy/mitophagy was not observed in the gastrocnemius (GA) muscle of the 

Park2-/- mouse model. Nevertheless, and similar to the effects of knockdown of Prkn 

seen in vitro, Park2-/- myofibers have reduced levels of mitochondria respiration, 

increased levels of ROS, activated of p-AMPK and reduced skeletal muscle mass 

[196, 215]. In line with these studies, ablation of Prkn in Drosophila muscle results in 

swollen mitochondria accompanied by severe disruption/disintegration of the 

mitochondrial cristae and serious defects in the skeletal muscle used for flying and 

climbing [218]. Together these findings emphasize the essential role of the PRKN E3 

ligase in the maintenance of skeletal muscle mass, functioning to safeguard 
mitochondrial health. 

 
MITOL/MARCH5 (mitochondrial ubiquitin ligase/membrane associated RING-CH-

type finger 5) is one of only three RING E3 ubiquitin ligases identified to date that 

localizes to the OMM. Also, this ligase requires interaction with the AAA+ATPase, 

Cdc48/VCP/p97, to dislodge substrates from the OMM prior to their ubiquitination and 
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proteasomal degradation [219]. Under physiological conditions, MITOL/MARCH5 E3 

ligase appears to control mitochondrial dynamics by regulating the ubiquitin-mediated 

proteasomal degradation of OMM proteins involved in mitochondrial fission/fusion, 

like DRP1 (Dynamin related protein-1) and DRP1 receptors, Fis1, Mfn2, Mid49 [220]. 
In fact, the knockdown of this ligase was shown to increase mitochondrial fission 

without altering mitochondrial distribution [221, 222]. MITOL has also been involved 

in the ubiquitination of the activated phosphorylated form of PRKN, aiding its 

proteasomal degradation, thereby reducing the number of PRKN molecules on the 

OMM and evade Parkin-mediated cell death [223, 224]. In depolarized mitochondria, 

MITOL/MARCH5 initiates the ubiquitination of OMM proteins, including PRKN, to 

favor the rapid recruitment of the PINK1/PRKN complexes to the mitochondria, which 

amplifies PINK1/PRKN-mediated ubiquitination of multiple OMM proteins at the start 
of mitophagy [194]. MITOL/MARCH5 also functions in hypoxia-induced mitophagy by 

promoting the ubiquitination and proteasomal degradation of the OMM integral 

autophagy sensor, FUNDC1 [225]. Whether MITOL exerts similar functions in the 

mitochondria of muscle cells remains to be determined. 

 
MULAN/MUL1/GIDE/MAPL (mitochondrial ubiquitin ligase activator of NF-kB) is also 

an OMM RING E3 ubiquitin ligase that exposes its C-terminal region to the cytosol. 

The RING domain of MULAN shares similar characteristics to the RING domain of 

the cIAP paralogs, cIAP1/2, E3 ligases that, as stated earlier, regulate the NF-kB 

signaling pathway. Due to this similarity, it has been proposed that MULAN may also 

be involved in the regulation of NF-kB activation [226]. Contrary to MITOL, the 

knockdown of MULAN demonstrated that this ligase plays a key role in mitochondria 

distribution, suggesting that both OMM ligases have different function in mitochondria 

[221]. MULAN promotes polyubiquitination of Mfn2 [227], causing low levels of Mnf2 

to induce mitophagy as a result and it has been proposed that MULAN E3 ubiquitin 

ligase is also involve in mitophagy [227, 228]. Whether MITOL or MULAN exert similar 
functions in the mitochondria of muscle cells remains to be determined. 

Several additional UPS substrates are also localized to the IMM. The IMM, 

UCP2 and UCP3 (Uncoupling protein 2 and Uncoupling protein 3), were shown to be 

polyubiquitinated and degraded by the proteasome. The E3 ligases responsible for 



 36 

the ubiquitination of UCP2 and UCP3 have not yet been identified, but various studies 

revealed that proteasomal inhibition increases the levels of both proteins in 

mitochondria, supporting the notion that IMM proteins are also regulated by the UPS 

[229-231]. In addition, it is still unclear if this process occurs inside the mitochondria 
or that UCP2/UCP3 proteins are retro translocated from IMM to the cytosol by the 

MAD pathway to undergo proteasomal degradation [179]. 

Considering the repertoire of UPS components and substrates that localize 

to mitochondria and directly or indirectly link the UPS to mitochondrial homeostasis, 

the detailed molecular pathways associated with each step remain to be fully 

elucidated.  
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INTRODUCTION TO THE EXPERIMENTAL WORK 
The studies described in this thesis stemmed from the serendipitous discovery of Ozz, 

also known as Neurl2 (Neuralized-like protein 2), whose gene overlaps with the gene 

encoding the lysosomal carboxypeptidase, Protective Protein/Cathepsin A (PPCA) 

(Figure 6), one of the lysosomal proteins studied in the d’Azzo’s laboratory [1]. The 

two genes are transcribed in opposite orientation from a bi-directional promoter that 
embeds three-conserved E-boxes (CANNTG), the canonical target sites for muscle-

specific, basic helix-loop-helix transcription factors [1, 2]. Dissecting the structural and 

functional properties of Ozz, as the substrate recognition component of CRL5Ozz, 

unearthed new paradigms that broadened our understanding of the regulation of large 

cytoskeletal structures, particularly in skeletal muscle.  

 

 
 
Figure 6. Schematic representation of the genomic organization of the Ozz and PPCA mouse genes. The 
drawing shows the region of overlap between the two genes and the arrows indicate their transcription 
orientation.  Asterisks represent the position of the three muscle-specific E-boxes located upstream of Ozz 
and within the bi-directional promoter of the PPCA gene. 
 
Ozz Localization and Structure 

The Ozz cDNA, isolated from a mouse heart library, is 85% homologous to 

its human counterpart and encodes a protein of 285 amino acids with a calculated 

molecular weight of ~31.5 kDa that is expressed exclusively in the developing and 

adult skeletal and cardiac muscles [2, 3]. In E10 embryos, Ozz colocalizes with 

ubiquitin-conjugated proteins in the somites at the tips of the differentiating myotomal 

cells, near the intermyotomal septum. At embryonic day E14.5, its expression is 
detected near the myotendinous junctions in the maturing myotubes, when most 

muscle have formed but secondary myogenesis has not yet begun. In agreement with 

its expression pattern in the embryonic muscle, Ozz levels increase during 

differentiation of primary myoblast cultures and the protein localizes at the tips of the 

differentiated myotubes [2]. 
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Based on the primary structure of the human and mouse proteins, we 

identified Ozz as a member of the SOCS box family of proteins. Ozz comprises three 

major domains: two Neuralized Homology Repeats (NHR1 and NHR2) located at the 

N-terminus that are likely the result of an internal duplication, and a SOCS box at the 
C-terminus (Figure 7) [4]. The NHR domain was originally identified in the Neuralized 

protein, which is encoded by a Drosophila neurogenic gene, whose mutation causes 

neuralization at the expense of the epidermis [5-7]. Both insect and mammalian 

Neurl1/2 were later identified as single-chain, RING-E3 ubiquitin ligases that localize 

at the cytoplasmic side of cell membranes and regulate Notch signaling through the 

ubiquitination and endocytosis of Delta and other Notch ligands [8]. As in other SOCS-

box proteins, the NHR domains in Neurl1/2 and Ozz are in a position suitable for 

substrate-recognition. Ozz assembles into an active ubiquitin ligase, CRL5Ozz, by 
interacting with EloBC, Cul5 and Rbx1 where Ozz serves as the substrate recognition 

component [2]. 

 
 

Figure 7. A cartoon representation of the primary structure of the murine Ozz protein depicts the NHR1 
motif (blue), the NHR2 motif (blue light), and the SOCS-box domain (red). 
 

To search for putative interactors/substrates of CRL5Ozz we used a yeast-two 

hybrid (Y2H) expression system with full-length Ozz as bait to probe a mouse 14.5 
embryonic library and a human adult skeletal muscle library [2]. These experiments 

identified various Ozz interactors, many of which had functional and structural 



Introduction to the experimental work 51 

characteristics in common. They included several muscle resident proteins, such as 

β-catenin, MyHCemb, cardiac MyHC, MyHC-IID, α-actinin and desmin; proteins that 

associate with both actin filaments, as part of the F-actin cytoskeleton or actomyosin 

complex, as well as with the plasma membrane, such as Alix and Supervillin. The 
latter comprise components of the centrosomes, such as cNAP1 and nephrocystin; 

and a RING ubiquitin ligase, Makorin 1, that negatively regulates NF-kB-mediated 

inflammation [9]. Interestingly, these Ozz binding proteins isolated from both libraries 

have important features in common: they are all components of large membrane 

complexes that anchor to the actin cytoskeleton or are part of the sarcomeric 

apparatus. This suggests that CRL5Ozz has a broad substrate specificity in muscle, 
controlling various substrates at different subcellular locations. The studies described 

in this thesis have focused on three of these substrates, β-catenin, MyHCemb, and 

Alix. The mode of assembly of a CRL5Ozz complex reconstituted in vitro, and the way 

these three substrates interact with the assembled ligase for their polyubiquitination 

are the subject of Chapter 3 (Publication 1). 
 

Ozz and Sarcomerogenesis 
To study Ozz functions in vivo and investigate the effects of Ozz deficiency 

on muscle homeostasis, we generated an Ozz KO mouse model [2]. These mice do 

not display any gross morphological abnormality of the skeletal muscle under resting 

conditions, but they maintain an increased number of fibers with central myonuclei 

throughout their adult life, a sign of delayed maturation or increased regeneration of 

the muscle fibers. At the ultrastructural level, however, we could identify overt 

sarcomeric defects, including misaligned, split, or branched myofibrils and 

disorganized Z-discs, findings that implicated Ozz in the establishment and/or 
maintenance of the sarcomeric apparatus [2]. We attributed these phenotypes at least 

in part to the abnormal proteasomal degradation of two of the Ozz targets, β-catenin 

and MyHCemb [2, 10] for the following reasons.  

During myofibrillogenesis addition of new sarcomeres occurs at the 

myotendinous ends, and as myofibers grow in diameter and length, new myofibrils 

are added in parallel to the existing ones. This process involves the assembly and 

disassembly of myofibrils at their sites of attachment to the myotendinous, 
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subsarcolemmal adhesion plaques and to costameric Z-discs, a process that requires 

active proteolysis. Proteins present at costameres should also be removed or 

degraded to allow for the re-alignment of newly aggregating myofibrils [11]. The 

function of β-catenin within costameres is to stabilize the sarcomeres through their 
interaction with M-cadherin and sarcomeric actin; this multiprotein complex promotes 

the anchoring of the Z-discs to the sarcolemma and the extracellular matrix. Thus, the 

regulated dissociation of β-catenin from the cadherin, followed by its degradation, is 

a prerequisite for normal myofiber elongation. This model is further supported by the 

observation that intracellular injection of an anti β-catenin antibody causes defective 

myofibrillar organization and destabilization of sarcomeres [12]. We found that 

CRL5Ozz targets exclusively the sarcolemmal-associated pool of β-catenin for 

proteasomal degradation [2, 13]. We proposed that in absence of Ozz the abnormal 
accumulation of membrane β-catenin specifically at costameres and myotendinous 

junctions perturbs the de novo assembly and alignment of the myofibrils. This 

conclusion was supported by the evidence that expression in wild-type myocytes of 

two β-catenin mutants that reduced endogenous β-catenin binding to Ozz caused 

accumulation of membrane β-catenin and recapitulated the myofibrillogenic defects 

observed in the Ozz myocytes [2]. Therefore, Ozz may have two functions in 

mediating β-catenin degradation: first, it could promote the disassembly of Z-disc–

costamere connections, thus, destabilizing the terminal sarcomeres to permit 
assembly of new sarcomeric units; second, it could allow the disassembly of 

myotendon-specific adherens junctions and the remodeling of the interaction between 

myotubes and tendon fibroblasts. [2]. 

The other CRL5Ozz substrate that we have investigated in the context of Ozz 

deficiency was sarcomeric, embryonic myosin heavy chain (MyHCemb/Myh3), whose 

expression during muscle development demarcates the initiation of sarcomere 

formation and acts as key myogenic regulator [14, 15]. As stated earlier, the 
assembled, sarcomeric MyHCemb isoforms need to be selectively degraded to permit 

their exchange with perinatal and adult isoforms. However, the way this process 

occurs is still poorly understood [16-18]. We discovered that Ozz and its ligase 

complex CRL5Ozz in regulate the turnover of assembled MyHCemb isoforms. We found 

that, contrary to other one-chain E3s that bind to and ubiquitinate the head domain of 
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soluble, monomeric myosin for rapid proteasomal degradation, Ozz has the unique 

capacity to recognize the rod domain or tail region of fully assembled sarcomeric 

MyHCemb [10]. This region of the protein embeds the so called ACD or “assembly 

competence domain” at the extreme C-terminus that promotes tail-tail dimer 
formation. Tampering with this domain has been shown to inhibit dimerization of 

myosin into thick filaments [19, 20]. The ACD is close to the site where Ozz binds to 

the myosin filaments; hence, Ozz binding could either prevent dimer formation or 

promote its dissociation. We have shown that in both the developing and adult muscle 

of Ozz KO mice there is an abnormally prolonged expression of the embryonic isoform 

of myosin, which indicates that the proper and timely exchange of myofilamentous 

myosin isoforms is disturbed in absence of Ozz [10]. Similarly to Ozz-mediated 

degradation of β-catenin [2], we have postulated a two-step mechanism for the 
removal /exchange of assembled myosin filaments: first the binding of Ozz to the rod 

domain of selected embryonal myosin molecules facilitates their removal from the 

sarcomere, making space for their exchange with neonatal isoforms; second, the in 

situ assembly and activation of CRL5Ozz promotes the ubiquitination and degradation 

of freed, disassembled MyHCemb. This two-step mode of action of the CRL5Ozz may 

explain the timely and regulated replacement/exchange of myofilamentous myosin 

during embryonic muscle differentiation. This model could be envisaged also in the 

adult muscle, where CRL5Ozz activity would ensure the maintenance of myofiber 
integrity and the regulated exchange of isoforms during myofiber regeneration and 

repair, following injury or disease [10].  

At the time Alix was identified as a putative interactor of Ozz, nothing was 

known about the function of this protein in skeletal muscle. Thus, how Alix and 

CRL5Ozz cooperate in skeletal muscle to maintain muscle fiber homeostasis has been 

the challenging question that became an important part of the studies described in 

this thesis. 
 

Alix structure and function 
 Alix/AIP1 (ALG-2 interacting protein X or 1), also known as PDCD6IP 

(Programmed cell death 6-interacting protein), is an evolutionary conserved, scaffold 

protein that was first identified through its calcium-dependent interaction with the 
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calcium binding protein, ALG-2 (Apoptosis linked gene 2), with which it cooperates to 

promote apoptosis [21, 22]. Later studies have implicated Alix in a myriad of basic 

cellular processes, owing to its ability to interact with the lipid 

bis[monoacylglycero]phosphate (BMP) (also termed lysobisphosphatidic acid 
[LBPA]) [23] and a plethora of partner proteins which are themselves components of 

large oligomeric complexes, such as the ESCRT (endosomal sorting complexes 

required for transport), and the actin cytoskeleton. By interacting with Tsg101 

(ESCRT-I) and Chmp4 (ESCRT-III) Alix synergistically coordinates endocytosis and 

recycling of membrane receptors, multivesicular body (MVB) and exosome 

biogenesis, viral budding, and cytokinesis [23-30]. On the other hand, by binding to 

F-actin, and F-actin binding proteins (a-actinin, cortactin and focal adhesion kinase) 

Alix participates in cytoskeleton remodeling (Figure 8) [24, 31].  

 

 
 
Figure 8. Overview of the different cellular mechanisms involving Alix and its interactors in different cell 
compartments. 
 

Thus, Alix functions at the interface between cytoskeleton and membranes [24]. In 
line with this notion, we found that silencing Alix expression in C2C12 myoblast cells 

affects the levels and distribution of F-actin, the formation of membrane filopodia and 

the release of extracellular vesicles or exosomes [32, 33]. The interplay between 

these two functions of Alix was further substantiated by the phenotypic alterations that 
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we observed in a newly generated knockout model of Alix. Surprisingly, the most overt 

phenotype of Alix−/− mice was progressive bilateral hydrocephalus. We demonstrated 

that loss of Alix affects the proper assembly and positioning of an actomyosin–tight 

junction complex at the apical side of choroid plexus epithelial cells that is essential 
for the maintenance of epithelial cell polarity and barrier. Thus, Alix facilitates the 

bridging of membrane junctional complexes to the actin cytoskeleton, thereby 

ensuring their proper position and activity. A detailed description of this study is given 

in Chapter 4 (Publication 2). 
The Alix primary structure consists of 869 amino acids, which are arranged 

in three large modules: the N-terminal Bro1 domain; a middle region called the V-

domain; and a C-terminal proline-rich domain (PRD) (Figure 9).  

 

 
 

Figure 9. Diagram of the Alix primary structure depicting the three major domains of the protein and the 
sites of its multiple interactors: Bro1 (green-blue); V domain (brown); proline-rich region (PRD) (gray). 
Model of Alix crystal structure, which resembles a boomerang, and of the different structural configuration 
of the protein: closed or autoinhibited monomer, open or active monomer and dimer mediated by disulfide-
bridges. 

This modular structure allows the protein to undergo auto-inhibition by 
assuming a close and inactive conformation through an intramolecular contact 
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between a Src-binding site within the Bro1 domain and the N-terminus of the PRD. 

Interaction with partners, like Chmp4, Tsg101, ALG2 and Ozz, that recognize 

sequence motifs within the Bro1 domain or the PRD, releases Alix auto-inhibition, 

allowing the protein to adopt its open and active form, which can further dimerize or 
oligomerize. In this conformation, Alix can interact with its partners and exert its 

multitasking activities. Early structural studies of a Bro1-V truncated Alix have helped 

to define the characteristic boomerang shape of the protein [34-36]. However, this 

truncated protein assumes a non-physiological conformation because it remains open 

in absence of the PRD [34-36], a finding that reiterates the importance of this domain 

in the structural regulation of full-length Alix. In Chapter 5 (Publication 3), we have 

characterized the mode of Alix dimerization that entirely depends on a cysteine 

residue within the PRD and assigned distinct roles of the Alix monomer versus dimer 
with respect to two of Alix’s functions, loading of cargo into exosomes and interaction 

with the F-actin cytoskeleton (Figure 9). 

 

Alix and Ozz in skeletal muscle 

In skeletal muscle we have established that Alix is expressed throughout 

myogenic differentiation and that a specific pool of Alix colocalizes in discrete 

subcellular immunostaining regions positive for Ozz. We have also found that 

silencing Alix expression in C2C12 myoblasts does not interfere with the early 
myogenic program, but rather with structural events relating to membrane and actin 

cytoskeleton remodeling [24]. The availability of the Alix−/− mouse model that our lab 

was the first to generate, offered us the opportunity of gaining a better understanding 

of the in vivo functions of Alix in skeletal muscle. Our comparative assessment of the 

phenotypic alterations in Ozz and Alix mutant mice has uncovered common 

myofibrillogenic defects and unanticipated surprising mitochondrial defects that 

severely affect mitochondrial dynamics and function. These studies have provided 
new insights into the mechanisms that control mitochondrial morphology and 

metabolism in skeletal muscle and highlighted a hitherto unknown role of Ozz and 

Alix in this organelle. They are detailed in Chapter 6 (Publication 4). 
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Biophysical and functional study 
of  CRL5Ozz, a muscle specific 
ubiquitin ligase complex
Yvan Campos1,4*, Amanda Nourse2,4, Ajay Tanwar2, Ravi Kalathur2, Erik Bonten3 & 
Alessandra d’Azzo1*

Ozz, a member of the SOCS-box family of proteins, is the substrate-binding component of  CRL5Ozz, 
a muscle-specific Cullin-RING ubiquitin ligase complex composed of Elongin B/C, Cullin 5 and Rbx1. 
 CRL5Ozz targets for proteasomal degradation selected pools of substrates, including sarcolemma-
associated β-catenin, sarcomeric  MyHCemb and Alix/PDCD6IP, which all interact with the actin 
cytoskeleton. Ubiquitination and degradation of these substrates are required for the remodeling of 
the contractile sarcomeric apparatus. However, how  CRL5Ozz assembles into an active E3 complex 
and interacts with its substrates remain unexplored. Here, we applied a baculovirus-based expression 
system to produce large quantities of two subcomplexes, Ozz–EloBC and Cul5–Rbx1. We show 
that these subcomplexes mixed in a 1:1 ratio reconstitutes a five-components  CRL5Ozz monomer 
and dimer, but that the reconstituted complex interacts with its substrates only as monomer. The 
in vitro assembled  CRL5Ozz complex maintains the capacity to polyubiquitinate each of its substrates, 
indicating that the protein production method used in these studies is well-suited to generate large 
amounts of a functional  CRL5Ozz. Our findings highlight a mode of assembly of the  CRL5Ozz that differs 
in presence or absence of its cognate substrates and grant further structural studies.

During development and maturation of the muscle !bers, a series of events occur that lead muscle progenitor 
cells through morphological and functional transitions. "ese events require the tight control of the abundance 
of both structural and regulatory proteins, as well as the selective degradation of embryonic and fetal isoforms 
that are replaced by their adult  counterparts1. "e ubiquitin proteasome  system2 plays a central role in many of 
these processes. Protein ubiquitination is a post-translational modi!cation that involves the covalent attachment 
of ubiquitin (Ub) or ubiquitin chain to the e-amino group of a lysine residue on a target  substrate3–5. Depend-
ing on the type of ubiquitination, the Ub-marked substrate is either destined for proteasomal degradation or 
assumes a conformation that favors its recognition by other protein partners and its intracellular  tra#cking6. "e 
ubiquitination reaction requires the sequential actions of an E1-activating enzyme, an E2-conjugating enzyme, 
and !nally an E3 ubiquitin  ligase3–6. "e latter de!nes the selectivity of the target substrates as well as the sites 
where ubiquitination  occurs7.

Ozz, a member of the suppressor of cytokine signaling (SOCS)-box family of  proteins8, is the substrate-bind-
ing component of the Cullin-RING Ubiquitin Ligase (CRL),  CRL5Ozz (formerly referred to as Ozz-E3), consisting 
of Elongin B and Elongin C (EloBC), the Cullin protein, Cul5, and the RING-!nger protein,  Rbx11,9–12. Within 
the Ozz primary structure, the SOCS-box domain is located at the C-terminus of the protein and embeds the 
EloBC binding site that directs the assembly of the rest of the complex. "e substrate recognition site consists of 
two adjacent neuralized homology repeats (NHR) located at the N-terminus13,14. "e NHR motif is present in 
the drosophila protein Neuralized (Neur), which is a single-chain E3 ligase involved in the degradation of Delta 
and the speci!cation of neural cell  fate13–15.

CRL5Ozz is a unique member of the CRL family of E3 ligases. It is tissue speci!c, being expressed exclu-
sively in striated muscle; it targets and ubiquitinates selected subpopulations of muscle proteins, which have the 
common attribute of being fully assembled and components of multiprotein complexes that are linked to the 
actin cytoskeleton. "ese include the plasma membrane-associated $-catenin10, the fully assembled, sarcomeric 
 MyHCemb

1 and a distinct pool of the Alix/PDCD6IP sca%old protein that bridges the subcortical actomyosin 
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network with membrane  complexes9. To form an active CRL, Ozz needs to complex with the other components, 
a process that adds an extra tier to the regulation of substrate recognition and ubiquitination by this  ligase10. 
Proper function and regulation of  CRL5Ozz assure the assembly and stability of the contractile sarcomeric unit, 
as well as the interconnection between membrane complexes and the actin cytoskeleton in skeletal muscle. Ozz 
ablation in!vivo results in defects in myo"brillogenesis and sarcomere  assembly1,9,10. However, the full spectrum 
of  CRL5Ozz functions is still unfolding, and only a few of its substrates and their cellular roles in striated muscle 
have been investigated.

To begin to address these questions we have now investigated how  CRL5Ozz assembles into an active E3 
complex and how it interacts with three of its substrates. To this end, we have developed a baculovirus (BV)-
based expression system in insect cells to produce large quantities of the  CRL5Ozz complex and its individual 
substrates. We have successfully reconstituted a functional and active  CRL5Ozz by combining two, separately 
expressed subcomplexes, Ozz–EloBC and Cul5–Rbx1. Biophysical analyses of the in!vitro reconstituted  CRL5Ozz 
alone or combined with individual substrates reveal a mode of assembly that di#ers in absence vs presence of the 
substrates. Our results hold promise for future structural studies of  CRL5Ozz in combination with its substrates.

Materials and methods
Generation of  CRL5Ozz BV. Full-length cDNA clones encoding human Ozz (Ozz), Elongin B, Elongin 
C, Cul5 and Rbx1 were ampli"ed by RT-PCR (Table!1) from commercially available Human RNA (Clontech-
Takara Bio). Ozz and Rbx1 fused His tag were cloned into the pFastBac HTb and pFastBac HTc respectably, 
while Elongin B, Elongin C and Cul5 were cloned into pFastBac1 vector (Life Technologies). $e generated 
plasmids were transformed into DH10Bac competent cell to generate the individual Ozz E3 components bac-
mids. $e recombinant bacmid was transfected into Spodoptera frugiperda (Sf9) insect cells according to the 
manufacturer’s instructions (Life Technologies). $e isolated P1 recombinant BV was ampli"ed to generate P2 
and P3 virus stocks and then further puri"ed by plaque assay as describe  before16. To test the expression of 
Ozz ligase components, Sf9 cells were seeded in 6-well plates (1 %  106 cells/well) in serum-free SFX insect cell 
medium (Hyclone) and infected with BV. $e infected cells were incubated at 27!°C and harvested a&er 3!days. 
Aliquots (10!'l) of cell lysates were resolved on SDS–polyacrylamide gels and stained with Coomassie blue Bril-
liant (BIORAD). No Humans subjects were used in this study.

Antibodies and reagents. Rabbit anti-Ozz antibody and anti-Alix antibody were prepared as described 
 in9,10, respectively. Anti-MyHCemb (2B6) 1:500, was a gi& from Dr. N. Rubinstein. Other commercial antibod-
ies included mouse anti-GST 1:500 (UPSTATE), mouse anti-ubiquitin 1:500 ($ermo"sher), mouse anti-Elo 
C 1:300 (BD Biosciences), rabbit anti-Elo B 1:300 (Santa Cruz), rabbit anti-Rbx-1 1:500 (NeoMarkers), rabbit 
anti-Cul5 1:200 (Santa Cruz).

Protein expression and purification. Tni PRO (Trichoplusia ni) (Expression system) cells (1 %  106!cells/
ml) were seeded in disposable Erlenmeyer (asks (1000! ml/(ask; Corning Life Sciences) and infected with 
Ozz–EloBC or Cul5–Rbx1 BV. Infected cells were incubated at 27!°C for 72!h in an orbital shaker-incubator 
(135!rpm). Cells were harvested by centrifugation (1000g, 15!min) and resuspended in Tris–HCl lysis bu#er 
(50!mM Tris HCl pH 7.6, 150!mM NaCl, 30!mM Imidazole) and sonicated with 6 pulses for 10!s with a Branson 
sonicator at setting 3. $e cell lysates were centrifuged 2 times at 15,000!rpm for 30!min at 4!°C. Ni-NTA agarose 
beads (QIAGEN) were spun at 2000!rpm for 5!min and washed with 1!ml of water, spun at 2000!rpm for 5!min, 
washed once with 2!ml lysis bu#er, spun at 2000!rpm for 5!min, then resuspended in 1!ml of lysis bu#er (50% 
slurry), added to the cell lysate supernatant and incubated for 2!h at 4!°C. $e lysate was spun at 1000!rpm for 
5!min at 4!°C, the resultant pellet was resuspended in 1!ml of washing bu#er: (50!mM Tris HCl pH 7.6, 150!mM 
NaCl and 30!mM Imidazole) and loaded onto an Econo-Pac Chromatography column (BIORAD). $e beads 
were wash twice with 10!ml of washing bu#er. $e bound proteins were eluted in 0.5!ml Elution bu#er (50!mM 
Tris HCl pH 7.6, 50!mM NaCl, 200!mM Imidazole and 10% Glycerol) and subjected to SDS–polyacrylamide gel 
analysis stained with Coomassie brilliant blue (BIORAD).

Table 1.  Primers used for the generation of  CRL5Ozz components.

Gene Primers

Ozz
Ozz For 5′ aaggatccgacgctgctgcctccgag 3′
Ozz Rev 5′ ccgaattctcactcatacttgcagaaatcc 3′

Elongin B
EloB For 5′ cgggatccatggacgtgttcctcatgatccg 3′
EloB Rev 5′ cggaattctcactgcacggcttgttcattgg 3′

Elongin C
EloC For 5′ gatcggatccatggatggagaggagaaaacctat 3′
Eloc Rev 5′ gatcggatccaaatttcaactttgattgctatgca 3′

Rbx1
Rbx1 For 5′ taactagtgacgcggcagcgatggatgtgg 3′
Rbx1 Rev 5′ cctctagactagtgcccatactttt 3′

Cul5
Cul5 For 5′ taggatccatggcgacgtctaatctgttaaa 3′
Cul5 Rev 5′ ccggatccccatgatattcaaaattatgcc 3′
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Reconstitution of  CRL5Ozz in vitro by gel filtration. Ozz–EloBC and Cul5–Rbx1 complexes were 
mixed in a 1:1 ratio and run through a Superose 6 10/300GL gel !ltration column (GE Healthcare). "e column 
was equilibrated with 50#mM Tris pH 7.6, 150#mM NaCl. Sample was applied to the preequilibrated column at 
a $ow rate of 0.3#ml/min. "e gel !ltration fractions (250#%l) were pooled and concentrated in an Amicon Ultra 
column (Millipore). 14#%l of the concentrated fractions was heat denatured and run on SDS–polyacrylamide gels 
to determine their constituents.

For calculation of the molecular weight, the column was calibrated with the following protein markers: 
thyroglobulin, 669#kDa; apoferritin, 443#kDa; &-amylase, 200#kDa; carbonic anhydrase, 29#kDa (BIO-RAD).

Immunoprecipitation of  CRL5Ozz. Puri!ed Ozz–EloBC and Cul5–Rbx1 were mixed at a 1:1 ratio and 
incubated on ice for 1#h. "e mixture of the two subcomplexes was resuspended in IP bu'er (50#mM Tris HCl 
pH 7.6, 150#mM NaCl, 500#mM EDTA and 01% NP-40). Gammabind Plus Sepharose beads (GE Healthcare) 
were washed three times with IP bu'er and added to the Ozz ligase and incubated for 1#h. Preclear Ozz ligase 
was incubated with 2.5#%g of anti Elongin C (BD Bioscience) and 5#%g of Rbx1 (Neomarkers) antibodies for 2#h 
at room temperature (RT). Samples were immunoprecipitated with Gammabind Plus Sepharose (GE Health-
care) for 1#h a RT. "e beads were washed three times with IP bu'er and once with IP bu'er without detergents. 
Bound proteins were released by boiling the beads with sample bu'er and separated on SDS–polyacrylamide 
gels under denaturing conditions, followed by SYPRO Ruby Protein Gel Staining ("ermoFisher Scienti!c).

Analytical ultracentrifugation. Puri!ed insect cells expressed Ozz E3 sub complexes and reconstituted 
Ozz-E3 ubiquitin ligase were subjected to sedimentation velocity in a ProteomeLab XL-I analytical ultracentri-
fuge with a four-hole rotor (Beckman An-60Ti) following standard  protocols17. Samples in bu'er containing 
10#mM sodium phosphate, 1.8#mM potassium phosphate pH 7.2, 137#mM NaCl and 0.27#mM KCl were loaded 
into cell assemblies comprised of double sector charcoal-!lled centerpieces with a 12#mm path length and sap-
phire windows. "e bu'er density and viscosity were calculated from its composition using the so(ware SEDN-
TERP (http:// www. jphilo. mailw ay. com/ downl oad. htm)18.

"e partial speci!c volumes and the molar masses of the proteins were calculated based on their amino 
acid compositions in SEDFIT (https:// sed! tsedp hat. nibib. nih. gov/ so(w are/ defau lt. aspx). "e cell assemblies, 
containing identical sample and reference bu'er volumes of 390#µl, were placed in the rotor and temperature 
equilibrated at rest at 20#°C for 2#h before it was accelerated from 0 to 50,000#rpm. Rayleigh interference optical 
data were collected at 1-min intervals for 12#h. "e velocity data were modeled with di'usion-deconvoluted 
sedimentation coe)cient distributions c(s) in SEDFIT (https:// sed! tsedp hat. nibib. nih. gov/ so(w are/ defau lt. aspx), 
using algebraic noise decomposition and with signal-average frictional ratio and meniscus position re!ned 
with non-linear  regression19. "e s-values were corrected for time and !nite acceleration of the rotor and was 
accounted for in the evaluation of Lamm equation  solutions20. Maximum entropy regularization was applied at 
a con!dence level of P-0.68.

Two-dimensional size-shape distribution, c(s,f/f0) (with the one dimension the s-distribution and the other 
the f/f0-distribution) was calculated with an equidistant f/f0-grid of 0.2 steps that varies from 0.5 to 2.5, a linear 
s-grid from 1 to 20 S with 100#s-values. Tikhonov–Phillips regularization at one standard deviation. "e velocity 
data were transformed to c (s,f/f0), c(s,M) and c(s,R) and distributions with M the molar mass, R the Stokes radius, 
f/f0 the frictional ratio and s the sedimentation coe)cient and plotted as contour plots. "e color temperature 
of the contour lines indicates the population of  species21.

"e signal-weighted-average sedimentation coe)cient  sw provides a measure of species populations in a 
system. "erefore, signal-weighted-average sedimentation coe)cient values, sw, were derived from the integra-
tion of all the species from 3 to 7#S of the c(s) distributions of subcomplex Ozz–EloBC at concentrations 1.8 to 
13.3#%M. "is measured isotherm of  sw as a function of solution composition were then modeled as a reversible 
monomer–dimer self-association system using SEDPHAT (https:// sed! tsedp hat. nibib. nih. gov/ so(w are/ defau 
lt. aspx). "e association scheme was A + A ↔ (A)2 with  KD12 the dimer dissociation constant, A the monomer 
and (A)2 the dimer. Nonlinear least square analysis was performed where the equilibrium association constant, 
K12, was optimized in the !t, (K12 = 1/KD12)22. "e errors for this !t represented the 68% con!dence interval (CI) 
using an automated surface projection  method23. All plots were created in GUSSI (http:// www. utsou thwes tern. 
edu/ labs/ mbr/ so(w are/)24.

Analytical glycerol gradient ultracentrifugation—micro-fractionation. A 15–45% glycerol gradi-
ent containing 20#mM Tris–HCl pH 7.6, 150#mM NaCl bu'er was constructed by layering solutions at decreas-
ing percentages from 45 to 15% glycerol (13 layers, 98#µl each; total volume: 1.30#ml; height: 3.0#cm) in an 
11 * 34-mm centrifuge tube. Protein solution (27.5#µl) was layered on top of the gradient followed by 50#µl cold 
silicon oil to prevent evaporation. "e tube was then placed in a pre-cooled bucket and centrifuged for 8 or 12#h 
at a rotor speed of 55,000#r.p.m. at 4#°C in an Optima TLX preparative ultracentrifuge using a swinging bucket 
TLS-55 rotor (Beckman Coulter, Fullerton, CA, USA). Deceleration was performed without braking, and the 
tube was immediately placed on ice. Micro-fractionation of the tube contents was carried out using a BRANDEL 
automated micro-fractionator equipped with the FR-HA 1.0 block assembly (Brandel, Gaithersburg, MD, USA). 
"e tube was placed in the receptacle, and fractions were removed from the upper surface of the solution by 
stepwise elevation of the receptacle by a precise increment of height. A total of 27 fractions were collected in a 
96-well plate; each fraction was approximately 45#µl in volume, and the bottom fraction was 125#µl25. To calculate 
the molecular weight a mix of the following proteins: apoferritin, 443#kDa (15#%g); &-amylase, 200#kDa (15#%g); 
Albumin, 66#kDa (15#%g); (SIGMA) were mixed and loaded on top of the glycerol gradient. "e markers were 
centrifuged at the same experimental conditions as the  CRL5Ozz and substrates.
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Protein analysis. !e protein fractions obtained from the gel "ltration column or analytical glycerol gradi-
ent ultracentrifugation were analyzed on 4–20% gradient SDS–polyacrylamide gels (BIORAD), the SDS–poly-
acrylamide gels were stained with SYPRO Ruby protein gel stain (!ermoFisher Scienti"c). !e gels stained 
were photographed in a Chemidoc MP Image System (BIORAD), and, where appropriate, band densities meas-
ured with ImageJ so#ware. Montages were assembled using Adobe Illustrator, and then converted to JPEG "les.

In vitro ubiquitination. !e ubiquitination assay was performed by incubating 3.0$ µg of a bacterially 
expressed GST-%-catenin, GST-MyHCemb fragment (1041–1941 a.a.) and GST-Alix with 150$ng (1.2$&M for each 
10$&l reaction) of puri"ed recombinant E1 (UBE1-BostonBiochem), 200$ng UbcH5b (11.7$&M for each 10$&l 
reaction), 1.0$µg (~ 6.4$&M for each 10$&l reaction)  CRL5Ozz ubiquitin ligase and 7.5$µg (781.2$&M for each 10$&l 
reaction) of ubiquitin or ubiquitin K48 mutant (BostonBiochem) in a "nal volume of 30$µl of ubiquitination 
bu'er (0.05$M Tris–HCl, pH 7.6; 0.01$M  MgCl2, 0.004$M ATP) for 60$min at 30$°C.

To analyze the ubiquitinated products, the ubiquitination reactions were diluted in 500$&l RIPA bu'er (50$mM 
Tris HCl (pH 7.5), 150$mM NaCl, 1% NP-40, 0.1% deoxycholate, 0.1% SDS, 1$mM EDTA, protease inhibitors 
and phosphatase inhibitors), immunoprecipitated with 5$µl anti-%-catenin (BD-Bioscience), 20$µl anti-MyHCemb 
(2B6) or 20$µl anti-Alix (d’Azzo Lab), resolved on 7.5% SDS–polyacrylamide gel, and immunoblotted with anti-
ubiquitin (!ermoFisher Scienti"c), anti-%-catenin, anti-MyHCemb or anti-Alix antibodies.

Western blotting. Protein concentrations were determined as OD 595, using BSA as standard. 10$µg of 
soluble protein (100$V, 60$min) was electrophoresed on 12% SDS–polyacrylamide gels or gradient gels (4–20%, 
BIORAD), and wet-blotted for 3$h at 50$mA. Membranes were probed with speci"c antibodies at the dilutions 
listed above, followed by HRP conjugated goat anti-rabbit or anti-mouse IgG (Jackson ImmunoResearch Labo-
ratories). Signals were detected with a West Femto maximum sensitivity substrate kit (!ermo Scienti"c) on 
blue "lms (Midsci).

Preparation of figures. In the Figures and Supplementary Figures, some images of SDS polyacrylamide 
gels stained with CBB or SYPRO Ruby, as well as of Western Blots were cropped to display the relevant data (see 
Supplementary Information "le for the uncropped gels or blots). Montages of panels in each Figure were assem-
bled using Adobe Illustrator and converted to TIFF "les.

Results
Expression and purification of  CRL5Ozz components. To study the assembly of  CRL5Ozz in$vitro we 
chose a BV-based system in insect cells to co-express the 5 components of the ligase complex. For this purpose, 
we "rst ascertained that all 5 proteins could be expressed at comparable levels. We therefore performed plaque 
assays of Sf9 insect cells infected separately with the individual BV-constructs, encoding human Ozz, EloB and 
EloC, Cul5 and Rbx1, and selected for the best expressing clones. All 5  CRL5Ozz components appeared to express 
at similar levels when tested on Coomassie-stained SDS–polyacrylamide gels (Fig.$1a). !eir expression was 
also validated by Western blot analysis using the corresponding monospeci"c antibodies (Fig.$1b). To obtain 
an assembled  CRL5Ozz complex, we opted to co-expressed two sets of proteins separately, Ozz–EloBC, and 
Cul5–Rbx1, rather than co-expressing all 5 components simultaneously that resulted in low yield puri"cation of 
 CRL5Ozz and unequal rate of expression of the individual proteins. For this reason and for further puri"cation of 
the subcomplexes, two of the overexpressed proteins, Ozz and Rbx1, carried a histidine (His) tag.

To obtain high yield of the overexpressed proteins, we assessed the rate of infection and protein production 
in two additional insect cell strains, TniPRO and expresSF+, and compared them with those obtained with the 
routinely used Sf9 cells. Co-expression of Ozz–EloBC and Cul5–Rbx1 in TniPRO cells, followed by His tag-
puri"cation of the two subcomplexes, showed a twofold higher expression of the puri"ed protein complexes 
than in expresSF+ cells and about 3–4 fold higher expression than in the original Sf9 cells (Fig.$1c,d) !ese results 
established Tni PRO as the most suitable and reliable insect cell strain to obtain high quantities of the overex-
pressed subcomplexes. We also tested the optimal bu'er composition and pH that a'orded the best puri"cation 
pro"le and gave a consistent quality and yield of the puri"ed complexes (Supplementary Fig.$S1). No di'erences 
among the three bu'er conditions were observed (Supplementary Fig.$S1).

Overall, these results underscore the importance of testing multiple insect cell strains, di'erent bu'er compo-
sitions and pH to optimize the yield of the co-expressed proteins and to ensure the quality of the "nal products.

Ozz–EloBC and Cul5–Rbx1 assemble in vitro into  CRL5Ozz. Next, we asked whether the Ozz–EloBC 
and Cul5–Rbx1 subcomplexes could assemble in$vitro into the 5-component  CRL5Ozz complex. For this purpose, 
we carried out hydrodynamic analyses of the separate and combined subcomplexes using two classical tech-
niques: size-exclusion chromatography and analytical glycerol gradient ultracentrifugation. Both these meth-
ods separate complexes based on their molecular weight. For size exclusion chromatography, a 1:1 mixture of 
the two puri"ed subcomplexes (Fig.$2a) was loaded directly onto a gel "ltration column. !e chromatography 
pro"le showed that the mixture of the two subcomplexes eluted from the column mainly in one broad peak 
(RV = 14.17$ml), corresponding to molecular weight of ~ 340$kDa (Fig.$2b), as calculated from the elution pro"le 
of the protein standards (Fig.$2c). SDS–polyacrylamide gel analysis of the eluted fractions showed that the bulk 
of all 5 proteins of the complex were resolved together in a single fraction (Peak 2, Fig.$2b,d) and only a small 
proportion eluted in Peak 3. Based on their size distribution the fraction containing all "ve components of 
 CRL5Ozz had a calculated molecular weight of ~ 340$kDa  (RV = 14.17$ml), suggesting that  CRL5Ozz eluted from the 
column as a dimer (Fig.$2a–d). To prove that  CRL5Ozz was reconstituted in$vitro, the mixture of Ozz–EloBC and 
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Cul5–Rbx1 subcomplexes was subjected to immunoprecipitation using antibodies against Elongin C or Rbx1. 
Immunoprecipitated proteins were then separated on SDS–polyacrylamide gels and stained with SYPRO Ruby 
(Fig.!2e). "e results demonstrated that Ozz–EloBC and Cul5–Rbx1 subcomplexes (Fig.!2a) indeed interact with 
each other and assemble into a 5-component  CRL5Ozz (Fig.!2e).

We next fractionated the Ozz–EloBC and Cul5–Rbx1 subcomplexes, as well as the assembled  CRL5Ozz on 
glycerol density gradients using ultracentrifugation. All gradients were run simultaneously and under the same 
conditions. Fractions from each gradient were separated on SDS–polyacrylamide gels and stained with SYPRO 
Ruby. "e fractionation pro#les of the complexes and their protein components were generated by densitometric 
measurements of band intensities (Fig.!3a). Molecular weights were calculated based on the fractionation patterns 
of several gel #ltration markers (Fig.!3c). Using this method, we found that the bulk of Ozz–EloBC is contained in 
fraction 3 to fraction 10, trailing minorly until fraction 12. "e fractionation curve for this subcomplex indicated 
a size range of ~ 60–443!kDa (Fig.!3a, upper panel). "e Cul5–Rbx1 subcomplex was fractionated in a nearly 
identical pattern and similar molecular weight range (Fig.!3a, middle panel). However, the mixture of Ozz–EloBC 
and Cul5–Rbx1 gave a di$erent fractionation pro#le with all 5 components eluting together in fractions 5–11 
(Fig.!3a, lower panel). "e peak for  CRL5Ozz was in fractions 7–9, and trailing until fraction 17, showing a clear 
shi% in molecular weight compared to the individual subcomplexes (Fig.!3a). "ese results demonstrate that, by 
mixing the two subcomplexes, the 5-protein components sedimented together in fractions corresponding to sizes 
of ~ 220–443!kDa (Fig.!3a,c), containing the assembled  CRL5Ozz that again appeared in part dimeric (Fig.!3a). 
We used albumin as internal control to show that this protein did not shi% in molecular weight in presence of 
 CRL5Ozz, indicating no physical interaction between this protein and the ligase (Fig.!3b).

Figure!1.  Expression and puri#cation of  CRL5Ozz components. (a) Coomassie brilliant blue (CBB)–stained gels 
of baculovirus-produced Ozz (Plaque 1, Plaque 2), Elo B (Plaque 1, Plaque 2), Elo C (Plaque 1, Plaque 2), Cul 5 
(Plaque 1, Plaque 2), and Rbx1 (Plaque 1, Plaque 2) from total lysates of individual plaques, compared to mock 
control (Control). (b) Western blot analysis of total lysates overexpressing the individual  CRL5Ozz components 
probed with of anti-Ozz, anti-Elo B, anti-Elo C, anti-Cul5 and anti-Rbx1 speci#c antibodies. (c,d) CBB-stained 
SDS‐polyacrylamide gels of Ni-NTA agarose a&nity puri#ed Ozz–EloBC and Cul5–Rbx1 subcomplexes.
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Analytical ultracentrifugation analysis of  CRL5Ozz and its subcomplexes. We next sought to 
compare additional hydrodynamic properties of the two separate Ozz–EloBC (Table!2, Fig.!4a) and Cul5–Rbx1 
(Table!2, Fig.!4b) subcomplexes, and the reconstituted  CRL5Ozz (Table!2, Fig.!4c).

We "rst evaluated the sedimentation coe#cient distribution pro"les, c(s), of the individual Ozz–EloBC and 
Cul5–Rbx1 subcomplexes and then that of the reconstituted  CRL5Ozz (Table!2, Fig.!4). At 0.35!mg/ml the c(s) 
distribution pro"le of Ozz–EloBC consisted of two major separate peaks, each representing dissimilar sized 
species, indicating that Ozz–EloBC assembled into oligomers of di$erent masses (Table!2, Fig.!4a). One of the 
two major peaks had a sedimentation value, s20,w, of 5.70!S, corresponding to molar mass of 101,738!Da, close 
to the theoretical molecular weight of the 2:2:2 dimer complex (Table!2, Fig.!4a); the other major peak had an 
s20,w-value of 3.98!S, corresponding to a molar mass of 55,325!Da, close to the theoretical molecular weight of 
the 1:1:1 monomer complex (57,591!Da) (Table!2, Fig.!4a). %e best-"t weight-average frictional value of 1.30 
obtained from the analysis is indicative of a slightly extended globular shape of the protein complex. In contrast, 
the sedimentation analysis of Cul5–Rbx1 (Table!2, Fig.!4b) of similar concentration, 0.21!mg/ml, showed only one 
major peak with an s20,w-value of 4.88!S, that corresponds to a molar mass of 104,744!Da, close to the theoretical 
molecular weight of a 1:1 protein complex (103,212!Da) (Table!2, Fig.!4b). %e best-"t weight-average frictional 
ratio of 1.63 suggests that the molecular shape of this subcomplex is extensively elongated.

Figure!2.  Analysis of  CRL5Ozz assembly by gel "ltration chromatography and coimmunoprecipitation. (a) 
A#nity puri"ed Ozz–EloBC (~ 60!kDa), Cul5–Rbx1 (~ 100!kDa) and the mixture of the two subcomplexes 
were visualized on SDS‐polyacrylamide gels stained with SYPRO Ruby. (b)  CRL5Ozz chromatography pro"le 
showing the elution volume and the fractions corresponding to the three major peaks (Peak 1, Peak 2 and 
Peak 3). (c) Superose 6 10/300 size exclusion chromatography markers: thyroglobulin, 669!kDa; apoferritin, 
443!kDa; &-amylase, 200!kDa; carbonic anhydrase, 29!kDa. (d) %e 1:1 mixture was loaded onto a gel "ltration 
chromatography column. Fractions from Peak 1, Peak 2 and Peak 3 were pooled, concentrated and their protein 
content visualized on SDS‐polyacrylamide gels stained with SYPRO Ruby. All 5 components of  CRL5Ozz eluted 
together mainly in Peak 2 (RV 14.17 = ~ 340!kDa), corresponding to 1D1–1E1 fractions. (e) Puri"ed Ozz–EloBC 
and Cul5–Rbx1 subcomplexes were mixed in a 1:1 ratio and subjected to immunoprecipitation using either anti-
EloC or anti-Rbx1 antibodies. Immunoprecipitated samples were analyzed on SDS–polyacrylamide gels stained 
with SYPRO Ruby. Both antibodies co-immunoprecipitated all  CRL5Ozz components, con"rming the formation 
of the assembled complex by mixing the two subcomplexes in!vitro.
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Figure!3.  Analysis of  CRL5Ozz by glycerol gradient ultracentrifugation microfractionation. (a) Sedimentation pro!les of the individual 
Ozz–EloBC and Cul5–Rbx1 subcomplexes as well as the 1:1 mixture of the two (7.5"#g Ozz–EloBC and 7.5"#g Cul5–Rbx1) were 
obtained by densitometric measurement of band intensity of eluted proteins a$er glycerol gradient ultracentrifugation. Aliquots of 
the !rst 18 fractions of the total 25 fractions collected were analyzed on SDS–polyacrylamide gel stained with SYPRO Ruby. %e Ozz–
EloBC (~ 60"kDa, upper panel) and Cul5–Rbx1 (~ 100"kDa, middle panel) subcomplexes eluted in fractions corresponding to their 
calculated molecular weight. %e assembled  CRL5Ozz elution pattern shi$ed to fractions corresponding to its monomeric molecular 
weight (~ 160"kDa, lower panel). (b) 15"#g of a  CRL5Ozz complex and 15"#g of albumin were mixed and run together on a glycerol 
gradient. %e sedimentation pro!le of  CRL5Ozz was not altered by the presence of albumin. (c) Sedimentation pro!le of Apoferritin 
(~ 443"kDa), &-amylase (~ 200"kDa) and albumin (~ 60"kDa) protein markers.
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Next, we tested the sedimentation distribution pro!le of  CRL5Ozz (Table"2, Fig."4c) in a 1:1 mixture of 
Ozz–EloBC and Cul5–Rbx1. Remarkably, the c(s) pro!le of the reconstituted  CRL5Ozz showed a distribution 
of new peaks with higher s-values that corresponded to complexes with higher molar masses than those of the 
individual subcomplexes (Table"2, Fig."4c). #is result indicated that the Ozz–EloBC and Cul5–Rbx1 mixture 
has a di$erent sedimentation pro!le than the separate Ozz–EloBC or Cul5–Rbx1 subcomplexes (Fig."4a,b). 
#e di$erent peaks obtained with the individual Ozz–EloBC or Cul5–Rbx1 subcomplexes were present, but at 
a much reduced amount in the mixture, indicating that the two subcomplexes assembled at least in part into 
a !ve-protein  CRL5Ozz multimeric complex. From this c(s) distribution one major peak (55% of total protein) 
was distinguishable from the rest with an s20,w-value of 7.20"S, that corresponded to molar mass of 159,245"Da, 
close to the theoretical molecular weight of an 1:1:1:1:1 !ve-protein  CRL5Ozz (160,497"Da) (Table"2, Fig."4c). #e 
best-!t weight-average frictional ratio of 1.46 indicates a molecular shape that is elongated.

Analysis of the same sedimentation velocity data with the two-dimensional size-shape distribution model, 
c(s,f/f0), yielded similar results (Table"3, Fig."4d–f). #e Ozz–EloBC subcomplex showed an s20,w-value of 6.19 S, a 
molar mass of 108,998"Da, close to the 106,424"Da dimer mass, and a frictional ratio of 1.31, indicating a folded, 
slightly extended, globular molecular shape (Table"3, Fig."4d). #e Cul5–Rbx1 subcomplex yielded an s20,w-value 
of 5.00"S, a molar mass of 105,821"Da, close to the theoretical molecular weight of 103,212"Da, and a frictional 
ratio of 1.61, indicating an elongated molecular shape (Table"3, Fig."4e). #e Ozz–EloBC and Cul5–Rbx1 mixture 
showed the presence of a peak (48% of total proteins) with an s20,w-value of 6.85"S and a frictional ratio value 
of 1.61 that corresponded to a molar mass of 165,688"Da, close to the !ve-protein 1:1:1:1:1  CRL5Ozz molecular 
weight (160,497"Da) (Table"3, Fig."4f). Again, the large frictional ratio suggests an elongated molecular shape. 
However,  CRL5Ozz also formed complexes with higher stoichiometry; a peak (8% of total proteins) with an s20,w-
value of 9.95 S and a frictional ratio value of 1.72 that corresponded to a molar mass of 327,193"Da, close to 
dimeric  CRL5Ozz molecular weight of 320,992"Da. #e frictional ratio of this putative dimeric complex of 1.72 
indicates a possible partial long-end-to-long-end association of the monomers into the dimer (Table"3, Fig."4f). 
By contrast, a similar analysis of the simultaneously co-expressed and puri!ed Ozz + EloB + EloC + Cul5 + Rbx1 
complex, displayed several peaks with a c(s) pro!le, which ranged from 6 to 15 S, indicating the presence of 
high molar mass species that were most probably complexes with di$erent stoichiometries than those of the 
“monomer” or “dimer” reconstituted  CRL5Ozz (Supplementary Fig."S2a,b and Supplementary Tables"S1, S2).

Because Ozz–EloBC can form a dimer, we also investigated the concentration dependent self-association of 
this subcomplex (Table"4, Fig."5a,b). At relatively high concentrations this subcomplex formed a dimer. #erefore, 
the signal-weighted-average sedimentation coe%cient,  sw, that provides a measure of species populations in a 
system, was plotted against concentration (Fig."5a). #e dimer dissociation constant value, KD12 obtained from 
this analysis was 0.70 [0.43, 1.07]"µM with the con!dence interval, (CI), in parenthesis (Table"4, Fig."5b). #is 
observation suggests that the Ozz–EloBC subcomplex forms dimers, most probably via an Ozz–Ozz interaction, 
and strengthens the idea that the Ozz–EloBC and Cul5–Rbx1 mixture can form not only a 1:1:1:1:1 complex 
but also a dimeric  CRL5Ozz.

CRL5Ozz physically associates with its substrates in vitro. To determine whether the reconstituted 
ligase complex could recognize and bind to its substrates, the assembled  CRL5Ozz was mixed in"vitro with puri-
!ed preparations of three substrates, glutathione S-transferase (GST)-tagged-&-catenin (~ 112"kDa), GST-MyH-
Cemb fragment (1041–1941"a.a.) (~ 130"kDa) and GST-Alix (~ 122"kDa) (Fig."6). Assembled  CRL5Ozz alone or 
combined with each of the substrates, as well as the three substrates by themselves were subjected to glycerol gra-
dient ultracentrifugation combined with microfractionation, and proteins were visualized on SDS–polyacryla-
mide gels stained with SYPRO Ruby (Fig."6). Also, in this case, all gradients were run simultaneously and under 
the same conditions. Analyses of individual fractions revealed that GST-&-catenin was detected in fractions 

Table 2.  Summary of results of the velocity c(s) analysis of Ozz–EloBC, Cul5–Rbx1 and  CRL5Ozz (Ozz–
EloBC + Cul5–Rbx1) complex in 10"mM sodium phosphate, 1.8"mM potassium phosphate pH 7.2, 137"mM 
NaCl and 0.27"mM KCl bu$er at 20"°C. a Total concentration of sample in mg/ml. b Sedimentation coe%cient 
taken from the ordinate maximum of each peak in the best-!t c(s) distribution at 20"°C with percentage protein 
amount in parenthesis. Sedimentation coe%cient (s-value) is a measure of the size and shape of a protein in 
a solution with a speci!c density and viscosity at a speci!c temperature. c Standard sedimentation coe%cient 
(s20,w-value) in water at 20"°C. d Molar mass values (M) taken from the c(s) distribution that was transformed to 
the c(M) distribution with theoretical values in parenthesis. #e Ozz–EloB-C preparation shows monomer and 
dimer. e Best-!t weight-average frictional ratio values (f/f0)w taken from the c(s) distribution.

Sample mg/mla s20 (Svedberg)b s20,w (Svedberg)c M (Da)d f/f0e

Ozz–EloBC 0.35
3.83 (35%) 3.98 55,325 (57,285) 1.30
5.75 (53%) 5.97 101,738 (114,571) 1.30

Cul5–Rbx1 0.21 4.70 (69%) 4.88 104,744 (103,212) 1.63

CRL5Ozz 0.75

3.52 (8%) 3.66 57,791 1.46
5.09 (6%) 5.28 100,260 1.46
6.93 (55%) 7.20 159,245 (160,497) 1.46
9.02 (19%) 9.38 235,243 1.46
11.96 (5%) 12.42 358,422 (320,992) 1.46
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Figure!4.  Sedimentation velocity—AUC analysis of Ozz–EloBC, Cul5–Rbx1, and  CRL5Ozz complex. Panels (a–c) Top panel: Fringe 
displaced sedimentation velocity pro!les (fringes vs radius), with superimposed solid lines showing the best !t to the model, and 
below residuals of the !ts. Bottom panel: display of the continuous sedimentation coe"cient distribution c(s) plots of Ozz–EloBC (red 
line), Cul5–Rbx1 (blue line), and a mixture of the former two complexes (black line); (d–f) Top panel: fringe displaced sedimentation 
velocity pro!les (fringes vs radius), with superimposed solid lines showing the best !t to the model, and below residuals of the !ts. 
Middle panel: Contour plots (heat maps) of the two-dimensional size-and-shape distributions, c(s,f/f0) and Bottom panel: Molar mass 
distributions c(s,M), of Ozz–EloBC, Cul5–Rbx1 and a mixture of Ozz–EloBC and Cul5–Rbx1, respectively. #e experiments were 
conducted in 137$mM NaCl, 0.27$mM KCl, 10$mM Na2HPO4 and 1.8$mM KH2PO4 pH 7.2 bu%er at 20$°C and at a rotor speed of 
50,000$rpm. #e s-, f/f0 and M-values of the protein complexes are listed in Tables$2 and 3.
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5–10 (Fig.!6a, upper panel), while, combined with  CRL5Ozz, in fractions 6–12 (Fig.!6a, lower panel), showing a 
clear shi" in its molecular weight.  CRL5Ozz was eluted in a nearly identical pattern to GST-#-catenin, an indica-
tion that  CRL5Ozz co-migrated with GST-#-catenin (Fig.!6a, lower panel). Remarkably, in presence of #-catenin 
 CRL5Ozz sedimented in the same fractions as its substrate without trailing to lower molecular weight fractions 
as it did without the substrate (Fig.!6a). A similar protein distribution pro$le was observed when  CRL5Ozz was 

Table 3.  Best-$t values and estimates of the 2D c(s,f/f0) analyses of Ozz–EloBC and Cul5–Rbx1, and  CRL5Ozz 
(Ozz–EloBC + Cul5–Rbx1) in 10!mM sodium phosphate, 1.8!mM potassium phosphate pH 7.2, 137!mM NaCl 
and 0.27!mM KCl bu%er at 20!°C. a Total concentration of sample in milligram per milli liter. b Weight-average 
sedimentation coe&cient sw calculated from the 2D c(s,f/f0) model with percentage protein amount of total 
protein in parenthesis. c Standard sedimentation coe&cient (s20,w-value) in water at 20!°C. d Estimated molar 
mass calculated from (sw,f/f0) from the 2D c(s,f/f0) model. e Weight-average frictional ratio (f/f0)w calculated 
from the 2D c(s,f/f0) model. f Stokes radius (nm) obtained from contour plot of the c(s,M) distribution.

Sample mg/mla sw (Svedberg)b s20,w (Svedberg)c M (Da)d (f/f0)we Rsf

Ozz–EloBC 1.00 5.96 (52%) 6.19 108,998 1.31 4.25
Cul5–Rbx1 0.21 4.82 (59%) 5.00 105,821 1.61 5.10

CRL5Ozz 0.75

6.66 (48%) 6.85 165,688 1.61 4.45
8.12 (18%) 8.43 245,076 1.67
9.58 (8%) 9.95 327,193 1.72 7.85
3.16 (7%) 3.28 60,144 1.68

Table 4.  AUC-SV: summary of the isotherm sedimentation velocity analysis of Ozz–EloBC in 10!mM 
sodium phosphate, 1.8!mM potassium phosphate pH 7.2, 137!mM NaCl and 0.27!mM KCl bu%er at 20!°C. 
Model: monomer–dimer self-association. a Total concentration of the integrated monomer–dimer c(s) peaks. 
b Dissociation constant  KD12 of the monomer–dimer self-association reaction. For the isotherm signal‐
weighted-average sedimentation coe&cient values were obtained by integration of the c(s) distributions 
between 3 and 7!S at various  concentrations17,22. 'e s‐values for monomer and dimer, s1 and s2 (3.82 S and 
5.75!S) were $xed while the K12 the equilibrium association constant was optimized in the $t ('eoretical 
molar mass: 57,285!Da). Errors of the constant represent the 68% con$dence interval (CI) using an automated 
surface projection  method23. c Root mean square deviation of the $t, units in fringes for the reversible dimer 
formation.

Samplea Conc (µM)a KD12 (µM)b RMSDc

Ozz–EloBC 13.3, 5.3, 1.8 0.70 [0.43, 1.07] 0.0930

Figure!5.  Sedimentation velocity—analytical ultracentrifugation analysis,  sw isotherm of Ozz–EloBC. (a) 'e 
best-$t isotherm of the signal-weight-average s-values,  sw, obtained by integration of c(s) distributions of Ozz–
EloBC over the s-range of 3 and 7 S for each loading concentration in a dilution series. 'e solid line is the $tted 
isotherm to a reversible monomer–dimer self-association model with the best-$t dissociation constants  KD12 
value as well as con$dence intervals and the root mean square deviation of the $ts at all the concentrations listed 
(Table!4). (b) 'e species population plots of fraction protomer concentration vs log total concentration (Molar) 
with the amounts of monomer and dimer at speci$c concentrations determined by the  KD12 value of the self-
association model are also shown.
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subjected to ultracentrifugation with either GST-MyHCemb (Fig.!6b) or GST-Alix (Fig.!6c). We used albumin as 
internal control to show that the  CRL5Ozz substrate did not change its sedimentation pro"le in presence of an 
unrelated protein (Fig.!6d). Similar sedimentation pro"les were observed when samples were ultracentrifuged 
for a longer period (12!h instead of 8!h) (Supplementary Fig.!S3a–f).

Based on the molecular pro"les in presence or absence of the substrates, we can infer that  CRL5Ozz interacts 
with each of them as a monomer. #ese results indicate that  CRL5Ozz assembles in!vitro and retains its ability to 
recognize and physically interact with each of its substrates (Fig.!6).

Purified  CRL5Ozz interacts and ubiquitinates substrates in-vitro. Having puri"ed and reconstituted 
 CRL5Ozz, we wanted to ascertain whether it could promote the in!vitro ubiquitination of its substrates. #erefore, 
we incubated puri"ed GST-$-catenin (Fig.!7a), GST-MyHCemb (Fig.!7b) and GST-Alix (Fig.!7c) with the puri"ed 

Figure!6.  Glycerol gradient ultracentrifugation microfractionation analysis of  CRL5Ozz and its substrates. 
Assembled  CRL5Ozz mixed with puri"ed preparations of (a) GST- full length $-catenin, (b) GST-MyHCemb 
fragment (1041–1941 a.a.) and (c) GST-full length Alix was fractionated from a post-ultracentrifuged glycerol 
gradient (8!h). Aliquots of each fraction were separated on SDS–polyacrylamide gels and their protein 
content visualized on gels stained with SYPRO Ruby. #e densitometric measurement of band intensity of the 
proteins in each fraction showed a shi% to a higher molecular weight when  CRL5Ozz was mixed with either of 
its substrates, compared to the molecular weights of  CRL5Ozz or its individual substrates:  CRL5Ozz–$-catenin 
(~ 272!kDa),  CRL5Ozz–MyHCemb fragment (1041–1941 a.a.) (~ 280!kDa) or  CRL5Ozz–Alix (~ 282!kDa). (d) 
Sedimentation analysis of Alix mixed with albumin as internal control. #e fractions were loaded on an SDS–
polyacrylamide gel and stained SYPRO Ruby. Alix and albumin were visible in fractions 2–12 and the pro"le of 
either protein was not altered in presence of the other.
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Figure!7.  In vitro ubiquitination of recombinant !-catenin,  MyHCemb and Alix mediated by  CRL5Ozz. (a,d) GST-tagged-!-catenin, 
(b,e)  MyHCemb fragment (1041–1941 a.a.) and (c,f) Alix was incubated with  CRL5Ozz and either native ubiquitin or mutant Ub 
(K48R). In the presence of native ubiquitin and  CRL5Ozz, !-catenin or  MyHCemb or Alix were e"ciently ubiquitinated. If the assay 
was performed in the presence of Ub K48R, the ubiquitination was reduced to background levels, demonstrating that  CRL5Ozz 
polyubiquitinated !-catenin,  MyHCemb and Alix. (a–c)  CRL5Ozz e"ciently ubiquitinated !-catenin,  MyHCemb and Alix (lane 1). 
#e speci$city of the reaction was con$rmed by omitting either the substrate (lane 2) or the  CRL5Ozz complex (lane 3) from the 
ubiquitination assay, which signi$cantly reduced the Ub-substrate products. (d–f) In the presence of native ubiquitin,  CRL5Ozz 
e"ciently ubiquitinated its substrates (lane 1). Instead, by using K48R Ub mutant in the ubiquitination reaction, the ubiquitination of 
the substrates was signi$cantly reduced (lane 2).



CRL5Ozz complex 73 

 
13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:7820  |  https://doi.org/10.1038/s41598-022-10955-w

www.nature.com/scientificreports/

 CRL5Ozz together with E1, E2 and ubiquitin. Ubiquitinated forms of Ozz substrates were detected only in the 
presence of  CRL5Ozz (Fig.!7a–c). Omission of the ligase or any of the components from the reaction mixtures 
prevented ubiquitination of the substrates. Lastly, to discern whether  CRL5Ozz complex promoted mono, multi 
or polyubiquitination of its substrates, we performed in!vitro ubiquitination assays with either wild type ubiqui-
tin or a ubiquitin mutant carrying K48R amino acid substitution that abrogates the formation of polyubiquitin 
chains. Polyubiquitination of Ozz substrates occurred only when we used the non-mutated form of ubiquitin in 
our ubiquitination reaction (Fig.!7d–f). Altogether, these results indicate that Ozz functions in!vitro as the sub-
strate-recognition component of  CRL5Ozz, which recruits and polyubiquitinates "-catenin,  MyHCemb and Alix.

Discussion
CRLs constitute one of the largest family of E3 ligases, which are conserved among  species26,27. #eir pivotal 
role in cell physiology and homeostasis is evidenced by the pathogenic e$ects of their impaired or deregulated 
activity in human diseases, like cancer and neurodegenerative  diseases28,29. To date, only a hand full of CRL com-
plexes have been described that provide information of their protein components and how they are structurally 
 organized28,30–33. #is is because high expression of their individual full-length proteins, and their reconstitution 
into active ligase complexes have been di%cult to achieve. In addition, despite that over 400 CRL members have 
been identi&ed, for most of them the natural substrates are still  unknown26,27.

Here we describe the production and puri&cation of  CRL5Ozz, a member of the CRL family of ubiquitin ligases 
that is speci&c for striated muscle and is involved in myo&brillogenesis and myo&ber  di$erentiation1,9,10. Within 
the complex, the sca$old protein Ozz is the substrate-recognition  component1,9,10. Ozz embeds two adjacent 
substrate recognition domains, NHR1 and 2, that the protein shares with the drosophila single chain ubiquitin 
ligase,  Neur15,34.

Previous biophysical studies on the structural assembly of CRL complexes demonstrated that these multi-
subunit Cullin-RING ligases function as monomers or  dimers35,36. #ese structural con&gurations of CRL 
complexes might be necessary for high avidity binding to the substrates and/or for the acquisition of the opti-
mal stoichiometry for substrate  recognition26. In two prototypical E3 ubiquitin ligases,  CRL2VHL and  SCFFBW7, 
the interface that drives dimerization was shown to be mediated by the adaptor proteins VHL and FBW7, 
 respectively36–38. Our biophysical analysis of Ozz–EloBC showed that the complex exists both as monomer and 
dimer, a characteristic that is not shared by the Cul5–Rbx1 complex. #e latter observation suggests that the 
interface for the  CRL5Ozz dimer is provided by the Ozz–EloBC complex, and more speci&cally by Ozz itself. Ozz 
contains two NHR domains forming the bulk of the protein (amino acids 23–244 out of 285). #ese domains 
mediate protein–protein interaction, as demonstrated for the NHR domains of the E3, Neur, and are crucial for 
the oligomerization of this  ligase15,39. #ese authors proposed that the NHR domains of Neur might form an 
intramolecular structure that regulates its substrate recognition and ubiquitination  activity39. By analogy with 
Neur, the NHR domains in Ozz may promote substrate recognition as well as  CRL5Ozz dimerization, the latter 
con&guration being abrogated by the presence of the substrate.

Crystal structure studies of the  CRL2VHL emphasized the importance of the substrates for the stabilization 
of the  ligase28. #ese authors showed that  CRL2VHL cannot form crystals in absence of a 19-mer peptide of its 
substrate HIF-1', and reasoned that the substrate maybe required to confer stability to the conformational 
arrangement of the ligase that facilitates  crystallization28. #is &nding suggests that CRL type ligases are highly 
(exible and acquire more than one structural orientation to accommodate di$erent substrates. As it is the case 
for other E3’s40,41,  CRL5Ozz targets multiple substrates located in di$erent cellular compartments. It is, therefore, 
conceivable that individual Ozz substrates promote conformational rearrangements of  CRL5Ozz to stabilize the 
ligase for optimal delivery of the substrates to the proteasome. However, the exact stoichiometry of  CRL5Ozz is 
still unknown, and further work is needed to de&ne its ultrastructural architecture and the exact mechanism(s) 
of substrate recognition.
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Maintenance of epithelial cell polarity and epithelial barrier relies on the spatial organization

of the actin cytoskeleton and proper positioning/assembly of intercellular junctions. However,

how these processes are regulated is poorly understood. Here we reveal a key role for

the multifunctional protein Alix in both processes. In a knockout mouse model of Alix, we

identified overt structural changes in the epithelium of the choroid plexus and in the

ependyma, such as asymmetrical cell shape and size, misplacement and abnormal beating

of cilia, blebbing of the microvilli. These defects culminate in excessive cell extrusion,

enlargement of the lateral ventricles and hydrocephalus. Mechanistically, we find that by

interacting with F-actin, the Par complex and ZO-1, Alix ensures the formation and

maintenance of the apically restricted actomyosin–tight junction complex. We propose that in

this capacity Alix plays a role in the establishment of apical–basal polarity and in the

maintenance of the epithelial barrier.
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The multi-domain scaffold protein Alix (also known as
PDCD6IP) was first identified as a binding partner of
the proapoptotic Ca2! -binding protein ALG-2 (refs 1,2).

Alix has since been implicated in numerous cellular pathways
because of its capacity to interact both with the lipid
lysobisphosphatidic acid and with members of multiprotein
complexes located at different subcellular sites3–12. Such
complexes are individually entrusted to exert such fundamental
functions as endocytosis, multivesicular body biogenesis,
membrane repair, cytokinesis and apoptosis13–15. However, the
role played by Alix in these processes has not been fully
elucidated because of lack of a suitable in vivo model system. We
have identified Alix as a substrate of the RING-type ubiquitin
ligase complex Ozz-E3, which is expressed exclusively in striated
muscle16,17. Silencing Alix expression in C2C12 muscle cells
affects the levels and distribution of F-actin, the formation of
membrane protrusions and the biogenesis of extracellular vesicles
from the plasma membrane, suggesting a functional role of
Alix in both membrane and cytoskeleton remodelling in skeletal
muscle3,18. Adding to the complexity of Alix’ functions, a
proteomic study designed to investigate mechanisms of disease
progression in a bacterial-induced model of colitis identified Alix
as one of the most downregulated proteins in the infected
intestinal epithelium19. Similarly, exposure of human intestinal
epithelial cells to staphylococcal enterotoxin B resulted in reduced
expression of Alix, which the authors suggest as the cause of
epithelial barrier dysfunction20. In this respect, it is noteworthy
that several human diseases affecting intestinal, pulmonary and
renal epithelia, including cancer, have been associated with
disruption of the epithelial barrier21.

In mammalian epithelia, cells are aligned in homogeneous
layers, connected side by side by tight junctions (TJ) and
adherens junctions (AJ), which together make up the apical
junctional complex (AJC). The precise assembly and positioning
of the junctional complex are critical for establishing the apical–
basal polarity and the epithelial barrier, and also provide the
mechanical strength by connecting the plasma membrane of
adjacent cells to their actin cytoskeleton22–24. After establishment
of cell polarity, the TJ-related proteins zonula occludens-1 and 2
(ZO-1 and ZO-2), the junctional adhesion molecules-A (JAM-A)
and cingulin localize to the immature junctions25,26, and
subsequently other transmembrane proteins, such as claudins
and occludin, are recruited. On maturation, functional TJ
undergo rearrangement of their juxtaposed actin cytoskeleton,
and establish a vesicular trafficking system; these two processes
enable the vectorial transport functions of the TJ27,28.

To preserve the organization of the cell layer and the integrity of
the barrier, epithelia go through frequent cell renewal mediated by
balanced cycles of cell division and apoptosis, using a process
called ‘cell extrusion’29. In vitro studies have identified Sphingosine
1-phosphate (S1P) as the signalling molecule produced by the
dying cell that activates S1P2 receptors in surrounding
neighbouring cells, which in turn, assemble an actomyosin ring
around the dying cell30,31. The latter structure mediates the
extrusion of the dying cell from the cell layer, a process that is
regulated by the Rho GTPase pathway31,32. Because cell extrusion
is essential for regulating overall cell number and for maintaining
epithelial homeostasis, alterations of any steps in this pathway may
result in epithelial pathologies that either disrupt barrier function
or lead to hyperplasia and cancer33.

In the brain, epithelial cells of the choroid plexus (CP) are the
primary producers of the cerebrospinal fluid (CSF) and are
responsible for establishing the blood–CSF barrier34. CP cells
display a characteristic polarity with microvilli, cilia and TJ at
their apical side and AJ, gap junctions and desmosomes or basal
infoldings at the basolateral side35,36. It is noteworthy that under

normal conditions fully developed CP cells do not undergo cell
replacement or degeneration because the proliferation rate of CP
epithelium has been shown to be o0.1% of total plexus cells
per day37,38. Homeostasis of the blood–CSF barrier relies on the
capacity of CP cells to regulate the movement and exchange of
ions, molecules, and metabolites, and to keep the production
and absorption of the CSF in balance37,39–42. These processes
require intact TJ and involve regulated vesicular trafficking, and
cytoskeletal rearrangements43. Because the CSF is continuously
produced, pathological conditions that block or affect its normal
flow and/or absorption result in the progressive accumulation of
the CSF within the ventricles, increasing the pressure against
the brain parenchyma and causing hydrocephalus. Despite its
high prevalence in the population, the molecular bases of
hydrocephalus and the mechanisms regulating CSF homeostasis
are still largely unknown.

In the present study, we demonstrate that Alix ablation in vivo
results in striking defects in the assembly and positioning of the
actomyosin–TJ polarity complex in the CP, which culminate in
the abnormal extrusion of cells from the epithelial layer. The
latter process has not yet been linked to a specific gene defect
in vivo. The combined abnormalities of the CP epithelium and
the ependyma, associated with dysfunctional primary and motile
cilia, contribute to loss of the CP homeostatic control over CSF
production/absorption and flow, leading to progressive hydro-
cephalus. Seeking a mechanism, we find that Alix is an integral
component of the actomyosin and physically interacts with
F-actin, the partitioning defective protein (PAR) complex and the
TJ protein ZO-1, thereby restricting the localization of these
proteins to the apical domain of the epithelial cells. Overall, our
findings uncover a key function of Alix in fostering the
specification of a junctional complex essential for maintaining
epithelial cell polarity and the integrity of the epithelial barrier.

Results
Alix-null mice develop hydrocephalus. Alix" /" mice were
viable and had a normal lifespan, although they were smaller in
size and often identifiable by the domed shape of their head,
suggestive of hydrocephalus. Histopathologically, their systemic
organs looked normal, but the brain was smaller than that of
wild-type (WT) mice, while the cerebellum maintained normal
size and morphology (Fig. 1a,b). Sequential magnetic resonance
imaging (MRI) scans of mutant and WT crania starting at
postnatal day 8 until adult age revealed the presence of bilateral
hydrocephalus in the Alix" /" brain (Fig. 1c). This fully
penetrant phenotype was associated with progressive build-up of
CSF and enlargement of the lateral ventricles, thinning of the
cerebral cortex and reduced size of the hippocampus (Fig. 1c,d).
Ventricular enlargement, which was restricted to the lateral
ventricles, became visible only after the first postnatal week (P8)
not earlier, and worsened with age; there were no signs of
obstruction of the Sylvius aqueduct or expansion of the fourth
ventricle. Consistent with the occurrence of hydrocephalus, there
was increased expression of glial fibrillary acidic protein (GFAP).
The levels of GFAP were particularly high in the ependymal/
sub-ependymal layer of the lateral wall, suggesting that the
increased ventricular pressure caused by accumulation of CSF
damaged this structure (Supplementary Fig. 1a,b).

CP epithelium and ependyma defects in Alix-null mice. To
begin dissecting the causes of the hydrocephalus and link them to
Alix deficiency, we first focused on the CP epithelium, the main
site of CSF biogenesis and also the highest Alix-expressing struc-
ture in the brain (Supplementary Fig. 2a,b). By three-dimensional
(3D) reconstruction of whole-mount scanning electron microscopy
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Figure 1 | Alix! /! mice develop bilateral hydrocephalus. (a) Brains dissected from Alix! /! and WTmice (n"4) at different ages show overt size
difference. (b) Quantification of the ratio between brain volume and body weight (BW) demonstrate that Alix! /! brains (n"4) from 1-month-old mice
are smaller than WT brains from mice of the same age (n"4). (c) MRI of brains from WT (left) and Alix! /! (right) mice obtained starting at postnatal
day 8 until 44 weeks of age. (d) Quantification of the volume of cerebellum, cortex, ventricles and hippocampus 1-month-old mice WT (n"4) and
Alix! /! mice (n"4). Data are shown as mean values±s.d. (e) 3D reconstruction of whole-mount scanning electron microscopy (SEM) images of the CP
from the lateral ventricles.
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(SEM) images, we built a holistic representation of WT and
Alix! /! CP that revealed overt morphological defects in the
mutant CP (Fig. 1e; Supplementary Movies 1 and 2). Alix! /!

epithelial cell layer was not organized in one plane, as the WT CP
epithelium; rather, it had an undulated appearance with vast
membrane protrusions visible on the apical site (Fig. 1e;
Supplementary Movies 1 and 2). Ultrastructural analysis of cross-
sections of the Alix! /! CP by transmission electron microscopy
(TEM) highlighted the misalignment of the epithelial cells, their
irregular shape and size and the prominent blebbing of their
microvilli (Fig. 2a; Supplementary Fig. 3a). The latter feature was
clearly distinguishable in SEM images of the CP apical surface
(Fig. 2b, arrows) that also revealed the presence of large gaps
between cells. Furthermore, high-magnification TEM images of the
Alix! /! CP epithelial cells revealed an AJC abnormally distended
compared with the one in the WT cells (Fig. 2c).

The irregular morphology of the mutant epithelium was also
evident by b-catenin immunofluorescence that delineated the cell
contours (Fig. 2d). In addition, whole-mount immunostaining for
CD9, a marker of microvilli, showed uneven expression pattern of
this protein with areas devoid of staining, adjacent to others
strongly positive, and further highlighted the aberrant spatial
organization of the Alix! /! epithelial layer (Supplementary
Fig. 3b; Supplementary Movies 3 and 4). Last, g-tubulin
immunofluorescence of Alix! /! CP identified ciliary basal bodies
of variable size and not correctly polarized to the apical site,
compared with those in the WT cells (Fig. 2d; Supplementary
Fig. 3c, arrows). Thus, Alix ablation appears to ensue striking
morphological defects of the CP epithelial layer, likely because of
altered membrane topology and/or defective AJC.

We next examined the ciliated ependyma of the lateral wall
because we reasoned that structural alterations of the ependymal
layer or malfunctioning of the motile cilia would also contribute
to the Alix! /! hydrocephalus. Three-dimensional recon-
struction of SEM images of the Alix! /! lateral wall showed
altered orientation and organization of the cilia (Fig. 3a;
Supplementary Movies 5 and 6), which nonetheless maintained
the typical 9" 2 axoneme structure (Fig. 3a, insets). Similar to
the CP epithelium, whole-mount immunostaining for g-tubulin
and b-catenin revealed that in the Alix! /! ependyma the basal
bodies were disorderly positioned compared with those in the
WT cells. In addition, individual cells were of irregular size and
shape (Supplementary Fig. 4). Abnormal positioning of the
basal bodies and basal feet is known to affect the orientation of
the cilia, thereby impairing the coordinated beating of these
organelles and the correct flow of the CSF44. Ultrastructural
examination of the basal feet in cross-sections of the lateral wall
revealed that these structures were similarly orientated in the
WT ependyma, but had different orientations in the Alix! /!

cells (Fig. 3b). The latter defect altered the directionality of the
axonemes, which resulted in asynchronous beating of the cilia
(Supplementary Movies 7 and 8), and loss of CSF vectorial
flow (Supplementary Movies 9 and 10). These features likely
contribute to the stagnation and gradual build-up of the CSF
within the lateral ventricles. Altogether, these results suggest that
Alix is critical for maintaining the proper architecture and
membrane integrity of both the CP epithelium and the
ependymal layer lining the lateral ventricles.

Alix ablation causes cell extrusion and loss of epithelial barrier.
An unexpected and unusual feature of the mutant CP epithelium
was the presence of cells caught in the act of being extruded at the
apical site of the cell layer (Supplementary Fig. 5a). To ascertain
the occurrence of in vivo cell extrusion in the Alix! /! epithelium,
we performed whole-mount tunnel assays. Three-dimensional

reconstruction of serial confocal images showed numerous
tunnel" apoptotic cells extruded from the apical site of the
Alix! /! epithelial layer; in contrast, no such cells were detected in
the WT CP (Fig. 4a). In addition, the apoptotic cells were
highly positive for the motor myosin IIa, indicating that they
were undergoing extrusion (Fig. 4a). To prove that this unique
phenotype was not limited to the CP, we analysed by SEM primary
cultures of Alix! /! tracheal epithelial cells and demonstrated that
several of these cells were also apically extruded (Fig. 4b). Likewise
the Alix! /! CP, the tracheal epithelium exhibited the same
morphological defects, such as irregular size and shape, as
determined by b-catenin immunofluorescence, and abnormal
distribution of the CD9 marker (Supplementary Fig. 5b). Thus,
loss of Alix results in epithelial cell extrusion that combined
with alteration of the membrane topology and AJC may cause
perturbation of the epithelial barrier.

To test this hypothesis, we first used near-infrared-fluorescence
analysis of WT and Alix! /! brains from mice injected
intraperitoneally with the dye Evans blue. Combining a
photograph of the whole brain with optical images of the Evans
blue fluorescence, we found that the dye was restricted to the CP
in the WT brain (Fig. 5a); in sharp contrast, a large area of
leakage within and around the lateral ventricles was detected in
the Alix! /! brain (Fig. 5a). To define the route of penetration of
the dye into the CSF, we designed an in vivo assay, using FITC
dextran injected intraperitoneally. Compared with WT CP, 3D
confocal analysis of whole-mount Alix! /! CP showed an
increased intracellular flux of the fluorescent tracer that in some
locations co-localized with ZO-1 at the TJ (Fig. 5b). In addition,
we tested the flux of FITC dextran in an immortalized CP-derived
cell line (Z310) (ref. 45), in which we silenced the expression of
Alix. These cells were shown to maintain the structural
characteristics of the CP epithelium, including proper
expression and localization of TJ proteins44. Among the
shRNA-transduced cells, Z310 Alix shRNA no. 2 showed about
60% knockdown of Alix expression (Supplementary Fig. 6a).
These cells, cultured as monolayers in supported permeable
membranes, were incubated with FITC dextran added to the
medium of either the apical or basal chamber (Supplementary
Fig. 6b). Quantification of the amount of fluorescence that
diffused from one chamber to the other revealed a significantly
increased flux of the tracer through the Alix-silenced epithelial
monolayer compared with that measured in WT cells
(Supplementary Fig. 6b). Furthermore, fluorescence imaging of
treated cells showed an intracellular distribution of the labelled
dextran in the Alix-silenced cells comparable to that observed in
the Alix! /! CP (Supplementary Fig. 6c). Overall these results
suggest an abnormally increased transcellular and paracellular
flux of the fluorescent tracer into the Alix! /! CSF, likely caused
by impaired epithelial barrier.

Alix is a component of the actomyosin–tight junction complex.
Previous studies in cultured cells have revealed a role of Alix in
actin cytoskeleton assembly3,11. To evaluate this function in vivo,
we first examined the organization and composition of the actin
cytoskeleton in the Alix! /! CP. Whole-mount phalloidin-
staining revealed a vastly uneven distribution of F-actin
immunofluorescence at the cell contours of the Alix! /! CP
epithelium, with numerous cells showing low or absent
fluorescent signal (Fig. 6a; Supplementary Movies 11 and 12).

Seeking for a molecular mechanism that would relate the
morphological/barrier defects of the mutant epithelium to an
altered actin cytoskeleton caused by Alix deficiency, we purified
the actomyosin from WT and Alix! /! brains and analysed its
composition. Phalloidin immunofluorescence microscopy
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Figure 2 | Abnormal cell architecture and AJC in the Alix! /! CP. (a) transmission electron microscopy (TEM) revealed the misalignment of
the epithelial cells, their irregular shape and size and the prominent blebbing of their microvilli (n" 2), Scale bar, 2 mm. (b) SEM of the Alix! /! CP apical
surface showed extensive blebbing (yellow arrows) and large gaps between cells (light blue arrows) (n" 2), Scale bar, 2 mm. (c) High-magnification TEM
abnormally distended AJC in Alix! /! CP (n" 3), Scale bar, 100 nm. (d) Immunostaining of whole-mount preparations for b-catenin (green), and g–tubulin
(red) demonstrated the abnormal cell shape and mislocalization of the basal bodies in the Alix! /! CP (n" 2). Scale bar, 10mm.
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demonstrated that the F-actin filaments of the Alix! /!

actomyosin were highly fragmented and unstructured compared
with those of the WT actomyosin (Fig. 6b). This resulted in
defective contractile activity of the mutant actomyosin,
as demonstrated by its reduced ATPase activity (Fig. 6c).
Furthermore, immunoblot analysis of the purified actomyosin
preparations showed that g-actin and b-actin, the major
components of F-actin, were decreased in Alix! /! actomyosin,
while myosin IIb, myosin Ia and myosin Va were slightly
increased, denoting the abnormal composition and assembly of
the actomyosin in absence of Alix (Fig. 6d,e).

A unique finding was that Alix co-purified with the assembled
F-actin filaments in the WT actomyosin together with the PAR
proteins Par3, and Par6, the TJ protein ZO-1, and two members
of the Rho family of small GTPases, cdc42 and Rac1 (Fig. 6d,e).
The levels of these proteins were distinctly higher in the Alix! /!

actomyosin than in the WT (Fig. 6d,e), suggesting a role of Alix
in maintaining their homeostatic levels and proper positioning
at the apical site of the epithelial cells. Another component of
the TJ polarity complex, the integral membrane protein JAM-1,
was instead not detected in the actomyosin preparations.
Similarly, other TJ integral membrane proteins, that is, Occludin
and Claudin-3, were also absent (Supplementary Fig. 7a). It is
noteworthy that b-catenin, which associates with E-cadherin
at the AJ, was also undetectable in the actomyosin preparations,
a finding that confirms that only some components of the
TJ polarity complex co-purify with Alix and F-actin (Fig. 6d;
Supplementary Fig. 7a).

To verify the interaction of these endogenous proteins in vivo,
the membranous/cytoskeletal subcellular fractions purified from
WT and Alix! /! brain lysates were immunoprecipitated with

F-actin, Par3, Par6 or ZO-1 antibodies, and probed on immuno-
blots with Alix, Par3, ZO-1, pan-actin and Par6 antibodies. The
results showed that Alix indeed co-immunoprecipitated with
F-actin and with components of the polarity complex, indicating
that these proteins directly or indirectly interact with each other
(Fig. 6f). Western blot analysis confirmed the presence of TJ and AJ
proteins in both WT and Alix! /! subcellular fractions before
immunoprecipitation (Supplementary Fig. 7b).

Loss of Alix affects epithelial cell polarity. Given the known
relationship between proper positioning and assembly of TJ
proteins, and establishment of apical–basal polarity, we tested
whether ZO-1 (Supplementary Movies 13 and 14) co-localized
with other canonical TJ proteins, such as JAM-1, Occludin and
Claudin-3, in whole-mounts of WT and Alix! /! CP (Fig. 7a;
Supplementary Fig. 8a,b). Although these proteins co-localized in
both the samples, in the Alix! /! CP there were large areas with
no fluorescent signal and others with abnormal accumulation of
these proteins, often in aggregates, extending toward the basal site
of the cells (Fig. 7a, XY and XZ projection). Three-dimensional
reconstruction of serial confocal images encompassing both
epithelial layers stained for Occludin displayed the extensive
disorganization of the Alix! /! CP (Supplementary Movies 15
and 16). The abnormal distribution of TJ proteins in the mutant
CP that extended towards the basolateral domain of the
membrane implied loss of TJ integrity, which could directly affect
cell polarity. To test this, we examined the localization of Par3 in
WT and Alix! /! tracheal epithelial cell cultures. We found that
Par3 co-localized with ZO-1 in both cell cultures (Fig. 7b).
However, in the mutant cells there was a striking accumulation of

WT
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KO

KO

Figure 3 | Motile cilia of lateral wall in Alix! /! brain show defective orientation. (a) 3D reconstruction of whole-mount scanning electron microscopy
(SEM) images of WT (n" 3) and Alix! /! (n" 3) lateral wall. Inset: the typical 9# 2 axoneme structure is maintained in Alix! /! cilia. Scale bar, 100mm.
(b) Transmission electron microscopy (TEM) of the basal bodies in WT and Alix! /! ependymal cells (n" 2). Arrows indicate orientation of the
basal bodies. Scale bar, 500nm.
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Par3, corroborating the results obtained with the Alix! /!

actomyosin preparations (Figs 7b and 6d). In addition, in the
mutant cells both proteins were again aberrantly distributed
throughout the apicolateral borders of the cell–cell contacts
(Fig. 7b, XZ projection). These results point to a role of Alix in
determining the correct localization of TJ proteins along the
apical–basal axis of the epithelial cells.

Alix is involved in TJ reassembly. To monitor the dynamic
involvement of Alix during TJ reassembly we again used the Z310
CP cell line with silenced Alix expression. Compared with
mock-transduced cells, where Alix and F-actin co-localized at
cell–cell contact sites, the Alix silenced cells showed a decreased
F-actin signal with a diffused and uneven distribution
(Supplementary Fig. 9), similar to that observed in the Alix! /!

CP epithelium (Fig. 6a). Using this in vitro system, we then tested
the effects of Alix knockdown in the reassembly of TJ, after
chemically dismantling them with EGTA, and in the ability of TJ
proteins to interact with F-actin, after treatment with cytochalasin
D (CD). In mock-transduced cells not treated with EGTA, ZO-1
was correctly localized at the apical side of the cell–cell contacts

(Fig. 8a). After addition of EGTA, the majority of the cells
rounded up and detached from their neighbours. In these cells,
ZO-1 appeared fragmented but still was able to associate with
both F-actin and Alix (Fig. 8a). One hour after the removal of
EGTA, most cells had reassembled the TJ with their neighbouring
cells. ZO-1, Alix and F-actin were properly localized wherever the
TJ were fully restored (asterisk), while the areas still undergoing
TJ remodelling (arrowhead) showed very high expression of Alix
and F-actin (arrow; Fig. 8a). The Alix silenced culture contained a
mixed population of cells that were either devoid of Alix or
expressed very low levels of the protein; whenever present, Alix
distribution and localization overlapped with those of ZO-1 and
F-actin (Fig. 8b, arrows). Cells devoid of Alix had abnormal
formation of TJ, while cells with residual Alix expression were still
able to assemble the TJ, albeit F-actin distribution was overall
weak and fragmented (Fig. 8b). These data agreed with the
reduced actin-containing filaments in the Alix! /! CP
epithelium. Interestingly, after EGTA treatment, cells with low
expression of Alix also showed a slow rate of reassembly of the TJ
and were not able to fully reconstitute the TJ (Fig. 8b).

On exposure to CD, mock-transduced cells underwent
extensive redistribution of F-actin filaments and formed irregular
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Figure 4 | Alix! /! epithelia display apoptotic cell extrusion. (a) 3D confocal reconstruction of WTand Alix! /! whole-mount CP showing tunnel" and
Myosin IIa" cells being extruded from epithelial cell layer of Alix! /! CP (n# 3). (b) SEM images of cluster of cells extruded from Alix! /! tracheal
epithelial cells. Scale bar, 5 mm.
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aggregates of polymerized F-actin, which also stained positive for
Alix and ZO-1 (Fig. 8a). One hour after CD removal, treated cells
quickly re-established polymerization of the F-actin filaments; at
the same time, Alix and ZO-1 were targeted to the TJ (Fig. 8a).

In cells devoid of Alix, treatment with CD did not seem to further
exacerbate the F-actin depolymerization; the restoration of
the actin-containing filaments and TJ remained defective during
the recovery time (Fig. 8b). The striking defects in F-actin and TJ
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Figure 5 | Loss of Alix compromises the epithelial barrier of the CP. (a) Combination of brain fluorescence and bioluminescence images obtained
24h after intraperitoneal injection of the dye Evans blue (n! 3). (b) 3D confocal analysis of WT and Alix" /" whole-mount CP shows an increase
intracellular flux of FITC-dextran into the Alix" /" CP compared with the WT; yellow arrowheads indicate points of colocalization between FITC dextran
(green) and ZO-1 (red) along the basolateral membrane of the Alix" /" CP (n! 2).
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organization in the Alix! /! CP epithelium and in the Alix
silenced CP cells define a novel role of Alix in maintaining the
proper connections between the actin cytoskeleton and the TJ
proteins at the apical side of the epithelial cell membrane.

Discussion
In polarized epithelial cells, the crosstalk between the
actin-containing-filament cytoskeleton, forming the actomyosin
network, and the TJ complexes, specified by ZO-1 and its
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interacting proteins, is essential for preserving the general
architecture of the epithelium and the epithelial barrier46–48.
It is also well-established that perturbation of actin dynamics
affects the functions of the epithelial barrier and leads to
disease47,49–51. However, the molecular signals that regulates
the connection between different TJ complexes and the
actomyosin network to support a functional epithelial barrier
are still poorly understood in a mammalian system50,51. Our
study has unveiled an unanticipated function of the scaffold
protein Alix in establishing such link, offering a novel molecular
mechanism for the maintenance of TJ integrity and, in turn, the
epithelial barrier. We show that loss of Alix causes stricking
defects in the actomyosin, the TJ, and their connections, leading
to prominent changes in cell morphology and loss of cell polarity.
These phenotypic alterations culminate in pathologic levels of
epithelial cell extrusion. Physiologically, this process, which
allows for the ordered removal of cells from the epithelial layer,

while maintaining the integrity of the barrier52,53, is responsible
for the homeostatic control of epithelial cell number during
developmental tissue morphogenesis30,32,33. Deregulated
control of epithelial cell extrusion has been linked to tumour
cell invasion and metastasis54,55. However, the signals that
regulate the occurrence of this process in the epithelium
have been investigated predominantly using in vitro models.
Therefore, the Alix knockout mice may represent a valuable
model to study the molecular pathways that control epithelial cell
extrusion in vivo.
The combined malformations of the CP epithelium and the

ependyma in the Alix knockouts ultimately result in severe
hydrocephalus. The CP, as the site of the blood–CSF barrier, is
the protective entity that ensures proper CSF production and
composition37. Alterations in the CP that affect the flow,
synthesis and/or absorption of the CSF lead to net
accumulation of the CSF within the ventricles and consequently
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Figure 7 | Alix! /! CP shows defects in epithelial cell polarity. (a) Maximum intensity projections (MIP) of confocal microscopy images of whole-mount
WT and Alix! /! CP (n" 3) immunostained for ZO-1 (green) and JAM-1 (red). (b) WT and Alix! /! tracheal epithelial cell cultures immunostained for
ZO-1 (green) and Par3 (red). The dotted lines in the XY images indicate the corresponding XZ sections. Data are representative of at least three
independent experiments. Scale bar, 10mm.
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to hydrocephalus56,57. In spite of its prevalence in the human
population, the molecular bases of this disorder have remained
largely unknown. Thus, the occurrence of progressive and severe
hydrocephalus in our mouse model identifies Alix as a potential
predisposing factor for this clinical condition in humans.

In search for mechanisms that would explain this phenotype
downstream of Alix deficiency, we focused on the composition of

the actomyosin network and the functionality of the blood–CSF
barrier. Our reasoning was dictated by the fact that the
phalloidin-stained F-actin in the CP, and the brain actomyosin
morphology and contractile activity were clearly defective in the
Alix-null mice. Curiously, we noticed that a proteomic and
bioinformatic analysis of epithelial TJ listed Pdcd6ip (Alix) as one
of the components58. Our results demonstrate that in pure
actomyosin preparations Alix co-purifies with the polarity
complex proteins Par3 and Par6 and the TJ scaffold protein
ZO-1, and that all these four proteins co-immunoprecipated with
F-actin. Furthermore, our in vitro TJ reconstitution experiments
in CP cells confirmed the co-localization of Alix, F-actin and
ZO-1 only during TJ assembly, indicating that these proteins
actively cooperate in this process. Altogether these intriguing
observations support the notion that Alix is an integral
component of the apically restricted actomyosin–TJ polarity
complex. We propose that in this setting Alix fine-tunes the
proper assembly of a functional actomyosin—Par complex,
positioning it in close proximity to the ZO-1/JAM-1 apical
membrane microdomain (Fig. 9). This configuration would
promote the efficient activation of the Par complex through its
interaction with the small Rho GTPases cdc42 and/or Rac1
(Fig. 9). The latter proteins have been implicated in actin
polymerization and branching, TJ formation and activity of the
Par complex59. Maintaining their homeostatic levels has proven
essential for preserving the integrity of the epithelial barrier23. As
a consequence of Alix deficiency, we observed abnormal
distribution and localization of TJ proteins in the CP, and
abnormal extension of the TJ towards the basolateral side of the
membrane. These features lead to loss of TJ integrity, which
directly affects cell polarity and blood–CSF barrier, and ultimately
results in the development of hydrocephalus.

It was shown earlier that mutations in the intraflagellar
transport gene Tg737 causes abnormal formation of the primary
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Figure 8 | Alix is involved in TJ reassembly. (a,b) Z310 CP cell line
transduced with mock or Alix shRNA lentiviral constructs. Cells were
treated with 2mM EGTA or 10mM cytochalasin D (CD) and allowed to
recover. Scale bar, 10mm.
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cilia of the CP and the motile cilia of the ependyma in the
Tg737orpk mouse model56. These mice developed hydrocephalus,
a phenotype that the authors attributed primarily to altered
function of the CP primary cilia, which affects their ability
to regulate ion transport and CSF production, leading
to disorganized beating of the ependymal motile cilia and
abnormal CSF flow56. Furthermore, altered cell polarity in the
ependymal layer of the lateral ventricles is known to affect
the orientation of the motile cilia, which consequently beat in an
asynchronous and uncoordinated way, altering CSF flow60–62.
In line with these studies, we now show that Alix deficiency
causes structural defects in the orientation and organization of
the cilia of the CP epithelium and the ependyma, due to altered
architecture of the actin cytoskeleton. The observed defects in the
cilia further contribute to the occurrence of hydrocephalus by
deregulation of CSF production and flow.

In conclusion, we have identified an important role of Alix in
preserving the characteristics and functionality of an apical TJ
complex responsible for epithelial cell polarity. Alix exerts these
functions by securing the correct positioning and interactions of
junctional proteins within a macromolecular assembly with the
actomyosin cytoskeleton (Fig. 9). These findings add a tier to the
regulation of junctional complexes in the epithelium that extend
beyond the CP and the ependyma, given that we observed
identical alterations in the tracheal epithelium. It is tempting to
speculate that the diverse functions of Alix may be primarily
related to the capacity of this scaffold protein to directly interact
with the actin cytroskeleton, thereby creating the most favourable
setting for components of multiprotein complexes to assemble in
a timely, spatial and dynamic manner and to target them to
specific cellular microdomains. Finally, the specific defects of the
actomyosin network, accompanied by loss of epithelial cell
morphology/polarity and proper TJ assembly, explain the
occurrence of hydrocephalus in the Alix-null mice and
underscore the importance of fine-tuning the function of
epithelial cells in the brain. More studies, especially in the clinical
setting, are needed before the full magnitude and clinical
relevance of our findings can be revealed.

Methods
Generation of the Alix-null mice. The murine Alix gene, isolated from
129sv.genomic library, was targeted by homologous recombination in W9.5 ES
cells using standard procedures (Nastasi et al.,17). Disruption of the Alix gene was
achieved by deletion of 118 bp corresponding of exon 2 and partially exon 3. ES
clones were screened by PCR using a reverse primer outside the targeting construct
(11,006–11,026 bp) in conjunction with two forward primers, the first located
(7,732–7,750 bp) and the second (10,380–10,399 bp) downstream of the Alix start
codon. Four homologous recombined ES clones with a correct karyotype were
injected into C57BL/6 blastocysts. Of 129sv chimeric mice, two gave germline
transmission and were crossed with both 129sv and C57BL/6 mice to generate
Alix-heterozygous animals, which were then interbred to obtain Alix! /! mice.
Northern blot and western blot analyses were performed as described earlier17

(Supplementary Fig. 10). All mouse experiments were performed in compliance
with our animal protocols approved by the St Jude Institutional Animal Care and
Use Committee, and with the National Institutes of Health guidelines. In total, 275
Alix! /! mice were used for this study. This number comprised all mice used for
the initial molecular, biochemical and histopathological characterization of this
model. Experimental procedures included histopathology, immunohistochemistry,
blood and serum analyses, CSF collection and electron microscopy.

Antibodies and reagents. Rabbit anti-Alix antibody was prepared as described3.
The antibody was diluted 1:500 for western blotting and 1:50 for immuno-
fluorescence. Primary antibodies included Anti-GFAP (Z0334, DAKOCytomation,
1:200 IF), b-catenin (610154, BD Transduction Laboratories, 1:75 IF, 1:500 WB),
Anti-Par3 (07–330, Millipore, 1:50 IF, 1:500 WB), Anti-Par6 (NBP1-41128 Novus
biological, 1:500 WB), Anti-Par6B (sc-166405, Santa Cruz, 1:200) Anti-CD321
(GWB-80389E, GenWay Biotech, 1:100 IF, 1:500 WB), Anti-CD9 (553758, BD
Pharmigen, 1:50 IF), Anti-F-actin (ab205, abcam, 1mg IP), anti-b actin
(600-401-886S, Rockland, 1:500 WB), anti-g tubulin (T5192, Sigma, 1:750 IF),
anti-g actin (A8481, Sigma, 1:500 IF), E-cadherin (3195, Cell Signaling, 1:500 WB),
anti-pan actin (4968, Cell Signaling, 1:2,500 WB), Myosin IIa (3403, Cell signaling,

1:50 IF, 1:1,000 WB), Myosin IIb (3404, Cell Signaling, 1:1,000 WB), Anti-ZO-1
(61–7,300, Life technologies, 1:500 WB, 2mg IP), Anti-ZO1 FITC (339111, Life
technologies, 1:100 IF), Occludin-Alexa Fluor 488 (331588, Life Technologies, 1:100
IF), Occludin-Alexa Fluor 594 (331594, Life Technologies, 1:100 IF), Anti-Claudin-3
(34–1,700, Life Technologies, 1:500 WB, 1:150 IF), Occludin (71–1,500, Life
Technologies, 1:500 WB), Phalloidin-Alexa Fluor 488 (A12379, Life Technologies,
1:2,000 IF), and Phalloidin-Alexa Fluor 647 (A22287, Life Technologies, 1:80 IF)
Other commercial antibodies included normal mouse and rabbit IgG (Santa Cruz),
Cy3-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit (Jackson
ImmunoResearch), Alexa Fluor 488-conjugated anti-rabbit, Alexa Fluor 488-
conjugated anti-mouse and Alexa Fluor 488-conjugated anti-rat (R37118, R37114,
and A-21208, Life Technologies, 1:400) and Latex beads (L1030, Sigma). Reagents:
Laminin (L2020, Sigma), Dextran, fluorescein (D1822, ThermoFisher Scientific)

Magnetic resonance imaging. Mice at postnatal days p8, p10 and at 4 and 44
weeks of age were anaesthetized using Isoflurane (2–3% in O2) for the duration of
the data acquisition. Ultrasound imaging and MRI were performed at the Animal
Imaging Facility at SJCRH. MRI was performed using a 7-Tesla Bruker Clinscan
animal MRI scanner (Bruker BioSpin MRI GmbH, Germany) equipped with a
Bruker 12S gradient (BGA12S) and a 4-channel phased-array surface coil. Turbo
Spin Echo (Fast Spin Echo) protocols (TR 2,500–3,800ms; TE 39–42ms) were used
to produce T2-weighted images (sagittal, coronal and axial) using a matrix of
320" 320 and field of view (FOV) of 25" 25mm. All images were processed on a
Siemens workstation using Syngo MR B15 software (Siemens, Erlangen, Germany).

Electron microscopy. Electron microscopy was performed at the St Jude Electron
Microscopy Facility. Brains from 1-month-old mice were perfused in 4% paraf-
ormaldehyde and post-fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate
buffer. The samples were post-fixed in 2% osmium tetroxide and dehydrated via a
graded series of alcohol, cleared in propylene oxide, embedded in epon araldite and
polymerized overnight at 70 !C. Sections (70-nm thick) were cut on a Leica
Ultracut E. The unstained sections were imaged on a JEOL 1200 EX Transmission
Electron Microscope with an AMT 2K digital camera.

Scanning electron microscopy. One-month-old mice were anaesthetized using
Avertin (0.5mg g! 1) and perfused with Super reagent perfusion wash and Super
reagent perfusion fixation (Electron Microscopy Science, Hatfield, PA). Freshly
collected brains were dissected and fixed with 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer, pH 7.35 (Tousimis Research Corp, Rockville, MD) and 2%
osmium tetroxide, pH 7.35, in 0.1M sodium cacodylate buffer (Electron
Microscopy Sciences) before dehydration in an ethanol series and critically
point dried (Tousimis Sandai 790, Tousimis Research Corp). Samples were
mounted, coated with gold/palladium, and imaged using a JEOL 7000 field
emission gun SEM.

Immunofluorescence and imaging. Brains from 1-month-old mice were perfused
with phosphate-buffered 4% paraformaldehyde (PFA) followed by extraction of the
brain, embedded in OTC freezing solution and sectioned sequentially from the
olfactory bulb lobule towards the cerebellum. Cross-sections were labelled with
primary antibodies followed by incubation with Cy3-conjugated secondary
antibody (Jackson ImmunoResearch) and Alexa Fluor 488 anti-mouse IgG
(Invitrogen). Culture cells were fixed in 3% paraformaldehyde and immunostained
with primary antibodies. Cy3 anti-rabbit IgG (Jackson Laboratories) and Alexa
Fluor 488 anti-mouse IgG (Invitrogen) were used as secondary antibodies before
confocal microscopy imaging. Images were acquired on a Nikon C1si confocal
microscope, with a Plan Apo " 40, numerical aperture (NA) 1.3 and/or Plan
Apo " 60, NA 1.45 objective (Melville, NY).

Ex vivo microscopy analysis of cilia motility and function. The beating of
ependymal cilia was assessed as described previously44,63,64. Briefly, 200-mm
vibratome coronal brain slices from 1-month-old animals were placed on a glass
chamber with prewarmed Phenol Red-free DMEM/F12. Cilia motility was
monitored by differential interference contrast (DIC) on a Nikon C1si confocal
microscope, with a Plan Apo " 20, NA 1.45 objective.

To visualize particle movement, vibratome cut brain slices were incubated with
prewarmed media (Phenol Red-free DMEM/F12 medium) mixed with a
suspension of Latex fluorescent beads (1mm). The particle flow was monitored by
fluorescence microscopy on a Nikon C1si confocal microscope, with a Plan
Apo " 60, NA 1.45 objective.

Histological analysis. For immunohistochemistry, paraffin-embedded brain
sections were subjected to deparaffinization and antigen retrieval using standard
histology methods. After blocking with 0.1% bovine serum albumin (BSA) and
0.5% Tween 20, the sections were incubated overnight with anti-Alix antibody. The
sections were washed and incubated with biotinylated secondary goat anti-rabbit
antibody (Jackson ImmunoResearch Laboratory) for 1 h. Endogenous peroxidase
was removed by incubating the sections with 0.1% hydrogen peroxide for 30min.
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Antibody detection was performed using the ABC Kit and diaminobenzidine
substrate (Vector Laboratories, Burlingame, CA), and sections were counterstained
with hematoxylin according to standard method. For immunofluorescence, 8-mm
cryostat-cut sections were fixed in 3% paraformaldehyde supplemented with 0.1%
saponin or 0.2% Triton X-100 for 10min, followed by blocking with 0.1% BSA,
0.5% Tween 20, 10% normal donkey serum (Jackson Immunoresearch). Subse-
quently primary antibody (diluted in blocking buffer) was added to the section and
incubated overnight. After 1 h of secondary antibody (Jackson Immunoresearch)
incubation, sections were washed with blocking buffer w/o normal donkey serum.

Whole-mount preparations. One-month-old mice were perfused with phos-
phate-buffered 4% PFA followed by extraction of the brain. The dissected brain was
cut in the midline. The overlying cerebral cortex, medial ventricular wall and
hippocampus were dissected to reveal the lateral choroid plexus as well as the
lateral ventricular wall65.

Tunnel assays. Detection of apoptotic cells in whole-mount preparations of the
CP was performed using ApopTag Fluorescein In Situ Apoptosis Detection Kit
(Millipore), following manufacturer’s instructions.

Evans blue dye injection. The blood–CSF barrier was examined in vivo using
Evans blue dye, Evans blue dye were administered intraperitoneally (2%, 4ml kg! 1

of body weight) and allowed to circulate for 24 h. The animals were then perfused
with PBS through the heart and the brain was dissected out. Extravasation of Evans
blue dye was visually examined in the ventricular walls of the lateral ventricles by
bioluminescence and optical microscopy66–68.

Fluorescein dextran injections. FITC-dextran was injected intraperitoneally in
1-month-old mice (0.7mg g! 1 body weight, 10KDa) and allowed to circulate for
2 h (ref. 69). The brain was then dissected and post-fixed overnight in 4%
paraformaldehyde, 0.25% glutaraldehyde in PBS. The CP was isolated as described
above and immunostained with ZO-1 antibody. The distribution of FITC-dextran
in the CP was visualized by confocal microscopy.

Generation of CP cell lines with silenced Alix. Lentivirus particles were produced
by co-transfection of 293T cells with pCAGkGp1R (6 mg), pCAG4-RTR2 (2mg),
pCAG-VSV-G (2 mg) plasmid described by Hanawa et al.70 and TRC Lentiviral
Mouse PDCD6IP (Thermo Scientific) shRNA plasmids (10 mg) or pLKO1 plasmid
as mock lentiviral control. Transfections were performed following the
manufacturer’s instructions (Promega). Immortalized Rat Choroid plexus cells
(Z310) were obtained from Dr Zheng of Purdue University45. Cells were grown in
DMEM medium supplemented with EGF 10 mgml! 1 (Peprotech), 10% fetal calf
serum, L-glutamine, gentamicin, penicillin and streptomycin. Cells were grown at
37 !C in 5% CO2. A total of 0.5" 106 Z31O cells were seeded into 10-cm plates.
After 24 h, cells were transduced with empty vector or Alix shRNA lentiviral
particles in a total volume of 3ml in the presence of 8 mgml! 1 polybrene
(Chemicon). After 72 h, infected cells were selected with 2 mgml! 1 puromycin for
5 days. All cell lines were checked and confirmed negative for myoplasma.

Epithelial permeability assay. Z310 Alix shRNA no. 2 and control cells (2.5" 104)
were cultured in supported permeable membranes (Corning) coated with laminin.
After 48 h FITC-dextran (0.5mgml! 1) was added to the apical or basal chamber
and incubated for additional 3 h. The flux of FITC-labelled dextran (excitation,
485–12nm; emission, 520 nm) across the cell monolayer into the basal or apical
medium was determined using a BMG Omega plate reader. For confocal analysis of
the fluorescent tracer, cells were washed twice with PBS and fixed as described above.

Actomyosin purification. Actomyosin was purified according to the procedure of
Larson et al.71. In brief, whole brain was rapidly removed and place in PBS 0 !C.
Meninges and cerebellum were removed by dissection and the tissue was place in a
2-ml Dounce tissue grinder containing cold homogenization buffer (10mM
Tris-HCl (pH 7.5), 100mM KCl, 1.0mM EDTA pH 8.0 and 0.2mM
2-mercaptoethanol). The sample was homogenized with 15 total strokes of a large
clearance pestle. The homogenate was kept on ice with slight agitation for 90min
and centrifuged at 23,500 g for 1 h. The resulting supernatant (S1) was dialysed
overnight against two changes of the same buffer. The fine precipitate was
collected by centrifugation at 10,000 g for 15min. The pellet was resuspended
in buffer (50mM Tris-HCl (pH 7.5), 10mM KCI, 1% Triton X-100, 0.2mM
2-mercaptoethanol) and centrifuged at 10,000 g for 5min. The extraction was
repeated twice and followed by washings with the same buffer w/o Triton X-100. The
pellet was solubilized in 50mM Tris-HCl (pH 7.5) supplemented with 800mM KCl
and incubated overnight on ice. An equal volume of glycerol was added. The brain
actomyosin was stored at ! 20 !C.

Determination of ATPase activities. After actomyosin purification, the ATPase
activity was determined by measuring the inorganic phosphate released from

ATP71,72. The reactions, carried out at 37 !C in a total volume of 0.2ml were
initiated by addition of 1.0mM ATP, final concentration. The measurement of the
K# -ATPase activity was carried out in 25mM imidazole-HCl buffer (pH 8.0),
0.5mM EDTA, 0.1mM dithiothreitol (DTT) and 600mM KCl; the Mg2# -ATPase
activity, in 25mM imidazole-HCl buffer (pH 7.0), 2.5mM MgCl2, 0.1mM DTT and
50mM KCl; the Ca2# -ATPase activity, in 25mM imidazole-HCl buffer (pH 7.0),
10mM CaCl2, 0.1mM DTT and 50mM KCI. One to 2mg actomyosin protein was
used per reaction. For 80ml test solution containing inorganic phosphate (standard
final concentrations: 2.5, 5.0, 10.0, 20.0, 40.0, 80.0 and 160.0mmol), 60ml Triton
X- 100 was added and then 60ml ammonium molybdate reagent. After standing for
10min, the absorbance of the test solution was read at 375 nm against a blank.

Subcellular fractionation from brain tissue. Subcellular fractionation protocol
was adapted from Hallett P. et al.73. In brief, a mouse brain was lysed using ice-cold
lysis buffer (10mM Tris-HCl (pH 7.4), 320mM sucrose, 10mM Tris base, 5mM
NaF, 1mM Na3VO4, 1mM EDTA, 1mM EGTA, protease inhibitors) by using a
Dounce homogenization (15 strokes). Homogenates were centrifuged for 10min at
800 g at 4 !C. The resulting supernatant (S1) was centrifuged for 2 h at 165,000 g at
4 !C. The consequent supernatant (S2) was transfered into a clean tube and the
pellet (P2) fraction was solubilized in ice-cold resuspension buffer (10mM
Tris-HCl (pH 7.4). 1% sodium deoxycholate, 5mM NaF, 1mM Na3VO4, 1mM
EDTA, 1mM EGTA, protease inhibitors). The lysates were subjected to BCA
Protein Assay (Thermo Scientific) to measure protein concentrations.

Co-immunoprecipitations. Seventy microgram brain subcellular fraction P2
lysates were incubated with 2 mg of anti-ZO-1 Par3, and Par6 antibodies or 10 mg of
anti-F-actin antibody overnight at 4 !C. Samples were immunoprecipitated with
PureProteome Protein A/G Mix Magnetic Beads coupled to V5 peptide for 1 h at
4 !C. The beads were washed three times with ice-cold resuspension buffer (10mM
Tris-HCl (pH 7.4), 1% sodium deoxycholate, 10mM Tris base, 5mM NaF, 1mM
Na3VO4, 1mM EDTA, 1mM EGTA, protease inhibitors), and one time with
resuspension buffer without detergent. Bound proteins were released by boiling the
beads with sample buffer and run on SDS polyacrylamide gels under denaturing
conditions followed by immunoblotting with the indicated antibodies.

Western blotting. Protein concentration of actomyosin was determined at OD 595,
using BSA as standard. 2.0mg of purified actomyosin were electrophoresed on
NuPAGE 4–12% gels (Invitrogen) and wet-blotted to PVDF membranes overnight at
30mA. Membranes were probed with specific antibodies at the dilutions listed
above, followed by HRP-conjugated goat anti-rabbit or anti-mouse IgG (Jackson
ImmunoResearch Laboratories). Signals were detected with a WestFemto maximum
sensitivity substrate kit (Thermo Scientific). Immunoblots were photographed using
a BioRad Chemidoc PM Molecular Imager and band densities were measured using
ImageJ64 software. Montages were assembled using Adobe Illustrator, and then
converted to TIFF files. Full gel scans can be found in Supplementary Figs 11–13.

Culture of epithelial cells. Mouse trachea epithelial cells cultures were established
and cultured as previously described by You Y. et al.74. In brief, kill mouse in CO2
chamber and the trachea (WT: n$ 10, Alix! /! : n$ 11) was removed under sterile
conditions and washed with sterile Ham’s F12 medium. The tracheas were incubated
in pronase solution overnight at 4 !C. Warm fetal bovine serum (FBS) was added to
a final concentration of 10% (v/v) and samples were inverted gently 15–20 times to
detach epithelial cells from the trachea. The digested solution containing the enzyme
released cells were centrifuged at 500 g for 10min. Supernatant was aspirated. Cells
were resuspended in DNase solution, incubated on ice for 5min, and were
centrifuged at 500 g for 5min. Cells were resuspended in mTEC basic medium
(DMEM/Ham’s F-12 (DMEM/F-12) supplemented with 15mM HEPES, 4mM
L-Glutamine, 3.6mM NaHCO3, 100Uml! 1 penicillin, and 100mgml! 1

streptomycin) containing 10% FBS and plated in a culture dish. Cells were incubated
at 37 !C, 5% CO2 for 3–4 h allowing fibroblasts to attach. These floating tracheal cells
were collected by centrifuging at 500 g for 5min and grown in mTEC/Plus medium
(mTEC/Basic medium supplemented with 10mgml! 1 insulin, 5mgml! 1

transferrin, 0.1mgml! 1 CT, 25ngml! 1 EGF, 30mgml! 1 BPE, 5% FBS (v/v) and
0.015mgml! 1 retinoic acid) for immunofluorescence or SEM analysis.

EGTA treatment. Z310 cells (0.4" 105) were seeded onto glass coverslips treated
with poly-D-Lysine and coated with 10mg cm! 2 laminin. Forty eight hours after
seeding, cells were replaced with 1ml of medium containing 2mM of EGTA; control
cells were replaced with fresh medium without EGTA and incubated at 37 !C in 5%
CO2. After 20min, the EGTA medium was replaced with complete medium and cell
were incubated for 1 h at 37 !C in 5% CO2 to reconstitute cell–cell contacts.

Cytochalasin D treatment. CD was added to the culture medium at final
concentrations of 10mM and cells were incubated for 1 h at 37 !C in 5% CO2.
The CD medium was replaced with complete medium and cells were incubated for
1 h at 37 !C in 5% CO2 to reconstitute cell–cell contacts.
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Statistical analysis. Data were expressed as mean±s.d. and evaluated using
Student’s t-test for comparison with WT samples. Mean differences were
considered statistically significant when P values were o0.05 (*).

Data availability. All the data needed to evaluate the results and conclusions of
the experimental work are included in the paper and/or the Supplementary
Materials, and fully available. Additional data or information related to this paper
may be requested from the authors.
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Alix is a ubiquitously expressed scaffold protein that par-
ticipates in numerous cellular processes related to the remod-
eling/repair of membranes and the actin cytoskeleton. Alix
exists in monomeric and dimeric/multimeric con!gurations,
but how dimer formation occurs and what role the dimer has in
Alix-mediated processes are still largely elusive. Here, we reveal
a mechanism for Alix homodimerization mediated by disul!de
bonds under physiological conditions and demonstrate that the
Alix dimer is enriched in exosomes and F-actin cytoskeleton
subcellular fractions. Proteomic analysis of exosomes derived
from Alix!/! primary cells underlined the indispensable role of
Alix in loading syntenin into exosomes, thereby regulating the
cellular levels of this protein. Using a set of deletion mutants,
we de!ne the function of Alix Bro1 domain, which is solely
required for its exosomal localization, and that of the V
domain, which is needed for recruiting syntenin into exosomes.
We reveal an essential role for Cys814 within the disordered
proline-rich domain for Alix dimerization. By mutating this
residue, we show that Alix remains exclusively monomeric and,
in this con!guration, is effective in loading syntenin into exo-
somes. In contrast, loss of dimerization affects the ability of
Alix to associate with F-actin, thereby compromising Alix-
mediated cytoskeleton remodeling. We propose that dimeric
and monomeric forms of Alix selectively execute two of the
protein’s main functions: exosomal cargo loading and cyto-
skeleton remodeling.

Alix, also known as Pdcd6ip or AIP1 (apoptosis-linked
gene-2 (ALG-2)-interacting protein 1), is a multivalent scaffold
protein, whose primary structure embeds three major mod-
ules: the N-terminal Bro1 domain, the central V-shaped
domain, and the C-terminal proline-rich domain or PRD.
Several structural studies of the Bro1 and V domains have
revealed a characteristic boomerang shape of the protein
(1–3). However, relatively little is known about the C-terminal

PRD, which is highly disordered. PRDs are among the most
prevalent modules in eukaryotic proteins (4), although their
structural characteristics have been hard to de!ne due to the
challenge posed by their intrinsically disordered nature, which
makes their expression in vitro dif!cult to achieve (1, 5).

The Bro1, V, and PRD modules of Alix each contains
binding sites for diverse cellular components that are them-
selves parts of large membrane complexes or the actin cyto-
skeleton (6–8). Some of Alix protein partners that interact
with its Bro1 domain include F-actin, the ESCRTIII compo-
nent, CHMP4 (charged multivesicular body [MVB] protein 4),
and the lipid bis[monoacylglycero]phosphate (BMP) (also
termed lysobisphosphatidic acid [LBPA]) (9–11). The inter-
acting partners binding to the V module include cortactin,
ubiquitin, activated EGFR (epidermal growth factor receptor),
HIV P6 or EIAV p9, and syntenin (1, 9, 12–14). Although the
structure of the C-terminal PRD remains unsolved, it was
shown to bind to F-actin, ALG-2, the ESCRTI component
TSG101 (tumor-susceptibility gene 101), midbody protein
CEP55 (Centrosomal protein of 55 kDa), endocytic adapter
protein CIN85 (Cbl-interacting protein of 85 kDa, also known
as SETA), and endocytic protein endophilin (9, 15–19).

Inferred from these interactions, Alix has been largely
implicated in two main functions: !rst, by interacting with
components of the ESCRT machineries, Alix recruits
ESCRTIII and takes part in endocytosis and recycling of
membrane receptors, MVB and exosome biogenesis, viral
budding, cytokinesis, and cell membrane repair (11, 13, 16,
20–25). Secondly, Alix participates in actin cytoskeleton
remodeling by binding to F-actin and F-actin–interacting
proteins (6–9, 26, 27). Alix conformation, interaction with
binding partners, and activities are regulated by post-
translational modi!cations such as ubiquitination, phosphor-
ylation, and palmitoylation (7, 19, 28–32). Cellular studies
demonstrated that an interdomain contact between a Src-
phosphorylation site in the Bro1 domain and the N terminus
of the PRD keeps the protein in a closed, inactive conforma-
tion preventing its interaction with CHMP4 or retroviral* For correspondence: Alessandra d’Azzo, sandra.dazzo@stjude.org.
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Gag proteins (30, 33). Phosphorylation of Alix within the
N-terminal portion of the PRD changes Alix from the closed to
the open conformation, which in turn functions in cytokinetic
abscission and retroviral budding (30). On the other hand, a
biophysical study of monomeric Alix puri!ed from insect cells
suggested that the PRD does not affect the Bro1-mediated
interaction between Alix and CHMP4 but rather inhibits the
binding of Gag proteins (34). Recently, another biophysical
study found no interaction between the N-terminal portion of
the PRD and the Bro1 domain and instead showed that the
hyperphosphorylated C terminus of the PRD binds to the
anionic membrane-binding region of the Bro1 domain, causing
autoinhibition of Alix interaction with the late endosomal
membrane and its release into the cytosol (32). The apparent
discrepancy between these studies could be explained by the
use of puri!ed Alix or its fragments in the biophysical inves-
tigation versus the use of cell extracts in the cellular studies
that, as the authors propose, could involve Alix and/or CHMP
oligomerization affecting their association (32, 34). Neverthe-
less, these reports highlight the importance of the PRD in the
regulation of Alix interactions and functions. In this respect, it
is noteworthy that the N-terminal portion of the PRD is the
part of Alix that is recognized by the muscle-speci!c ubiquitin
ligase complex CRL5Ozz (previously known as Ozz-E3 ubiquitin
ligase) (7, 35). Interaction of Alix with Ozz has also been shown
to promote the open conformation of Alix by our group (7).

Alix exists as dimer or monomer (3, 13, 31), but it is still not
clear which of these two forms engages in which of the pro-
tein’s numerous functions. Alix multimerization was shown to
involve a short peptide (852PSYP855) at the C terminus of the
PRD (36). A CHMP4-bound Alix dimer, mediated by the V
domain, has been implicated in HIV-1 budding and MVB
sorting of the activated EGFR (3, 13), while the 852PSYP855

motif has been found necessary for Alix’ role in virus infection
(36), and HIV budding at the plasma membrane. Moreover, it
has been proposed that, upon Bro1 domain–mediated binding
to BMP at the membrane of late endosomes (37), Alix may
dimerize to promote recruitment of ESCRT-III to regulate the
formation of intraluminal vesicles in late endosomes/MVBs or
exosomes (38).

A previous study has indicated that Alix functions at the
interface between cytoskeleton and membranes (6). In line
with this notion, we found that silencing Alix expression in
C2C12 myoblast cell line affects the levels and distribution of
F-actin, the formation of membrane protrusions, and the
release of extracellular vesicles (7, 39). The connection be-
tween these two main roles of Alix became evident when we
examined the consequences of Alix loss of function in vivo.
The Alix!/! mouse model develop, among other abnormalities,
progressive and severe hydrocephalus (8). Mechanistically, we
showed that loss of Alix affects the proper assembly and
positioning of an actomyosin–tight junction complex at the
apical side of adjacent epithelial cells that de!nes a spatial
membrane domain essential for the maintenance of epithelial
cell polarity and barrier (8). In this process, Alix plays the
essential role of bridging membrane multiprotein complexes
with the F-actin cytoskeleton (8).

Here, we have addressed the question of which form of Alix,
dimeric versus monomeric, interacts with the F-actin cyto-
skeleton or components of membrane complexes that are
routed to exosomes. We found that the levels of endogenous
Alix dimer vary in different subcellular fractions, being
enriched in exosomes and the cytoskeleton fraction. Alix
dimerization occurs via disul!de bonds, engaging speci!cally
Cys814 within the PRD that we identi!ed as an essential residue
for this process. We further show that by mutating Cys814 into
Ser, an exclusively monomeric Alix, is pro!cient in loading
syntenin into exosomes. On the other hand, ablation of Alix
dimer impairs its interaction with F-actin, which in turn affects
the remodeling of the actin cytoskeleton.

Results
Disul!de bond–linked alix homodimer is present in different
subcellular compartments and in exosomes

To test whether Alix dimerizes via disul!de bonds, sub-
cellular fractions from WT and Alix!/! mouse embryonic !-
broblasts (MEFs) were separated on SDS polyacrylamide gels
under reducing and nonreducing conditions, followed by
immunoblotting with Alix antibody (Fig. 1A and Fig. S1A).
Only in absence of the reducing agent, we could detect bands
of !200 kDa, in addition to the Alix monomer of !100 kDa, in
the membrane/organelle and, more evidently, in the cyto-
skeleton subcellular fractions. These high molecular weight
forms were not visible in the Alix!/! samples (Fig. 1A and
S1A). In the presence of DTT, only the !100 kDa band was
observed in the WT but not in the Alix!/! fractions (Fig. 1A
and S1A). The purity of the subcellular fractions was
con!rmed on immunoblots probed with antibodies against
compartment-speci!c markers, that is, lactate dehydrogenase
(LDH), calnexin, Histone H2A.Z, and vimentin (Fig. 1B and S1,
B–E). Similar results were obtained using subcellular fractions
from day 3 (D3) differentiated WT and Alix!/! myocytes
(Fig. 1C and S1, F and G). Under nonreducing conditions, a
!200 kDa Alix band was evident in all four subcellular frac-
tions of WT cells, together with the !100 kDa Alix monomer
(Fig. 1C and S1F). Neither form of the protein was observed in
the Alix!/! myocytes, which con!rmed their identity and the
speci!city of the Alix antibody. It is noteworthy that in myo-
cytes, more so than in MEFs, monomeric Alix was resolved as
a distinct doublet in absence of DTT. These two bands that
may represent the close and open conformation of Alix were
resolved as a single band under reducing conditions (Fig. 1C
and S1F). These results indicate that Alix homodimer is
formed by intermolecular disul!de bond(s) and Alix monomer
may also keep its close conformation via an intramolecular
disul!de link.

In both cell types, MEFs and myocytes, the majority of
monomeric Alix was present in the cytosolic and membrane/
organelle fractions. Alix dimer instead was distributed differ-
ently from its monomers, with the dimer/monomer ratio being
highest in the cytoskeleton fraction (Fig. 1, A and C and Fig. S1,
A and F), possibly re"ecting distinct functions of the two forms
of Alix in different subcellular compartments. In order to

Role of dimeric Alix in exosome and F-actin cytoskeleton
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exclude the possibility that dimer formation was triggered by
oxidation during the preparation of the samples, we isolated the
Triton X-100 insoluble pellets from WT and Alix!/! MEFs,
representing the F-actin cytoskeleton fraction (40) in the
presence of protective concentrations of the reducing agent
DTT (0 mM, 0.5 mM or 1.0 mM) (41). Under these conditions,
Alix dimers were still clearly visible (Fig. 1D and S1H), indi-
cating that dimeric Alix is a physiological form of the protein.

Alix dimerization was proposed to take place during the
formation of intraluminal vesicles in late endosomes/MVBs

or exosomes (38). We therefore examined whether endoge-
nous Alix dimer was present in crude exosomes isolated from
the culture medium of WT versus Alix!/! MEFs. We found
that this form of Alix was enriched in WT exosomes, sepa-
rated on SDS gels under nonreducing conditions, but it was
barely detected upon DTT treatment (Fig. 2A and Fig. S2A).

When WT exosomes were subjected to sucrose density
gradient fractionation, both monomeric and dimeric forms
of Alix sedimented in fractions 2 to 6 (corresponding to a
density between 1.084–1.140 g/ml) (Fig. S2B), containing the
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exosome pool, as demonstrated by the sedimentation pattern
of canonical exosome markers, CD9 and CD81 (Fig. S2, C
and D). In addition, Alix dimer and monomer were also
recovered in fractions 10 to 11 (Fig. S2B), which comprised
the so-called membrane blebs and apoptotic bodies (42).
Most importantly, when two concentrations of DTT
(0.5 mM and 1.0 mM) were supplemented to the cell culture
media upon collection for exosome isolation from WT and
Alix!/! MEFs, the Alix dimers remained clearly visible in
exosomes (Fig. 2B and S2E). Dimeric Alix was also enriched
in exosomes isolated from WT proliferating myoblasts and
differentiated myocytes and sedimented primarily in frac-
tions 2 to 6 (density between 1.084–1.140 g/ml) after sucrose
density gradients (Fig. 2C and S3A and B). Both Alix
monomer and dimer cofractionated with CD9 and CD81
after sucrose density gradients of exosomes from WT
differentiated myocytes (D3) (Fig. S3, C and D). We also
con!rmed the presence of dimeric Alix in the mouse
myoblast cell line C2C12, the rat choroid plexus epithelial
cell line Z310 (43) and the human breast cancer cell line
MCF-7 (Fig. 2, D–F and Fig. S3, E–G), indicating its broad
distribution across different mammalian cell types.

Cys814 in the PRD mediates alix dimerization
We next investigated the mode of Alix dimerization medi-

ated by disul!de bonds, focusing on cysteine residues located
in the V domain and the PRD of the full-length protein. The V
domain has two cysteines at amino acids 524 and 691, while
the PRD has only one cysteine at amino acid 814. All three
residues are conserved in mammalian homologs of Alix, such
as human, monkey, dog, pig, mouse, and rat, identi!ed in a
NCBI BLAST search (Fig. 3A).

To map out which of these residues is responsible for di-
sul!de bond formation and dimerization, all three cysteines in
the full-length Alix were mutated, individually or in combi-
nation, to serine. Each mutant was expressed in Alix!/! MEFs,
and exosomes were isolated from the cultured media. Under
nonreducing conditions, the Alix variants carrying the indi-
vidual mutations C524S and C691S or the double mutations
C524S/C691S formed dimers (Fig. 3B and S4, A–C). In
contrast, the Alix variants harboring the C814S mutation alone
or the triple mutations C524S/C691S/C814S (TCS) could no
longer form dimers (Fig. 3B and S4, A–C). Notably, upon
supplementation of 0.5 or 1 mM DTT to the culture medium
prior to exosome isolation, WT Alix still formed dimers, while
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the C814S mutant protein did not under any condition
(Fig. 3C and S4D). Thus, Cys814 within the PRD is essential for
the formation of disul!de bond–linked Alix homodimer.

To unequivocally prove the physiological existence of
Cys814-mediated Alix dimers, we have overexpressed an
N-terminally FLAG-tagged WT Alix and Alix (C814S)

A

B C

D
E

F G

Figure 3. Cys814 in the PRD mediates Alix dimerization. A, conservation of the Cys524, Cys691, and Cys814 (bold and boxed) among mammals. Hs: human;
Mm: mouse; Mf: Macaque monkey; Cl: dog; Ss: pig; Rn: Rat; Dr: Zebra!sh; Dm: "y; Ce: worm. The Cys524, Cys691, and Cys814 are shown in bold and box.
B, Western blotting of the exosomes puri!ed from Alix!/! MEFs transduced by empty vector or MSCV expressing N-terminal FLAG-tagged full-length Alix or
cysteine mutants harboring C524S, C691S, C524S/C691S, C814S, C524S/C691S/C814S (TCS) under nonreducing (!DTT) and reducing conditions (+DTT)
probed with antibodies against FLAG or Alix. C, exosomes isolated from Alix!/! MEFs transduced by MSCV expressing N-terminal FLAG-tagged full-length
Alix WT or C814S in the presence of 0, 0.5, or 1.0 mM DTT were subjected to Western blot analyses and probed with anti-Alix antibody. D, chromatography
pro!le of the recombinant WT Alix proteins puri!ed from human Expi293F cells in the presence of 1 mM DTT. Red asterisk marks the distinct shoulder.
E, chromatography pro!le of the recombinant Alix (C814S) proteins puri!ed from human Expi293F cells in the presence of 1 mM DTT. F, Alix Western blots
of SEC fractions to show that dimeric WT Alix was eluted in fractions 5.A.9 and 5.A.10 consistent with the SEC pro!le. G, Alix Western blots of SEC fractions to
show that dimeric form was missed for Alix (C814S) proteins in corresponding high molecular weight fractions. MEF, mouse embryonic !broblast; MSCV,
Murine stem cell virus; PRD, proline-rich domain; SEC, size-exclusion chromatography.
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recombinant proteins in human EXpi293F cells. The overex-
pressed proteins were puri!ed using anti-FLAG af!nity gel,
and the different forms of Alix were separated by size-
exclusion chromatography (SEC) in the presence of 1 mM
DTT. The chromatography pro!le showed that most of the
WT or Alix (C814S) mutant were eluted from fractions 5.A.12
to 5.B.2 or fractions 6.A.11 to 6.B.2, respectively, correspond-
ing to the monomeric form (Fig. 3, D and E and Fig. S4E).
However, the SEC pro!le of WT Alix showed a potentially
distinct shoulder around fraction 5.A.9 to 5.A.10, which was
absent in the Alix (C814S) elution pro!le and could represent
dimeric Alix (see asterisk in Fig. 3D). This assumption was
con!rmed by Western blot analyses of the individual fractions
that detected a prominent dimeric form of WT Alix in exactly
the same two fractions, which was absent in the corresponding
fractions of the C814S mutant. (Fig. 3, F and G and Fig. S4, F
and G).

Monomeric Alix is ef!cient in loading syntenin into exosomes

In order to de!ne a role of dimeric Alix in exosome biogenesis
and cargo loading, we !rst ascertained the proteomic pro!les of

exosomes isolated from the culture medium of Alix!/!MEFs, as
well as proliferating myoblasts (day 0), and differentiated myo-
cytes (day 3) derived fromAlix!/! skeletal muscle. The results of
these analyses revealed that syntenin was the only exosomal
marker that was dramatically reduced or absent in Alix!/!

exosomes compared to WT exosomes (Table S1) regardless of
their cell derivation. The levels of other canonical exosome
markers, such as CD9, CD81, and Tsg101 (Table S1), remained
largely unchanged in absence of Alix. Immunoblot analyses of
these exosomal preparations validated the proteomic data,
showing more than 95% reduction in the levels of syntenin in
Alix!/! exosomes from all three cell cultures compared to the
levels in WT exosomes (Fig. 4, A–D, Fig. S5, A–O and Fig. S6,
A–C). In WT MEF’s exosomes, syntenin cofractionated with
Alix in fractions corresponding to densities of 1.084 to
1.140 g ml-1 (44) after sucrose density gradient centrifugation,
but it was not detected in the corresponding fractions of Alix!/!

exosomes, although a small portion of the protein sedimented in
fractions containing membrane blebs or apoptotic bodies (42)
(Fig. S6D). Similar results were obtained after sucrose density
gradient centrifugation of exosomes from differentiated myo-
cytes (Fig. S6E). The lack of syntenin in Alix!/! exosomes was
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accompanied by accumulation of the protein in total cell lysates
of Alix!/! MEFs compared to WT MEFs, while other exosome
markers showed no signi!cant difference in levels (Fig. 4E, S6,
F–L). We also ascertained that the mRNA levels of syntenin
were not altered in Alix!/! cells, as determined by RT-PCR
(Fig. S7A), suggesting that its intracellular accumulation was
caused by failed traf!cking of a pool of the protein to exosomes
and not by altered transcription. A similar distribution pattern
of syntenin was seen in Alix!/! proliferating myoblasts and
differentiated myocytes (Fig. 4, F–H; Fig. S7, B–O), implying a
conserved mechanism. Together, these data reinforce the
notion that de!ciency of Alix in vivo results in impaired loading
of syntenin into exosomes, making this parameter an ideal
readout to assess the function of dimeric/monomeric Alix in
exosomes of de!cient cells.

We therefore examined the recruitment of syntenin into
exosomes derived from Alix!/! MEFs expressing either WT
Alix or Alix variants harboring single or combined mutations
of the cysteine residues: Cys814 or Cys524 and Cys691. The Alix
C524S or C691S mutant, as well as the double mutant C524S/
C691S, were still pro!cient in loading at least a portion of
syntenin into exosomes (Fig. 5A and Fig. S8A). However, the
level of the protein was clearly reduced in exosomes derived
from the C524S/C691S culture (Fig. 5A and S8A), likely due to
the position of the two cysteine residues within the second arm
of the V domain, which may in"uence the binding of syntenin,
centered on Phe676 (14). Notably, the Alix C814S and the TCS
variants, which could not form homodimers, were fully capable
to deliver syntenin into exosomes (Fig. 5A and S8A), sug-
gesting that monomeric Alix is the form of the protein that
loads syntenin into exosomes. Consistent with these results,
the levels of the syntenin protein in total lysates of cells
expressing the Alix C814S variant was reduced compared to its
levels in Alix!/! MEFs mock transduced with an empty vector
(Fig. 5B and S8, B–F). These results indicate that abrogating
Alix dimerization does not compromise the loading of a syn-
tenin pool into exosomes.

The Bro1 domain directs alix into exosome while the V domain
is required for the loading of syntenin

We next evaluated the role of the three domains of Alix in
sorting the protein into exosomes and in loading syntenin into
exosomes by using Alix!/! MEFs transduced with N-terminal
FLAG-tagged full-length Alix or its various fragments, Bro1,
Bro1-V, V, V-PRD, and PRD (Fig. 6, A and B and Fig. S9A).
Alix!/! MEFs expressing full-length Alix restored the traf!c of
syntenin into exosomes, which was accompanied by reduction
of the levels of this protein in the corresponding cell lysates
(Fig. 6, C and D and Fig. S9, B–F). Among the truncated
fragments, only the Bro1 and Bro1-V retained the capacity to
traf!c to the exosomes (Fig. 6B and S9A), demonstrating that
Bro1 is essential and suf!cient for Alix sorting into these
vesicles (11, 32, 37, 45). However, only Bro1-V could load
syntenin into exosomes and reduced the intracellular levels of
the protein, con!rming the requirement of the V domain for
this process (14) (Fig. 6, C and D and Fig. S9, B–F). It is

noteworthy that full-length Alix was more ef!cient in loading
syntenin into exosomes than the truncated Bro1-V, despite the
latter was expressed in seemingly higher amounts (Fig. 6, B
and C and Fig. S9, A–C), indicating that Bro1-V conformation
differs from that of the full-length protein.

Alix dimer interacts with F-actin and promotes cytoskeleton
reassembling

Given that the Alix dimer is enriched in cytoskeleton frac-
tions and that Alix physically interacts with actin (9), we
wanted to investigate whether abrogating dimer formation
would affect this binding. To test this idea, we !rst isolated the
Triton X-100 insoluble pellets, representing the F-actin cyto-
skeleton fraction, from Alix!/! MEFs transduced with Murine
stem cell virus (MSCV)–based vectors, expressing either WT
Alix or Alix variants harboring the aforementioned cysteine
mutations. On Western blots, Alix dimers were preferentially
detected in the F-actin cytoskeleton fractions from Alix!/!

MEFs expressing either WT Alix or Alix (C524S), Alix
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(C691S), Alix (C524S/C691S) (Fig. 7A and Fig. S10A). Again,
no dimeric Alix was present in cells expressing either Alix
(C814S) or TCS, con!rming that dimer formation depends on
Cys814 (Fig. 7A and S10A). Even when the F-actin cytoskeleton
fraction was isolated in the presence of 0.5 mM or 1.0 mM
DTT, Alix Cys814-mediated dimers were still clearly visible
(Fig. 7B and S10B). Together, these data suggest that F-actin
interacts preferentially with the Alix dimer. To prove this
hypothesis, the F-actin cytoskeleton fractions from Alix!/!

MEFs expressing either WT Alix or the Alix (C814S) variant
were immunoprecipitated with F-actin antibody and probed
on immunoblots with Alix and pan actin antibodies. The re-
sults unequivocally showed that F-actin coimmunoprecipi-
tated preferentially with the Alix dimer (Fig. 7C and S10C).

We previously demonstrated that the reassembly of F-actin
!laments after depolymerization with cytochalasin D was
defective in Z310 choroid plexus epithelial cells silenced for
Alix (8). We now tested whether Alix dimer plays a role in the
F-actin reassembly process. Alix!/! MEFs expressing either
WT Alix or the Alix (C814S) variant were compared with
empty vector transduced Alix!/! MEFs. All cultures were
treated with cytochalasin D for 1 h, a period that provoked
extensive disassembly of the F-actin cytoskeleton that resulted
in rounding up of the cells and loss of normal morphology in
all cultures stained with phalloidin (Fig. S10D). Cells were then
allowed to recover for 30 min after removal of the drug. Based

on the phalloidin staining of the recovered cultures, an overall
reduction of the mean cellular F-actin content was measured
in Alix!/! MEFs transduced with the empty vector or with the
vector expressing the Alix (C814S) variant, when compared
with cells expressing the WT protein (Fig. 7, D–F). This result
underlines the need for dimeric Alix to restore F-actin levels
and to reassemble the actin cytoskeleton. In addition, a large
percentage of Alix!/! MEFs transduced with the empty vector
(n = 186) or with the Alix (C814S) variant (n = 284) showed
abnormal cell morphology after the 30 min recovery time
(Fig. 7F). In contrast, the majority of Alix!/! MEFs expressing
WT Alix (n = 331) recovered after treatment, displaying
normalized F-actin content and assembly, as well as normal
cell morphology (Fig. 7, D–F). Taken together, our data
demonstrate that dimeric Alix is the form that associates with
the F-actin cytoskeleton and promotes its remodeling.

Discussion
Our current study has uncovered distinct functional roles of

Alix dimer in vivo. This form of the protein is ubiquitously
present together with Alix monomer in different cell types and
across mammalian species. However, the ratio between
dimeric and monomeric Alix varies among cell types and
subcellular localizations, being most abundant in the cyto-
skeleton fractions and in exosomes, which suggests speci!c
functions for Alix dimer in these two compartments.
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We reveal a novel mode of dimer formation that is mediated
by disul!de bonds and requires Cys814, the only cysteine res-
idue localized in the Alix PRD. PRDs are one of the most
frequently occurring signaling modules in eukaryotic proteins
(4). Their disordered structure favors dynamic interactions
with a variety of proteins and protein complexes. In addition,
PRDs present in intrinsically disordered proteins contribute to
protein–protein interaction during the process of solution-to-
gel phase separation (46). Alix PRD retains similar character-
istics (5), being responsible for binding to multiple protein
partners, such as TSG101, Src SH3 domain, ALG-2, Endo-
philin, SETA/CIN85, actin, CRL5Ozz, and others (7, 9, 15–19).
It is also susceptible to posttranslational modi!cations, like
phosphorylation (30). However, the structural features of Alix
PRD made it dif!cult to study it as a separate fragment or in

the context of the full-length protein. In a recent study, in-
vestigators have succeeded to produce the Alix PRD in vitro by
dividing it into two separate fragments (5). This approach
enabled the biophysical characterization of this domain. These
authors found that the disordered N-terminal portion of Alix
PRD is soluble and contains three Pro-rich motifs that create
multiple interaction sites for TSG101; instead, the Tyr-rich C-
terminal portion where Cys814 resides, which was reported
earlier to be involved in Alix multimerization, was shown to
form reversible amyloid (5, 36). In line with this !nding, we
detected bands/smears of >200 kDa, positive for Alix in WT
MEFs and D3 myocytes under nonreducing conditions (Fig. 1,
A and C), as well as in their corresponding exosomes (Fig. 2, A
and C). Neither Alix!/! samples nor WT samples treated with
DTT displayed these bands/smears, indicating that they are
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Figure 7. Alix dimers interact with F-actin cytoskeleton and modulate its reassembly. A, Alix Western blotting of the F-actin cytoskeleton fractions from
WT, Alix!/! MEFs, and Alix!/! MEFs transduced by empty vector or MSCV expressing N-terminal FLAG-tagged full-length Alix or mutants harboring C524S,
C691S, C524S/C691S, C814S, C524S/C691S/C814S (TCS) under nonreducing (!DTT) condition to examine dimers. Asterisk indicates the dimeric form of Alix.
B, Alix Western blotting analysis of F-actin cytoskeleton fractions from Alix!/! MEFs transduced by MSCV expressing N-terminal FLAG-tagged Alix WT in the
presence of 0, 0.5, or 1 mM DTT. No more reducing agent was added before loading protein gels. Asterisk marks the dimeric form of Alix. C, Alix dimer
coprecipitates with F-actin. IP, immunoprecipitate. Asterisk indicates dimeric form. Arrowhead marks unspeci!c protein bands. D, quanti!cation of the mean
"uorescence intensity (MFI) of F-actin (n = 4 !elds) after treatment with cytochalasin D (CD) for 1 h and allowed to recover for 0.5 h. Values are expressed as
mean ± SD. Statistical analyses was performed using the Brown–Forsythe test; * p < 0.05, ** p < 0.01. E and F, Alix!/! MEFs transduced with MSCV
expressing WT Alix or Alix harboring C814S mutant (C814S). Cells were treated with DSMO for 1 h (control) (E) or 10 !M cytochalasin D (CD) (F) for 1 h and
allowed to recover for 0.5 h before immuno"uorescent staining with anti-Alix antibody (red) and Alexa Fluor 488 dye conjugated phalloidin to probe F-actin
(green). The scale bars represent 100 !m. MEF, mouse embryonic !broblast; MSCV, Murine stem cell virus.
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likely caused by Alix multimerization mediated by disul!de
bonds. These multimers are always observed together with
Alix homodimer, suggesting that Alix dimerization is required
for its multimerization. Our !nding that Cys814 within the
PRD is essential for dimer formation, underlines a regulatory
role for this domain in Alix dimerization/multimerization to
coordinate speci!c functions of Alix, namely F-actin reas-
sembling and exosomal cargo loading.

It was reported earlier that during budding HIV virus hi-
jacks, the Alix-mediated mechanism of membrane remodeling,
which is normally used to recruit cellular proteins, like syn-
tenin, into exosomes. During virus budding, the Gag gene
encodes two C-terminal late domains with the highly
conserved sequences PTAP and LYPXnL that recruit Tsg101
and Alix, respectively (22, 47). These two domains and their
cognate cellular partners operate in a redundant way to sup-
port virus release, independently (48, 49). In contrast, we
found that ablation of Alix in vivo does not in"uence the levels
of Tsg101, rather syntenin is no longer delivered to exosomes,
implying that Alix is the only protein mandatory for this
process. Furthermore, we demonstrate that the monomeric
form of Alix is suf!cient to load syntenin into exosomes. Thus,
the presence of Alix dimer in exosomes might have an inde-
pendent function from cargo loading and instead may be
needed for exosome biogenesis, as hypothesized previously
(38).

Syntenin is a multifunctional adapter protein that interacts
with a variety of protein partners involved in many cellular
processes, including synapse formation, protein traf!cking,
neuronal morphogenesis, and exosome biogenesis (50, 51).
Our data imply that loading of syntenin into exosomes may
serve as a regulatory mechanism to control the total pool of
cellular syntenin. This might be particularly relevant in the
context of neurodegenerative diseases, including Alzheimer’s
disease, and cancer (50, 51). Syntenin expression is upregu-
lated in several cancers, and preclinical studies have shown
that inhibiting syntenin either genetically or pharmacologically
suppresses cancer metastasis (52). It has been hypothesized
that exosomal syntenin contributes to metastatic spread (53)
because tumor cell (donor)–derived exosomes induce migra-
tion of endothelial HUVEC cells (recipient), while exosomes
deprived of syntenin are signi!cantly less promigratory (53).
Thus, it is tempting to speculate that inhibiting Alix–syntenin
interaction pharmacologically could be a plausible approach to
block syntenin loading into exosomes so that to interfere with
the metastatic process.

The ability of Alix protein to interact with actin and in turn
modulate actin cytoskeleton homeostasis has been reported by
a few groups, including ours (6–9, 27). We now provide evi-
dence that it is exclusively the dimeric form of Alix that in-
teracts with F-actin and regulates its reassembly, assigning a
speci!c role of Alix dimer within the actin cytoskeleton. This
notion is particularly relevant in processes that involve both
membrane remodeling and F-actin cytoskeleton. In this
respect, a recent study showed that CCL2, a chemokine
induced upon HIV-1 infection, mobilizes Alix from F-actin to
facilitate Gag-p6 mediated HIV-1 virion release (26). It appears

that HIV-1 can seize Alix from F-actin compartment through
CCL2 to function in membrane remodeling for virion release.
A wide range of enveloped viruses, including HIV-1 and other
retroviruses, as well as additional RNA and DNA viruses
embed the LYPXnL motif in their late assembly domain that is
recognized by Alix (54). Moreover, viruses are known to
modify and modulate the host cell actin cytoskeleton, affecting
every stage of the viral life cycle from entry to assembly and
egress (55). It would be interesting to investigate whether Alix
dimers play a role in any of these processes.

In summary, this study reveals that endogenous Alix forms
dimers by disul!de bonds involving the PRD. This dimeriza-
tion adds a tier to the regulation of Alix interactions with one
of its protein partners, F-actin, and therefore in"uences
downstream cellular processes. Further investigations might
elucidate whether dimeric Alix modulates other functions of
this multivalent protein.

Experimental procedures
Mice

Mice of all genotypes were accommodated in the pathogen-
free Animal Resource Center at St Jude Children’s Research
Hospital. WT mice were C57Bl/6xDBA2 (B6D2F1; Jackson
Labs); Alix!/! mice carry the homozygous deletion of Alix on a
C57Bl/6 background (8). Animals were housed in a fully
Assessment and Accreditation of Laboratory Animal Care
(AAALAC) accredited animal facility. All mouse procedures
were performed in compliance with our animal protocols
approved by the St Jude Institutional Animal Care and Use
Committee and NIH guidelines.

Antibodies

We used the following commercial antibodies for Western
blot analyses: anticalnexin (Sc-6465), anti-CD81 (Sc-166029),
and anti-Tsg101 (Sc-7964) from Santa Cruz Biotechnology;
anti-CD9 (553758) and anti-Flotillin (610820) from BD Bio-
sciences; anti-FLAG (F3165) from Sigma; anti-Histone H2A.Z
(2718) from Cell Signaling; antilactate dehydrogenase
(AB1222) from Millipore; and antivimentin (20R-VP004) from
Fitzgerald. The antisyntenin antibody used in this study was
af!nity puri!ed further from antisyntenin (Santa Cruz
Biotechnology, sc-48742). We used anti-F-actin (abcam,
ab205) for coimmunoprecipitation.

Cell transduction

Alix, its fragments, or cysteine mutants were cloned into the
MSCV-based bicistronic retroviral vector MSCV-IRES-YFP
(56). All constructs were sequenced to ensure successful
desired clonings. Ecotropic retroviruses were generated by
transfecting the packaging cell line Phoenix Eco with con-
structs using the transfection reagent FuGENE 6 purchased
from Promega. Alix!/! MEFs were then transduced with ret-
roviruses. Two or three days after transduction, YFP+ cells
were sorted by "uorescence-activated cell sorting. Sorted cells
were maintained in culture.

Role of dimeric Alix in exosome and F-actin cytoskeleton

10 J. Biol. Chem. (2022) 298(10) 102425



Alix dimer 107 

  

Cell culture

MEFs, muscle neonatal !broblast cells, cell lines Z310 and
MCF-7 were maintained in Dulbecco’s modi!ed Eagle’s me-
dium (DMEM) and supplemented with 10% fetal bovine serum
(Life Technologies), 2 mM Glutamax, penicillin (100 U/ml),
and streptomycin (100 mg/ml). Mouse myoblast cell line
C2C12 was cultured in DMEM and supplemented with 15%
fetal bovine serum (Life Technologies), 2 mM Glutamax,
penicillin (100 U/ml), and streptomycin (100 mg/ml). Mouse
gastrocnemius (GA) and soleus muscle were collected (57) to
be used to isolate myoblasts. Myoblast cultures were estab-
lished as previously described (58–60) and maintained in F10
medium supplemented with basic !broblast growth factor
(b-FGF), L-glutamine, and 20% fetal bovine serum (Life
Technologies) on collagen-treated dishes (BD Biosciences).
Differentiation was induced when the medium was changed to
DMEM supplemented with L-glutamine and 2% horse serum
in place of fetal calf serum (differentiation medium). All cells
were con!rmed to be negative for myoplasma.

Subcellular fractionation

Fresh cell pellets were fractionated using a ProteoExtract
Subcellular Proreome Extraction Kit (Calbiochem, VWR In-
ternational Ltd) following the manufacturer’s user protocol.
The purity of each fraction was checked by immunoblotting
using antibodies against cytosolic fraction marker lactate de-
hydrogenase (LDH), endoplasmic reticulum marker calnexin,
nucleic fraction marker Histone H2A.Z, and cytoskeletal
fraction marker vimentin.

Western blot analysis

For Western blot analyses under reducing condition
(+DTT), the !nal concentration of 16.7 mM DTT was
included in 1 ! Laemmli sample buffer with protein samples
and heated for 4 min at 95 !C before electrophoresis. For
Western blot analyses under nonreducing conditions (-DTT),
no reducing agent was added. The protein samples were mixed
with Laemmli sample buffer and heated for 4 min at 95 !C
before electrophoresis. Proteins were transferred onto poly-
vinylidene di"uoride membrane (Millipore). Membranes were
blocked with 3% bovine serum albumin in Tris-buffered saline
(TBS) with 0.05% Tween 20 for at least 1 h at room temper-
ature (RT) and incubated with the appropriate antibodies in
3% bovine serum albumin in TBS with 0.05% Tween 20
overnight at 4 !C. All primary antibody incubations were fol-
lowed by incubation with secondary horseradish peroxidase–
conjugated antibody (Jackson ImmunoResearch) in 3%
bovine serum albumin in TBS with 0.05% Tween 20 and
visualized using Femto chemiluminescent substrate (Thermo
Scienti!c) and ChemiDoc MP Imaging System (Bio-Rad).

Crude exosomes isolation and proteomics

Cells were washed with PBS twice and then cultured for
another day in medium containing the serum, which had been
centrifuged at 100,000!g for overnight at 4 !C to deplete

contaminating vesicles. Tissue culture supernatants were
collected and centrifuged for 10 min at 300 ! g, 10 min at
1200 ! g, and for 30 min at 10,000 ! g to remove cellular
debris. Vesicles were spun down by ultracentrifugation at
100,000 ! g for 2 h at 4 !C. Supernatants were discarded and
vesicles were washed in PBS. Crude exosomes were collected
by centrifugation at 100,000 ! g for 2 h at 4 !C and then
resuspended in PBS. Quanti!cation of the resulting crude
exosomes was done using the bicinchoninic acid method.

For proteomics study, 6 !g !broblast exosomes, 10 !g
proliferating myoblast exosomes, or D3 myocyte exosomes
were subjected to mass spectrometry and analyzed with
MaxQuant at Proteomics Center, Erasmus Medical Center,
The Netherlands. For crude exosomes isolated from MEFs
cultures in the presence of DTT, 0, 0.5, or 1.0 mM DTT in
!nal concentration were added to tissue culture supernatants
harvested 24 h after starting the exosome collection. About 0,
0.5, or 1.0 mM DTT in !nal concentration were also included
in PBS for washing and resuspending exosomes. No extra
reducing agent was added before loading protein gels for
Western blot analyses.

Sucrose density gradient fractionation

Crude exosomes were resuspended in 10 mM pH 7.4 TBS
containing 0.25 M sucrose and loaded on to the top of a step
gradient comprising layers of TBS containing 0.25 to 2 M
sucrose,1 mM Mg(Ac)2, and a cocktail of protease inhibitors
(Roche) (42, 60–63). The gradients were centrifuged at
100,000 ! g for 2.5 h using a Beckman SW41 Ti rotor. Eleven
1 ml fractions were collected starting from the top of the
gradient to bottom and precipitated with 100 % trichloroacetic
acid (!nal concentration 10%). Samples were analyzed by SDS/
PAGE and Western blotting as described.

Recombinant protein puri!cation and SEC

For recombinant protein expression of Alix WT and Alix
C814S, human Expi293F cells (2.75 ! 106 cells/ml) were
transiently transfected with 1 mg of Alix WT and Alix C814S
mutant DNA, and the transfected cells were incubated at 37 !C
for 60 h in an orbital shaker at 140 rpm with 5% CO2. Cells
were harvested by centrifugation (1000g for 15 min), resus-
pended in buffer A (Tris 50 mM pH 7.6, 200 mM NaCl, 1 mM
DTT) supplemented with one complete protease inhibitor
cocktail EDTA-free tablet (SKU 5056489001) from Roche, and
sonicated with !ve pulses for 30 s with EPSON 4C15 robotics
sonicator. Cell lysate was centrifuged at 20,000 rpm for 30 min
at 4 !C. The cleared lysate was applied to pre-equilibrated anti-
FLAG M2 af!nity gel (A2220) from Sigma and incubated for
1 h at 4 !C. The incubated resin was collected with centrifu-
gation at 1500 rpm for 5 min at 4 !C and washed with buffer A.
After extensive washing, the FLAG-tagged protein was eluted
using 3 ! FLAG peptide (St Jude Peptide synthesis facility) and
elution fractions were subjected to SDS-PAGE. After con-
!rming the band on SDS-PAGE, protein was injected onto
pre-equilibrated Superdex 200 increase 10/300 Gl column
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(GE Healthcare) at a !ow rate of 0.5 ml/min, and gel "ltration
fractions were collected in a 96-well deep well block (Thermo
Scienti"c) for Western blot analysis.

Quantitative real time PCR

Total RNA was isolated from WT and Alix!/! MEFs by
using the PureLink RNA kit (LifeTechnologies) according to
manufacturer’s protocol. DNA contaminants were removed by
on column DNAse I treatment (Life Technologies), according
to the manufacturer’s protocol. RNA quantity and purity were
measured using Nanodrop Lite spectrophotometer (Thermo
Scienti"c). Complementary DNA (cDNA) was produced using
3 !g total RNA with iScript Advanced cDNA synthesis kit
(Bio-Rad). Quantitative real time PCR was performed using
SsoAdvanced Universal SYBR green supermix (Bio-Rad)
(12.5 !l), 1 !l (50 ng) of cDNA, 10 !M primer (Alix FW: TAG
TGT TTG CAC GGA AGA CAG, Alix RV: GGG AGG ACT
GAT AGG CTG GA, syntenin FW: TCA CCA TGA CGA
TCC GTG AC, syntenin RV: CCGTTG ATC TCA CAG ATG
TGG), and RNAse-free water in a 25 !l reaction volume on a
CFX96 real time PCR Machine (BioRad). Samples were
normalized to murine 18S rRNA (catalog no.: #PPM57735E,
SABiosciences).

F-actin cytoskeleton fraction isolation

MEFs were cultured following cell culture protocol
mentioned previously. After being trypsinized and washed
once with PBS, MEFs pellets were resuspended in ice-cold
hypotonic buffer (10 mM Tris–HCl, pH 7.8, 1 mM CaCl2,
5 mM KCl, and a cocktail of phosphatase and protease in-
hibitors without EDTA (Roche)), and incubated for 15 min
on ice (59). Nuclear fractions were excluded by centrifuga-
tion at 700!g for 5 min at 4 !C, and the postnuclear su-
pernatant was then centrifuged at 100,000!g for 1 h at 4 !C.
The resulting supernatant S100 was used as the cytosolic
fraction, while the P100 pellet was resuspended in a buffer
containing 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1%
Triton X-100, a cocktail of phosphatase and protease in-
hibitors without EDTA (Roche) and incubated on ice for
15 min. The mixture was subjected to a second centrifuga-
tion at 100,000 ! g for 1 h at 4 !C. The resulting insoluble
pellet (F-actin cytoskeleton fraction) (40) was resuspended in
a buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM
NaCl, 1% Triton X-100, 2% SDS, and protease and phos-
phatase inhibitors) for WB or TEVP buffer (64) supple-
mented with 0.5% Triton-X-100 and a cocktail of protease
inhibitors without EDTA (Roche) for F-actin-Alix coimmu-
noprecipitation. For the F-actin cytoskeleton fractions iso-
lated in the presence of DTT, 0, 0.5, or 1.0 mM DTT in "nal
concentration were included to PBS and three buffers
aforementioned. No extra reducing agent was added before
loading protein gels for Western blot analyses.

Coimmunoprecipitation

Seventy micrograms F-actin cytoskeleton fraction proteins
were incubatedwith 10!g anti-F-actin antibody overnight at 4 !C

while rotating. Samples were immunoprecipitated with Pure-
Proteome Protein A/G Mix Magnetic Beads for 1 h at RT. The
beads were washed three times with TEVP buffer (64) supple-
mented with 0.5% Triton-X-100 and a cocktail of protease in-
hibitors without EDTA. Bound proteins were released by adding
1! SDS-PAGE sample loading buffer to the beads and incubating
at 70 !C for 10min. Elutionswere runonSDSpolyacrylamide gels
followed by immunoblotting with the indicated antibodies.

Cytochalasin D treatment

Cytochalasin D (Sigma–Aldrich) was added to the culture
medium for a "nal concentration of 10 !M and MEF cells were
incubated for 1 h at 37 !C in 5% CO2. The cytochalasin D
medium was replaced with fresh complete medium and cells
were incubated for 0.5 h at 37 !C in 5% CO2 to recover F-actin
cytoskeleton.

Immuno!uorescence and imaging

Culture cells were "xed in 4% paraformaldehyde in PBS at RT
for 15 min and permeabilized with 0.1 % saponin in PBS and
blocked for 1 h with 10% normal donkey serum in blocking
buffer (PBS, 0.1 % bovine serum albumin, and 0.5% Tween 20).
Fixed cellswere immunostainedwith primary antibodies diluted
in blocking buffer overnight at 4 !C. After three washings using
blocking buffer, Cy3 donkey anti-rabbit IgG (Jackson Labora-
tories) was used as the secondary antibody and Alexa Fluor 488
dye conjugated phalloidin to probe F-actin (Invitrogen).
Following three washings, cells were mounted with ProLong
Gold antifade reagent with 40,6-diamidino-2-phenylindole
(Invitrogen) before confocal microscopy imaging. Images were
acquired on a Nikon C2 confocal microscope using NIS Ele-
ments software (https://www.microscope.healthcare.nikon.
com/products/software/nis-elements). A macro was devel-
oped in ImageJ (https://imagej.nih.gov/ij/download.html) to
analyze the !uorescence intensity of F-actin in cells. A threshold
for detection was set above the average background !orescence
to quantify themean!uorescence intensity per"eld andbatched
to all images using the same parameters.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
(GraphPad Software Inc). Quantitative data are presented as
mean ± SD. For comparisons between two groups, Student’s t
test (unpaired, two-tailed) was used. Groups were considered
different signi"cantly when p < 0.05. For all quanti"cations, at
least three independent experiments were performed. Number
of replicates is speci"ed in the "gure legends.

Data availability
The mass spectrometry proteomics data have been depos-

ited to the ProteomeXchange Consortium via the PRIDE (65)
partner repository with the dataset identi"er PXD031450.

Supporting information—All other data are included in the article
and the supporting information.
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List of abbreviations 

ACD  Assembly competence domain 
ADP  Adenosine diphosphate  
AIP1  Alg-2 interactor protein 1 
Akt  Serine/threonine kinase 1 
ALG2  Apoptosis linked gene-2 
Alix  Alg-2 interactor protein X 
AMPKa  AMP-activated protein kinase 
ANT1  Adenine nucleotide translocase type 1 
ATP  Adenosine triphosphate 
BARD1  BRCA1-associated RING domain 1 
Bp  Base pairs 
BMP  bis[monoacylglycero]phosphate 
BTB  BR-C, ttk and bab 
β-TrCP  β transducin repeat-containing protein 
BRCA1  Breast cancer gene 1 
Cas9  CRISPR associated protein 9 
c-cbl  Casitas B-lineage Lymphoma 
CCCP  Carbonyl cyanide m-chlorophenyl hydrazone 
Cdc48  Cell division cycle 48 
CHMP4  Charged multivesicular body protein 4 
cIAP  Cellular inhibitor of apoptosis 
CIS  cytokine-inducible SH2-containing protein 
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 
CRL  Cullin-RING Ligases 
CRL2  Cullin-RING Ligases 2 
CRL5  Cullin-RING Ligases 5 
CUL  Cullin 
DDB1  DNA damage-binding protein-1 
DEX  Dexamethasone 
DLC1  Deleted in liver cancer 1) 
Doa  Dominant optic atrophy 
DRP1  Dynamin-related protein 1 
DWD  DDB1-binding WD40 
E1  Ubiquitin-activating enzmye 
E2  Ubiquitin-conjugating enzyme 
E3  Ubiquitin-ligating enzyme 
ECS  Elongin B and C–Cul2 or Cul5–SOCS box protein 
Egf  Epidermal growth factor 
EloB  Elongin B 
EloC  Elongin C 
EloBC  Elongin B and elongin C 
eIF3f  Elongation factor 3 subunit f 
ERAD  Endoplasmic-reticulum-associated protein degradation 
ER  Endoplasmic reticulum 
ESCRT  Endosomal Sorting Complexes Required for Transport 
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FAK1  Focal adhesion kinase 1 
FBXL21 F-box/LRR-repeat protein 21 
FBXO32 F-Box only Protein 32 
FBXO40  F-box only protein 40  
FBXW5  F-box and WD repeat domain-containing 5 
FIS  Mitochondrial fission 1 
Fgf  Fibroblast growth factor 
FOXO  Forkhead box proteins of the class O 
FUNDC1 FUN14 domain-containing protein 1 
GIDE  Growth Inhibition and Death E3 Ligase 
HECT  Homology to the E6-AP carboxyl terminus 
HIF-1  Hypoxia inducible factor 1 
IDO  Indoleamine 2,3-dioxygenase 
IGF  Insulin-like growth factor 
IMM  Inner Mitochondria Membrane 
IRS1  Insulin receptor substrate 1 
IRS2  Insulin receptor substrate 2 
JAK1  Janus kinase 1 
JAK2  Janus kinase 2 
K  Lysine 
Kb  Kilobase 
kDa  KiloDalton 
LBPA  Lysobisphosphatidic acid 
LGMD2H Limb-girdle muscular dystrophy type 2H 
MAFbx  Muscle Atrophy F-Box Protein 
MDMX  Murine double minute X 
MDM2  Murine double minute 2 
MLC1  Myosin Light Chain 1 
MLC2  Myosin Light Chain 1 
MURF1  Muscle RING-finger protein-1 
MURF2  Muscle RING-finger protein-2 
MURF3  Muscle RING-finger protein-3 
MVB  Multivesicular Body 
MyBP-C Myosin-binding protein C 
MyBP-H Myosin-binding protein H 
MyHC  Myosin Heavy Chain 
Myh3  Myosin Heavy Chain 3 
MyHCemb Embryonic Myosin Heavy Chain 
MyHC-IID Myosin Heavy Chain IID 
MyHC-IIA Myosin Heavy Chain IIA 
MyHC-IIX Myosin Heavy Chain IIX 
MyoD  Myoblast determination protein 
MAPL  Mitochondrial-anchored protein ligase 
MARCH5 Membrane associated RING-CH-type finger 5 
Mfn1  Mitofusins 1 
Mfn2  Mitofusins 2 
MID49  Mitochondrial Dynamics Protein 49 
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MITOL  Mitochondrial ubiquitin ligase 
MTS  Mitochondrial Targeting Sequence 
MULAN  Mitochondrial ubiquitin ligase activator of NF-kB 
MUL1  Mitochondrial E3 ubiquitin protein ligase 1 
Neurl2  Neuralized-like protein 
NEDD8  neural precursor cell expressed, developmentally down-regulated 8 
NF-κB  Nuclear factor κB 
NFATC  Nuclear factor of activated T-cells 
NHR1  Neuralized Homology Repeat 1 
NHR2  Neuralized Homology Repeat 2 
Npl4  Nuclear protein localization protein 4 
OCR  Oxygen consumption rate 
OMM  Outer Mitochondria Membrane 
PARC  p53-associated parkin-like cytoplasmic protein 
PARL  Presenilins-associated rhomboid-like protein 
PARP  poly (ADP-ribose) polymerase 
PDCD6IP  Programmed Cell Death 6 Interacting Protein 
PINK1   PTEN induced kinase 1 
PI3K  Phosphatidylinositol-3-kinase ( 
PPCA  Protective Protein/Cathepsin A 
PRKN  Parkin 
PRD  Proline-Rich domain 
Pstm  Past-time mutation 
p65/RelA REL-associated protein 
RBR  RING between RING 
RBX1  RING box protein 1 
RBX2  RING box protein 2 
RING  Really Interesting New Nene 
ROS  Reactive oxygen species 
ROC1  Regulator of cullins 1 
SAG  Sensitive to Apoptosis Gene 
SCF  Skp1/Cul1/F-box  
SIGLEC3 Sialic acid-binding Ig-like lectin 3 
SIGLEC7 Sialic acid-binding Ig-like lectin 
SKP1  S-phase kinase-associated protein 1 
SLC25A4 Solute Carrier Family 25 Member 4 
SOCS  Suppressors of cytokine signaling protein 
TCAP  Titin-Cap 
TGF-β  Transforming growth factor beta 
TLR  Toll-like receptor 
TNF-α  Tumor necrosis factor α 
Tomm20 Translocase of Outer Mitochondrial Membrane 20 
Tomm70 Translocase 0f Outer Mitochondrial Membrane 70 
TRAF2   TNF Receptor-Associated Factor 2 
TRAF6   TNF Receptor-Associated Factor 6  
TRAF  TNF receptor associated factor 
TRIM32  Tripartite motif containing 32 
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TRIM63  tripartite motif containing 63 
TSG101 Tumor susceptibility gene 101, 
Ub  Ubiquitin 
UBE2M  Ubiquitin Conjugating Enzyme E2 M 
UBE2F  Ubiquitin Conjugating Enzyme E2 F 
UCP2  Uncoupling protein-2 
UCP3  Uncoupling protein-3 
Ufd1  Ubiquitin fusion degradation 1 
UPS  Ubiquitin-Proteasome system 
UTR  Untranslated region 
VBC  Von Hippel–Lindau-Elongin B and Elongin C 
VCP  Valosin-containing Protein 
VCAM  Vascular cell adhesion molecule 
VDAC  Voltage-dependent anion channels 
VHL  Von Hippel-Lindau tumor suppressor protein 
Wnt  Wingless-related integration site 
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