




ABSTRACT 
 
Mutations in TRIM32 result in the inherited disease Limb-girdle muscular dystrophy Recessive 8 

(LGMDR8), a neuromuscular disorder manifesting in the proximal muscles around the hips and 

shoulders. TRIM32 is a RING E3 ligase belonging to the tripartite motif family (TRIM), which 

functions in the last step of ubiquitination, transferring the ubiquitin from E2 conjugating enzyme to 

specific substrates based on its ability to recognize different proteins. In literature, some studies report 

the critical role of TRIM32 in muscle physiology, muscle atrophy, muscle regeneration, as well as 

neuronal differentiation, however the exact LGMDR8 pathogenic mechanism is still unclear. 

Moreover, several possible substrates and interactors of TRIM32 have been found in these studies. 

 

On the other hand, evidence support that the pathogenic mutations in TRIM32 result in the loss 

function of TRIM32. Not only the full-length deletion of TRIM32 has been discovered in LGMDR8 

patients, but also the Trim32 knock-out and Trim32 pathogenic mutation knock-in mice share similar 

neuromuscular phenotypes. Therefore, the impaired myogenic process is very likely caused by the 

loss function of TRIM32 as the mechanism underlying LGMDR8.  

 

In this project, we used an immortalized mouse myoblast cell line C2C12 to generate 

the Trim32 knock-out and wild-type clones. Using the gene-edited C2C12 cells as the research tool, 

we determined the impairment of the myogenic program caused by the loss function of TRIM32, 

including low activity of myogenic-relative signaling pathways, the delayed and abnormal myotubes 

formation, and the down regulation of myogenesis marker myosin heavy chain (MHC). This deficient 

myogenesis is not caused by the malfunction of MyoD, a master myogenic regulatory factor (MRF), 

but likely due to the downregulation of Myogenin, which is a downstream target of MyoD 

predominately expressed at the late stage of differentiation. At last, we identify c-Myc, a proto-

oncogene which was reported as an antagonist of MyoD activity on Myogenin expression, as likely 

regulated by TRIM32 at the beginning of differentiation.  

 

Taken together, these results strongly indicate that TRIM32 functions is crucial in the myogenic 

differentiation program at its onset and provide new insight into LGMDR8 pathogenic mechanisms.  
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INTRODUCTION 
 

1. Limb Girdle Muscular Dystrophy Recessive 8 
 
1.1 The pathogenesis of Limb Girdle Muscular Dystrophy Recessive 8  
 

Limb-Girdle Muscular Dystrophies (LGMDs) are a group of genetically inherited disorders affecting 

the neuromuscular system [1,2]. The different causative genes classify the LGMDs subtypes [3-5]. 

The updated nomenclature proposed to name the subtype based on the mode of inheritance (D, 

dominant; R, recessive), then its discovery order [6]. Limb-Girdle Muscular Dystrophy Recessive 8 

(LGMDR8; OMIM #254110), one subtype of LGMDs, is a degenerative neuromuscular disease, 

mainly manifesting as pelvic and shoulder area muscle weakness and wasting [6-8] (Figure 1). In 

most cases, the age of onset varies from childhood to adulthood, progressing slowly [9]. The 

phenotypical symptoms include difficulties in running, walking, and climbing at the beginning, and 

loss of ambulation may occur in the late course of the disease [10-13]. In addition, facial muscles and 

cardiac and respiratory involvement are also reported in some of the most severe cases [7]. LGMDs 

are rare diseases globally. The prevalence is estimated to be in a range of from one in 14,500 to one 

in 123,000, showing geographical variance (https://rarediseases.org/rare-diseases/limb-girdle-

muscular-dystrophies/). In an epidemiological study of LGMDs in Netherland in 2021, LGMDR8 

accounts for a 1% rate of all LGMD subtypes [14]. However, considering the slow development of 

this disease, and diagnosis challenges, the prevalence of LGMDR8 may skews lower in many 

countries [15]. At present, the most efficient diagnosis method for LGMDR8 is direct mutation 

detection in the responsible gene, either through Sanger sequencing or via next-generation sequencing 

(NGS) with gene panel analysis and whole-exome sequencing [16-19], ancillary with examinations 

of muscle biopsy, electromyography (EMG), magnetic resonance imaging (MRI) and analysis of 

serum creatine kinase (CK) level in blood [13,20,21]. Even with substantial improvements in the 

diagnostic process, patients living with LGMDR8 continue to face the reality that there is no effective 

disease-specific therapy [19]. Although several non-disease-specific treatments, such as steroids and 

physical therapy, are used to slower disease progression, most patients are under the burden of healthy, 

social, and economic pressure [15,22]. Therefore, revealing the pathological mechanism of LGMDR8 

is a pressing issue for developing disease-specific therapy. 
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1.2 Mutations in TRIM32 cause LGMDR8 
 

LGMDR8 was first described in Manitoba Hutterite population in 1976 and further studies identified 

the mutation c.1459G>A (p.Asp487Asn) in the tripartite motif-containing protein gene 32 (TRIM32) 

as responsible for LGMDR8 patients in this population [7,9,23]. In recent years, more LGMDR8 

patients were reported, also in non-Hutterite people, revealing many new pathological variants in 

TRIM32 [24]. On the other hand, mutations in TRIM32 can also cause Sarcotubular myopathy (STM; 

OMIM#268950) showing faster progression and severe phenotypes (Figure 2) [8]. To date, it is 

believed that LGMDR8 and STM represent different severities of the same disease as often the same 

mutation has been detected in patients presenting with either of the two clinical conditions [25]. Until 

now, 27 TRIM32 related pathological mutations have been identified, including nonsense, missense, 

frameshift, full deletion variants; mutation c.1459G>A (p.Asp487Asn) is the most frequently 

reported [24,26]. An exception is a missense mutation (p.Pro130Ser), the only one reported to date, 

causing Bardet-Biedl syndrome type 11 (BBS11), a multi-systemic disorder including retinal 

dystrophy, obesity, kidney abnormalities, and polydactyly, with no skeletal muscle involvement [27] 

(Figure 3). 

 

 

   

 

 

 

a b 

Figure 1 Muscular impairment in LGMDR8. a. The muscles highlighted by the red color are the main affected 

muscle (https://www.mda.org/disease/limb-girdle-muscular-dystrophy 2019). b. Patient 1 showed that distal 

muscle involvement led to distal atrophy and ankle contractions. Patient 2 showed mild paravertebral muscle 

atrophy with no scapular winging (Servián-Morilla, E. et al., 2019).  

Patient 1 Patient 2 
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1.3 Tripartite Motif 32, TRIM32 
 
TRIM32 gene is located on human chromosome 9 - NC_000009.12; it is composed of two exons with 

the entire open reading frame contained in exon 2, which encodes the TRIM32 protein [5,28]. 

TRIM32 is a member of tripartite Motif (TRIM) family, one of the major of E3 ligases groups 

containing a RING domain which plays a catalytic role binding a ubiquitin-charged E2 enzyme to 

transfer ubiquitin (Ub) to the proper target (see below) [29]. Over 70 TRIM members were identified 

and involved in many cellular pathways [30]. TRIM32 contains a conserved N-terminal module 

including a RING domain, a single type 2 B-box domain, and a Coiled-Coil region while its C-

terminal portion presents a 6-bladed β-propeller NHL domain [31]. TRIM32 is able to process self-

ubiquitination and mediate ubiquitination on various substrates [10,32]. The RING domain carries 

out E3 ligase catalytic function [33,34]. The role of the B-box domain is not yet clear, while some 

data indicated that the B-box domain modulates ubiquitin chain assembly rate [35]. The Coiled-Coil 

domain regulates TRIM32 ability to form homo-oligomers, which serve as the active form [36]. The 

NHL repeat domain mediates protein–protein interactions likely providing substrate specificity 

(Figure 3) [37].  

 

Figure 2 The disease progression of LGMDR8 and Sarcotubular myopathy (Modified from 

Dimitra G. et al., 2021). 
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Previous studies suggested that the NHL motif is the focal region of LGMDR8 pathogenic missense 

variants, which indicated a perturbation in substrate recognition [26,37,38]. However, more 

pathological mutations out of NHL motif were described, including the mutation leading TRIM32 

full length deletion [12,39,40]. Furthermore, several reports point out that some LGMDR8 pathogenic 

mutations in TRIM32 lead to remarkable downregulation of TRIM32 protein. For example, TRIM32 

shows a very low level in fibroblast isolated from LGMDR8 patients with the homozygous 

c.1459G>A (p.Asp487Asn) mutation in the NHL domain [41]. Reduced TRIM32 level has also been 

found in muscle samples from LGMDR8 patients carrying c177G>A (p.Val591Met) involving the 

NHL domain [40]. In addition to mutations clustered in NHL domain, in the LGMDR8 patient 

harboring the c.1560delC (p.Cys521ValfsX13) truncating mutation in the coiled-coil domain, no 

short TRIM32 form was observed in muscle lysates [39]. A frame-shift mutation c.115_116insT 

( p.Cys39LeufsX17) identified in LGMDR8 patients in the RING domain results in a premature stop 

codon, which in turn results in undetectable TRIM32 protein in the muscle sample [40]. This 

phenomenon is also observed in LGMDR8 mouse model. Analysis of a Trim32 knock-in mouse 

myoblasts carrying the c.1459G>A (p.Asp489Asn) mutation, corresponding to the human 

LGMDR8/STM pathogenic mutation c.1459G>A (p. Asp487Asn), revealed an almost undetectable 

Figure 3 Graphical summary of the pathological mutations occurring in TRIM32. Domain names are indicated 

and the mutations within the NHL domains are grouped according to single NHL repeats. Most LGMDR8-causing 

mutations cluster within the C-terminal NHL domain of TRIM32 and may be in common with the allelic disease 

Sarcotubular myopathy (STM), while the P130S mutation in the B-box (red) is associated with Bardet-Biedl 

syndrome type 11 (Kumarasinghe. et al., 2021). 



 7 

TRIM32 protein compared to the wild-type mouse myoblasts. However, the mRNA level of Trim32 

did not show difference in Trim32 mutated and wild-type myoblasts [42]. In this scenario, LGMDR8 

is likely due to the total loss of function of TRIM32. The mechanism regulating TRIM32 degradation 

is unclear. One interesting study indicates that mutant p.Val591Met in myoblasts isolated from a 

LGMDR8 patient is degraded via the autophagy pathway [43]. 

2. Ubiquitination 
 
As an E3 ligase enzyme, TRIM32 participates in the ubiquitination process. Ubiquitination is a vital 

post-translational modification (PTM) existing in eukaryotic cells. This process occurs through a 

tightly regulated enzymatic cascade which is carried on through the cooperation of three key enzymes, 

E1, E2, and E3, delivering and conjugating ubiquitin (Ub) as single peptide or as an Ub chain on 

target substrates as result (Figure 4). Depending on the topology of the Ub chain built on the substrate, 

the target protein turnover, subcellular localization, and activity can be regulated [44-46].  

 

 

 

 

 

 

 

 

 

2.1 Ubiquitin 
 
Ubiquitin (Ub) is a small regulatory protein consisting of 76 amino acids (8.6 kDa) whose C-terminal 

Figure 4 The cascade of ubiquitination. E1 activates ubiquitin and begins a cascade of enzymatic/substrate activity. 

E2 grabs the ubiquitin molecule from E1 and creates an E2-Ubiquitin conjugate intermediate. E3 recognizes 

substrate and transfers the ubiquitin molecule from the Ub-E2 intermediate to the target substrate 

(https://lifesensors.com/ubiquitinproteasomesystem/).  
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glycine residue can be covalently attached to one amino group, of lysine residues most commonly 

(mono-ubiquitination), or to multiple lysine amino groups (multi-mono-ubiquitination) of substrate 

proteins, and which can be further extended by linkage of additional Ub to form Ub chains [47-49]. 

Mono-ubiquitination has many regulatory functions, for example, protein auto-inhibition, 

intracellular localization and trafficking, and regulation of protein complex formation, to name some 

[50-53]. The extension of Ub chain significantly expands its effects on a target protein. After the first 

Ub linking to the target substrate, the following Ub can bind the existing Ub to lysine residues as well 

as to the N-terminal methionine residue. There are seven lysine residues and an N-terminus in the Ub 

peptide: K6, K11, K27, K29, K33, K48, K63, and M1; each of them can participate in further 

ubiquitination, generating linkage-specific poly-Ub chains (Figure 5) [54-57]. The linkage pattern 

through different residues determines the versatility of this system in regulating a variety of cellular 

processes. 

Lysine (K)48-linked poly-Ub chains were the first identified and best-characterized Ub chains. It 

triggers a well-known process called proteolysis [58]. The proteins tagged with K48 Ub-chains, 

representing “to be degraded protein,” can be recognized and trafficked to 26S proteasome, which is 

a recycling station in cells. The 26S proteasome is a barrel-shaped structure comprising a central 

proteolytic core made of four ring structures flanked by two cylinders that selectively allow entry of 

ubiquitin-modified proteins. The ubiquitin-modified proteins in 26S proteasome will be quickly 

degraded into small peptide fragments, which can be used for new protein synthesis, and the cleaved 

Ub will be recycled in the pool available for other rounds of ubiquitination. This Ub-proteasome 

mediated degradation is termed ubiquitin-proteasome system (UPS) [59-61]. This process is essential 

for cell metabolisms such as cell cycle, cell apoptosis, gene expression, and to degrade the damaged, 

and unfolded proteins, or those that are no more needed in given times and spaces [61,62]. In muscle 

atrophy, UPS shows a high level of activity to induce a large amount of muscle protein degradation, 

resulting in a loss of muscle mass [63-67].  

Another well-studied non-proteolytic form of ubiquitination is Lysine (K)63-linked chains. Unlike 

K48-induced target protein degradation, K63-Ub chains are suggested to adjust target protein activity 

and location, involved with processes such as endocytic trafficking, inflammation, and DNA repair 

[68-70]. Proteins modified with K63-Ub chains can be recognized, and bind other proteins with 

Ubiquitin Binding Domain (UBD), this type of interactions are essential in NF-kB signaling pathway 

stimulated by IL-1 and TNF-a [71]. In DNA-damage response pathway, the K63-Ub chains modified 

receptor-associated protein 80 (RAP80) helps BRCA1 associated repairing complex to be recruited 

at the site of damage [72,73]. Regarding other types of chains assembled through K6, K11, K27, K29, 
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K33, and M1, the function is poorly understood. Besides, mass spectrum data indicate that not only 

homo-type but also mixed and branched chains exist, although their role is still not known (Figure 

5).    

 

 

 

 

 

 

 

 

2.2 Ubiquitin-activating (E1) enzymes 
 
The first step of ubiquitination is catalyzed by the Ub-activating enzyme (E1) that activates Ub in an 

ATP-dependent manner through the formation of a thiol-ester bond between the C terminus of Ub 

and the E1 active site cysteine (Cys). The human genome encodes two E1s, Uba1 and Uba6. Uba6 

conjugates less than 1% of Ub, while Uba1 is responsible for 99% of the cellular conjugations [74-

76]. 

2.3 Ubiquitin-conjugating (E2) enzymes 
 
The activated Ub is then transferred to the active-site Cys of a Ub-conjugating enzyme (E2). On the 

other hand, the Ub-charged E2 enzyme can bind one of the several ubiquitin ligases (E3 enzymes) 

via a structurally conserved binding region. More than 30 E2 enzymes in the human genome have 

been found. Each E2 enzyme can interact with several E3 ligases and, in many cases, an E3 ligase 

can perform Ub transfer interacting with different E2s [77,78]. 

2.4 Ubiquitin ligase (E3) 
 

Figure 5 Targeting different lysine or Met1 of Ub for chain formation allows the generation of a great 

variety of distinct Ub modifications, including different homotypic chains, mixed and branched chains. 



 10 

The ubiquitin ligase (E3) transfers Ub from E2 to the interacting specific substrate. The human 

genome encodes nearly 600 E3 Ub ligases which intervene in the last and critical step for the 

specificity of ubiquitination. E3 ligases are classified into three major groups based on the unique 

catalytic mechanisms that they employ: The Homologous to E6-associated protein C-terminus 

(HECT) family, the RING-in-between-RING (RBR) family, and the Really Interesting New Gene 

(RING) family (Figure 6) [79,80]. 

HECT ligases are characterized by the presence of a conserved HECT domain and a variable N-

terminus that mediates the target substrate's specificity. HECT ligases transfer Ub from E2 to 

substrate through a two-step reaction. In the first step, HECT ligases accept Ub from E2 on the domain 

catalytic cysteine. Then Ub is further moved and bound to the target substrate. Based on their N-

terminal structures, HECT ligase can be divided into three subfamilies: neuronal precursor cell-

expressed developmentally downregulated 4 (NEDD4), RLD domain-containing HECT (HERC), and 

the others which cannot be categorized into these two groups [81]. HECT ligases are involved in the 

regulation of many cell signaling pathways, such as Wnt, PI3K-AKT, Hedgehog, and p53 [82-85]. 

RBR ligases show a similar two-step catalytic process as HECT. They contain two RING domains 

and one in-between-RING (IBR) domain. RING-1 interacts with E2 and transfers Ub from E2 to the 

RING-2 domain, and the RING-2 domain conjugates Ub to the binding substrate. In this process, the 

IBR domain serves as a scaffold for an optimal conformation [86]. 

RING ligases compose the largest E3 ligase class, including also the TRIM family. RING E3 ligases 

are actually induces two groups; presence of a zinc-binding RING domain or a U-box domain that 

lacks the eight-canonical zinc-chelating residues but assuming a similar RING 3D structure [87,88]. 

Unlike HECT and RBR E3 ligases, RING E3 ligases do not conjugate Ub in the transferring process 

and are actual catalytic enzymes that facilitate Ub moving from E2 to a substrate without directly 

participating in the reaction [29,34]. Ub-charged E2 and substrate are in close proximity when they 

both bind RING E3 ligases. Recent studies offered more profound insight into E2-Ub intermediates 

that exist in multiple conformations either "open" or "close." Binding of the RING E3 ligase promotes 

E2-Ub into "close" conformation, which enforces Ub drop from E2 and then attracted by the exposed 

hydrophobic residues of substrate [89]. RING E3 ligases can function as monomers, dimers, or 

oligomers [90]. Many TRIM E3 ligase dimers and oligomers are the active or highly efficient forms. 

For example, binding to Ub-conjugated E2 promotes TRIM25 homo-dimerization, improving 

TRIM25 catalytic activity. Further, some studies indicate that the homo-association of TRIM32 

through the coiled-coil domain is necessary for its E3 ligase activity [36]. 
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2.5 Deubiquitinating Enzymes (DUBs) 
 
Ubiquitination is a dynamic process that the Deubiquitinating Enzymes (DUBs) can revert. DUBs 

are a group of Ub proteases cleaving Ub from substrates to reverse the effects of ubiquitination. The 

net balance of ubiquitination and deubiquitinating hence determines proteins' fate. The human 

genome encodes around 100 DUBs [91-93]. Ubiquitin-specific proteases (USPs) represent a large 

DUBs family, which is vital in cell signaling. Many TRIMs, including TRIM32, work together with 

USPs to control the balance of ubiquitination on substrates. Actually, some DUBs work on the 

proteasome for disassembly before complete degradation [94-96]. 

 

 

 

 

 

 

 

 

 

 

Figure 6 Protein ubiquitination is carried out by Ub-activating enzyme (E1), Ub-conjugating enzyme (E2), and 

Ub-ligating enzyme (E3). (1) The E1 activates Ub in an ATP-dependent manner through the formation of a thiol-

ester bond. (2) The activated Ub is transferred to the active-site Cys of a E2. (3) The E3 facilitates ubiquitination 

of substrate and defines substrate specificity. The enzymatic HECT (homologous to the E6AP carboxyl terminus) 

domain E3s form a thioester with Ub, which is then transferred to the amino group of a substrate lysine, whereas 

non-HECT domain E3s contain a RING or RBR (RING-between RING-RING). They do not possess enzymatic 

activity but function as adaptors linking substrate and Ub-charged E2. Targeting different lysines or Met1 of Ub 

for chain formation allows the generation of a great variety of distinct Ub modifications, including different 

homotypic chains, mixed and branched chains (Kumarasinghe, et al., 2021). 
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3. Skeletal Muscle 
 
3.1 Muscle Anatomy Structure 
 
Striated skeletal muscle accounts for 35%-45% of our body mass. The skeletal muscle system is 

controlled by the somatic nervous system, and supports our body and performs powerful and precise 

movements, breathing, and locomotion [97,98]. The cellular unit of skeletal muscle is the muscle 

fiber, which is distinct from every other body cell type. The mature muscle fiber can reach 20-30 cm 

of length and display multiple nuclei supporting its high-level metabolism. Actin and myosin are two 

main functional proteins in the muscle fiber controlling its contraction and relaxation. Skeletal muscle 

fibers can be classified as type 1 (slow-twitch) and type 2 (fast-twitch). Type 1 fiber prefers aerobic 

metabolism; to that purpose it has more mitochondria and high myoglobin content. Conversely, type 

2 fiber relies more on anaerobic respiration to produce ATP [99-101]. 

Each muscle fiber is surrounded by connective tissue called the endomysium, composed of collagen 

IV and V, interlaced with a nest network of blood vessels and nerves [102]. Thousands of muscle 

fibers bundle together into muscle fascicles enveloped in the connective tissue perimysium. Many 

muscle fascicles pack tightly with nerves and vessels to constitute a skeletal muscle [103,104] 

(Figure 7). The structure and amount of muscle tissue varies based on health condition and age [105]. 

A general loss of skeletal muscle mass is a characteristic, debilitating response to fasting. However, 

more dramatically, it can be a response to many severe diseases, including advanced cancer, renal 

failure, sepsis, and diabetes, and it is known as muscle atrophy. Importantly, the healthy skeletal 

muscle shows the regenerative ability to repair the damage [106]. 
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3.2 Structure and Function of Muscle Fiber 
 
 Sarcomere 
 
The sarcomere is the smallest contractile unit in the skeletal muscle fiber cytoplasm. Each sarcomere 

is mainly composed of two well-organized proteins: myosin and actin, which serve for muscle 

contraction. Some other auxiliary proteins surround or bind myosin and actin. The structure in Figure 

8 represents a basic sarcomere [107,108]. The sarcomere is a symmetric structure where one end of 

actin anchors to the Z-disc, and the other connects myosin in the middle of the sarcomere. The 

sarcomeric Z-disc, the anchoring plane of actin filaments, links titin (also called connectin) and actin 

filaments from opposing sarcomere halves in a lattice connected by a-actinin [109-111]. A line in the 

centre of the sarcomere is termed an M line (Figure 8) [112].  

The myosin filament contains numerous heads. These heads are attached to the actin filaments with 

the assistance of myosin-binding protein C (MyBP-C), forming actin-myosin cross bridges. The 

power stroke forcing muscle contraction exists in the numerous actin-myosin cross bridges. Another 

protein group consists of several isoforms of tropomodulin/leiomodin homology family, and it 

regulates actin filament formation. By consuming the chemical energy released by ATP hydrolysis, 

myosin heads slide actin filaments move toward the M line, forcing the contracting of each sarcomere 

[109,113,114]. 

 

 

 

Figure 7 The structure of skeletal muscle. Each skeletal muscle fiber is a single cylindrical muscle cell. An 

individual skeletal muscle is made up of muscle fibers bundled together and wrapped in connective tissue. Each 

muscle is surrounded by a connective tissue sheath called the epimysium. Portions of the epimysium project 

inward to divide the muscle into compartments. Each compartment contains a bundle of muscle fibers. Each 

bundle of muscle fiber is called a fasciculus and is surrounded by a layer of connective tissue called 

the perimysium. Within the fasciculus, each individual muscle cell, called a muscle fiber, is surrounded by 

connective tissue called the endomysium. (https://training.seer.cancer.gov/anatomy/muscular/structure.html)  
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Sarcolemma 
 
Sarcolemma is the plasma membrane of muscle fiber. It is the site where neuromuscular junction 

form and contains ion channels, transporters, and pumps for calcium.  Not only the calcium signal 

regulates the myogenic fusion during fiber formation, but also the change of calcium level in muscle 

fiber is the switch of muscle contraction and relaxation. The fast reaction of muscle fiber reacting to 

neuro stimulation is depending on the rapid release and recycle of calcium, which benefits from 

sarcoplasmic reticulum (SR), a cellular calcium store.  Some sites of sarcolemma form invaginations 

into cytoplasm named T-tubules, and SR distributes in the cytoplasm and is closed to the walls of T-

tubules. The receptors on sarcolemma receive the stimulation from extracellular matrix (ECM) and 

transmit the signal to SR, promoting calcium release immediately. The increased calcium level in 

cytoplasm stimulates myosin to bind actin filaments and force them to move. When the stimulation 

from ECM is removed, the calcium in cytoplasm is collected back into SR and myosin is inactivated 

[115-117]. In addition, sarcolemma physically connects to the sarcomere through dystrophin and 

other proteins (costamere, see below). This structure connecting sarcolemma and sarcomere provides 

supporting to sarcolemma, and transmits various signals between ECM and cytoplasm [118] (Figure 

9). 

 

Figure 8 A schematic view of a sarcomere. Shown in the figure are schematic locations of actin and myosin as 

well as tropomodulin, leiomodin and myosin-binding protein C (MyBP-C). The inset shows two putative binding 

modes of MyBP-C.  (P Young, et al., 1998) 
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Costamere 
 
A sarcomere is connected to the sarcolemma through another functional unit termed of the costamere 

[119-121]. The shape of the costamere is like a rib, with one end binding to the actin filament and the 

other contacting the ECM. Costamere are scattered in each sarcomere, aligned with Z-disc, passing 

the contractile force from the sarcomere to basal lamina and transmitting signaling between 

cytoskeleton and ECM in skeletal muscle [122,123]. Costamere mainly comprises two sub-units: the 

dystrophin-glycoprotein complex (DGC) and the vinculin–talin–integrin system [124-128] (Figure 

10).  The correct association of these two complexes is regulated by the transcription factors: myocyte 

enhancer factor-2 (MEF2), the serum response factor (SRF), and histone deacetylase [123,129,130]. 

The correct alignment of costameres with the Z-discs depends on intermediate filaments such as 

desmin and plectin. Many muscular dystrophies are caused by the mutations of costamere 

components, Duchenne muscular dystrophy (DMD) (total absence of dystrophin), Limb girdle 

muscular dystrophy (LGMD) 2C (mutations in γ-sarcoglycanopathy), 2D (mutations in α-

sarcoglycan), 2E (mutations in β-sarcogycan), and 2F (mutations in δ-sarcoglycanopathy) for 

incidence [5,131,132].  

Figure 9 Sarcolemma and Excitation–contraction and relaxation of skeletal muscle. Electrical stimulation of 

the cell membrane by acetylcholine, the spread of action potential to the junction between sarcoplasmic 

reticulum (SR) and T-tubule, release of Ca2+ from the SR, binding of Ca2+ to Tn initiates actin–myosin 

interactions leading to muscle contraction (Steps 1–5). The lack of electrical stimuli causes sequestration of 

Ca2+ back into the SR and prevents actin–myosin interactions, thereby allowing the muscle to relax completely 

(Steps 6-9) (S. K. Gollapudi, et al., 2014). 
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The dystrophin-glycoprotein complex (DGC) is a group of well-organized proteins crossing 

sarcolemma. Dystrophin connects actin filaments in the cytoplasm to the subsarcolemmal protein 

syntrophin and α-dystrobrevin. Syntrophin is bound to two trans-sarcolemma proteins, sarcoglycans 

α−ε and dystroglycan α/β. One isoform of dystroglycan extends to ECM and links to the laminin α2. 

This complex string sarcomere, sarcolemma, and ECM, providing structural support to the 

sarcolemma. On the other hand, it mediates membrane targeting and stabilizes the sarcospan protein 

[133-135]. 

The vinculin-talin-integrin system is the other complex that links actin filament and sarcolemma. This 

complex mainly contains two cytoskeletal proteins, vinculin and talin, as well as very important 

transmembrane proteins, integrins. Vinculin and talin work as a physical connection between actin 

filaments and integrins. Integrins recruit signaling proteins to transduce mechanical stimuli from 

ECM to the cytoplasm through focal adhesion kinase (FAK), melusine, paxillin, src, cas and 

phosphatidylinositol (4) phosphate 5 kinase type I (PIPKI). This system is critical for signaling 

transmission between the ECM and cytoplasm and regulates cell reorganization and adhesion. 

Integrins mediated signaling is predominantly regulated by an integrin-linked kinase (ILK), which is 

essential for controlling shape and mobility in myogenic fusion [136-140]. 

 

  

 

 

 

 

 

 

 

Figure 10 Schematic representation of proteins forming costamere in skeletal muscle as indicated. FAK, focal 

adhesion kinase; ILK, integrin-linked kinase; PINCH, particularly interesting cysteine- and histidine-rich protein. 

(Oihane Jaka, et al., 2015) 
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3.3 Muscle regeneration 
 
The myogenic process occurs not only during embryonic development but also during adult muscle 

regeneration [141,142]. The regulation and molecular program of these two processes share common 

features, but some differences remain [143]. The patients with LGMDR8 have a normal embryonic 

development, hence we mainly focus on muscle regeneration here.   

Satellite cells 
 
The capacity for muscle regeneration lies in a unique adult stem cell type, the satellite cell [144,145].  

Like other stem cell types, the muscle stem cells termed mononuclear satellite cells display a high 

nucleus-to-cytoplasm ratio. They wedge between the endomysium and the fiber membrane. Satellite 

cells account for 2–7% of the total muscle nuclei. However, this proportion depends on many factors, 

such as age, muscle type, and pathological condition [146,147]. For example, Duchenne Muscular 

Dystrophy patients show a reduced satellite cell population [148]. Specific markers are expressed in 

satellite cells, which can be used to distinguish satellite cells from other cells and define the satellite 

cell condition (Table 1) [149]. Among them, the most widely used is the paired box protein (PAX7), 

expressed in all satellite cells, whereas the expression of MyoD is a marker of proliferating satellite 

cells (Figures 11 and 13) [150-152].  In normal conditions, the satellite cells keep quiescent. Once 

activated, they will finally enter into the myogenic process and form new muscle fiber [153]. 

The muscle regeneration process upon muscle injury is a finely orchestrated set of cellular responses, 

resulting in the regeneration of a well-innervated, fully vascularized, and contractile muscle apparatus. 

Efficient muscle regeneration relies on specific myogenic pathway activation in satellite cells and 

some other cell types' contribution [154]. 
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MSTN, myostatin; VCAM-1, vascular cell adhesion molecule-1; NCAM, neural cell adhesion 
molecule; MNF, myocyte nuclear factor; IRF-2, interferon regulatory factor-2. Reference numbers 
are given in parentheses. (SOPHIE B. P. CHARGÉ, et al., 2004)  

    

Table 1 Satellite Cell Markers 
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First stage of muscle regeneration 
 
Muscle damage initially triggers a complex inflammatory reaction. In this process, the newly 

synthesized cytokines such as TNF-α, IL-1/4/10, and TGF- β are secreted, and these are known to 

stimulate the satellite cells. In addition, the damaged muscle debris release FGF-4 and FGF-6, 

regulating satellite cell proliferation and basement membrane formation [155-160]. Upon exposure 

to the activation signals, the satellite cells are quickly stimulated, migrate to the damaged site, and 

start proliferating. At this stage, the expression of PAX7 decreases and is replaced by the other two 

myogenic regulatory factors (MRFs), Myf5 and MyoD [161,162] (Figure 12). These committed 

satellite cells are termed myoblasts or myogenic progenitors. Myf5 and MyoD are highly and 

constantly expressed in the proliferative myoblasts and their function is likely to overlap. Substantial 

evidence describes MyoD as a critical factor in muscle regeneration. MyoD knock-out mice show 

reduced regenerative capacity characterized by increased myoblasts and decreased regenerated 

muscle fibers. In vitro, the knockout of MyoD completely blocks myoblasts' differentiation 

progression. The role of Myf5 is still elusive because of the lack of Myf5 knock-out mouse model. 

Some studies report that Myf5 controls myoblasts proliferation while MyoD triggers myoblasts 

differentiation [163-167]. 

Second stage of muscle regeneration 
 
Several rounds of proliferation provide enough myoblast pool for repairing the muscle damage. At 

this point, these myoblasts withdraw from the cell cycle and enter into differentiation. Starting 

differentiation, Myf5 and MyoD expression rapidly decrease, while Myogenin and MRF4 become 

MyoD 

Figure 11 Satellite cells in their niche on the surface of freshly isolated Extensor Digitorum Longus (EDL) 

myofiber were co-immunoassayed for Pax7 (satellite cell) and MyoD (proliferating satellite cell) (Gnocchi, 

et al., 2009). 
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the main expressed MRFs in this stage. Myogenin is a downstream target of MyoD and Myf5, 

essential for advanced stage of differentiation [168,169] (Figures 12 and 13).  Myogenin triggers the 

expression of a series of genes involving muscle contractility, such as myosin heavy chain, a 

prototype of molecular motor—a protein that converts chemical energy from ATP to mechanical 

energy, thus known as a marker for muscle fiber [170,171]. Myogenin knock-out mice die in perinatal 

due to a severe muscle malfunction [172]. The role of MRF4 is still not completely clear. MRF4 

shows the highest level in adult muscle than any other MRF, indicating its role in muscle physiology 

[173-175]. In this stage, the shape of myoblasts changes from satellite to fusiform, adhering parallel 

with each other or with the existing muscle fiber. The cells at this stage are termed Myocytes [176]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Myogenic lineage progression and expression profile of key myogenic regulators. a Schematic 

illustration of the myogenic lineage progression. Satellite cells are activated, e.g., due to injury, start to proliferate, 

thereby generating myogenic progenitor cells. Upon differentiation, myogenic progenitor cells differentiate into 

myocytes, which fuse to form myotubes and mature to become myofibers, the contractile unit of skeletal muscle. b 

Expression profile of key modulators of myogenic lineage progression. MHC, Myosin Heavy Chain. (Schmidt, 

M., et al., 2019) 
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Third stage of muscle regeneration 
 
The third stage mainly refers to myocyte fusion. This process requires vast and complicated signal 

pathways, molecules, and cell morphology changes. Many molecules are involved in cell recognition, 

extracellular environment change, cell membrane topography, and cytoskeletal reorganization. 

[177,178] At the last step, myocytes secrete perfusion vesicles accumulating at the contact site of the 

two adherent cells. With more and more pores created in the contact membranes, the membranes 

finally dissolve to give rise to new multinucleated muscle fiber or integrate the myocyte into the 

existing muscle fiber. Because it is hard to establish a proper experimental system for visualizing and 

studying mammalian cell-cell fusion, we still do not know the master regulator in the fusion process. 

[179,180] Nevertheless, evidence indicates that both MyoD and Myogenin can regulate myoblast 

fusion by inducing the muscle-specific membrane protein Myomaker and Myomixer. [181] 

Globally, MRFs are determination factors required to establish myogenic identity. They function as 

an orchestrated cascade with some overlapping actions. Besides, other cell signals can regulate MRFs 

expression, and the gene regulatory network involved in this process is complicated by cross-

regulations, feed-back and feed-forward loops. In this scenario, the mechanism of muscle 

regeneration is a vast and tangled network, and more studies are required to fully reveal it. 

 

 

 

 

 

 

4. TRIM32 is a E3 Ubiquitin Ligase in muscle physiology  
 
TRIM32 is involved in various signaling pathways by affecting many substrates' activity. TRIM32 

widely distributes in different tissues, particularly in the nervous system, brain, muscle, and cancer 

cells. TRIM32 specifically mediates the ubiquitination of different substrates in various cells and 

Figure 13 Culturing C2C12 cells for myogenic process in vitro. a. Co-immunostaining for MyoD (red) and DAPI 

(blue) in proliferating C2C12 cells (Day 0 of differentiation). b. Co-immunostaining for Myogenin (green) and 

Myosin Heavy Chain (red) in myotube (Day 6 of differentiation) (This work). 

a b 
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stages of development; the outcomes to cells can be very different. For example, TRIM32 promotes 

cancer cell proliferation by involving AKT, Wnt, and NF-κB pathways [182-184]. However, in 

muscle and neuron generation, TRIM32 is described as essential in inhibiting cell proliferation and 

enabling differentiation, although the exact mechanism is not precisely known.  

On the other hand, the ability to interact with different E2 enzymes also expands TRIM32 possible 

effects on substrates. Recombinant TRIM32 can promote its auto-ubiquitination in the presence of 

E2 enzymes of the D subfamily (UbE2D, UbcH5), can form poly-ubiquitin chains with UbE2N 

(Ubc13)/UbE2V2 (Mms2), and can process self-ubiquitination with a single ubiquitin molecule with 

the priming E2s UbE2W (Ubc16), UbE2E1 (UbcH6), and UbE2E3 (UbcH9) [35]. Different E2 

enzymes work on mono- or poly-ubiquitination of substrates and can determine linkage-specific poly-

Ub chain (K6, K11, K27, K29, K33, K48, and K63). Therefore, the coupling of TRIM32 with 

different E2s results in various outcomes of physiological substrates in vivo. For example, TRIM32 

promotes PB1 degradation by attaching K48-linked ubiquitination to it. In another case, TRIM32 

mediates STING K63-linked ubiquitination influencing its activity [185,186]. Various TRIM32 and 

E2-conjugating enzyme combinations increase their specificity on substrates, which also partially 

explains their essential role in numerous physiological processes.      

In addition to acting as E3 ligase, some reports indicate that TRIM32 can function binding to RNA 

(e.g., binding to the miRNA Let-7a) and interacting with other proteins without an ubiquitination 

outcome (e.g., Myosin). In this scenario, the leading site is represented by TRIM32 NHL repeats 

instead of the RING domain. What is the extent of this RNA binding activity still needs deep 

investigation.  

 

Globally, TRIM32 participates in numerous physiological processes through its E3 ligase activity or 

possibly as an RNA regulator [187]. Although the multifaceted TRIM32 provides many possibilities 

to explain the pathological mechanism of LGMDR8, the fundamental critical molecular mechanisms 

can hide deeply behind this complicated action network. 

 

5. TRIM32 and Muscle Atrophy 
 

Skeletal muscle is in a dynamic balance between anabolic (or hypertrophic) and catabolic (atrophic) 

processes. Some external stresses and diseases can break this balance and incline to atrophic. In this 

situation, two E3 Ub ligases, MuRF1/TRIM63 and Atrogin-1, are upregulated, and mediate muscular 

protein degradation through the Ub-proteasome system, resulting in muscle mass loss and 
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malfunctioning. In various models of muscle atrophy, MuRF1 and Atrogin-1 are the major regulators 

of atrophic processes in muscle [188-190]. The role of TRIM32 in muscle atrophy is very 

controversial. Unlike MuRF1 and Atrogin-1, TRIM32 is not a key inducer for muscular protein 

degradation in muscle atrophy. However, many filament proteins, including actin, a-actinin, 

tropomyosin, and dysbindin, were identified as substrates of TRIM32 in vitro [191,192]. Considering 

the low level of TRIM32 and the localization of these tightly arranged muscular proteins in vivo, its 

E3 ligase activity on these putative targets in vivo can be complicated.   

 

Besides, TRIM32 is probably essential for the integrity of costamere. TRIM32 has been found around 

Z-discs in the sarcomere, and desmin, the intermediate filament that regulate the costamere correct 

alignment to Z-discs, is a substrate of TRIM32 [192]. In addition, study on drosophila thin/abba, the 

orthologous gene of Trim32, found that thin mutation can significantly result in disorganization of 

the costameric orthologs β-integrin, Spectrin, Talin, and Vinculin [193]. 

  

Actin is a ubiquitous cytoskeletal protein, and its a-isoform is the major myofibrillar protein 

exclusively expressed in muscle [94]. a-actinin interacts with myosin in thick filaments to constitute 

the fundamental contractile module of muscle [95,96]. Actin can be mono-ubiquitinated by TRIM32 

in vitro and reduced in HEK293 cells when TRIM32 is ectopically expressed. On the other hand, 

TRIM32 is a myosin-binding protein but does not mediate the ubiquitination of myosin, and its effect 

on myosin is unclear [191]. Desmin forms intermediate filaments that compose the primary 

cytoskeletal network in muscle and are important in maintaining myofibril stability and alignment. 

In support of the potential involvement of TRIM32 in promoting muscle atrophy, TRIM32 mediates 

the poly-ubiquitination of desmin in vitro, and blocking TRIM32 expression by shRNA can prevent 

desmin degradation in muscle atrophy [192] (Figure 14). 

Some data demonstrate that TRIM32 induces autophagy as a protective mechanism to attenuate 

muscle damage during atrophy. TRIM32 downregulation does not affect the basal autophagy flux in 

undifferentiated and differentiated C2.7 cells (a murine myoblast cell line) but impairs autophagy 

induction in atrophic conditions in vitro and in vivo. The further analysis of mass spectrometry-based 

protein interaction screening and co-immunoprecipitation proved that TRIM32 induces K63-poly-

ubiquitination of ULK1 (Unc-51 like autophagy activating kinase 1), and this process is regulated by 

AMBRA1 (the activating molecule in BECN1-regulated autophagy protein 1) since the formation of 

TRIM32-AMBRA1 intermediate can strongly enhance the efficiency of ULK1 ubiquitination 

[194,195]. In atrophic conditions, ULK1 is activated and promotes autophagy through its downstream 

targets, VPS34 and BECLIN1 (Figure 14) [196]. The study also confirms that the Trim32 LGMDR8 
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pathogenic mutations p.Asp487Asn and p.Arg394His reduce its ability to promote ULK1 association 

with K63-linked poly-Ub, which impairs autophagy induction with atrophic stimuli [195]. However, 

by contrast, an increased autophagy flux is present in muscle biopsies from the LGMDR8 patients 

with p.Val591Met and p.Asn217Ser/Phe568del, which indicates that malfunction of TRIM32 induces 

autophagy in vivo [40]. 

Other studies point to the role of TRIM32 in maintaining glycolytic metabolism. AKT pathway is 

also probably involved in muscle atrophy and muscle hypertrophy through being regulated by 

TRIM32. When muscle atrophy is induced by fasting, TRIM32 reduces PI3K-Akt-FoxO signaling 

by promoting plakoglobin-PI3K dissociation, thus inhibiting glucose uptake and causing muscle 

atrophy (Figure 14) [197]. TRIM32 prevents pathological cardiac hypertrophy by inhibiting the Akt 

pathway as well [198]. 

The above discussion suggests a role of TRIM32 in muscle atrophy. On the other hand, many studies 

propose a key role of TRIM32 in muscle regeneration. There are two facts supporting TRIM32 

contributing to the myogenic process: 1. the level of TRIM32 in normal muscle and muscle atrophy 

models did not show any difference. A significant increase of TRIM32 is instead present during 

muscle regeneration [41,199]. 2. When muscle atrophy is induced by fasting and cardiotoxins (CTX), 

Trim32 knockout and Trim32 wild-type mouse lines show the same atrophic level (body weight and 

muscle weight reduction). Some substrates of TRIM32, such as actin and desmin, which are essential 

for muscle cell function and structure, do not display differences in their levels [41]. Conversely, the 

loss of TRIM32 inhibits the differentiation and maturation of satellite cells, and a muscle regeneration 

defect is observed in Trim32 knock-out and LGMDR8 pathogenic mutated Trim32 knock-in mouse 

models [42,200]. 
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6. TRIM32 and muscle regeneration 
 
Studies on muscle samples from LDMGR8 patients suggest impaired myogenesis and possible 

involvement of pathogenic mechanisms. Myoblasts isolated from LGMDR8 proliferate slowly in 

culture, likely due to the increase of two substrates of TRIM32, NDRG2 and PIAS4. The myoblasts 

from LGMDR8 patients cannot generate normal myotubes in the proper medium, even though the 

defects of myogenesis observed are heterogeneous. For example, compared to the myotubes 

generated from healthy myoblast, the myoblasts harboring p.Val591Met mutation form thinner (small 

diameter) myotubes, but the mutation p.Asn271Ser/p.Phe568del results in short (small length) 

myotubes. On the other hand, the myoblasts with TRIM32 mutations are larger in size and flatter than 

normal myoblasts, showing low cellular mobility. Further, senescence-associated b-galactosidase 

(SA-b-gal) assay proved the premature senescence in TRIM32 mutant myoblast [40]. 

 6.1 TRIM32 affect muscle regeneration in animal models 
 
Trim32 knock-out (KO) mice show a similar pathological phenotype to muscle tissue of LGMDR8 

patients. Trim32 KO mice are born phenotypically indistinguishable from wild-type littermates, while 

Figure 14 The signaling mechanisms contributing to muscle atrophy that are regulated by TRIM32. Emphasis is 

placed on substrates and interactors of TRIM32, and their target molecules. 
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they start to show differences after 8 weeks. The muscle weight of Trim32 KO mice is lower than 

wild-type and heterozygous Trim32 and is accompanied by impaired muscle function, such as weak 

muscle strength. The morphological and histochemical examination reveals an increased number of 

internal myonuclei, variation in fiber size, atrophic fibers dispersed between slightly hypertrophied 

fibers, and a defect of generating myotubes which highlights the impaired muscle regeneration in 

Trim32 KO mice [200]. In keeping with this, mice carrying the LGMDR8 pathogenic p.Asp489Asn 

mutation (c.1465G>A) at the Trim32 locus presented a similar but milder myopathy phenotype. In 

the hind limb suspension model, TRIM32 expression significantly increased during muscle reloading 

(muscle regeneration) rather than unloading (muscle atrophy). Besides, real-time PCR of primary 

myoblasts versus skeletal muscle tissue revealed that the level of Trim32 mRNA expression is 16 

times higher in myoblasts than in skeletal muscle tissue [201]. On the other hand, the drosophila 

orthologue of TRIM32, thin/abba, promotes cell growth through stabilizing two glycolytic enzymes, 

Aldolase (Ald) and phosphoglycerate mutase 78 (Pglym). The loss of thin/abba causes reduced levels 

of glycolytic larval muscle and brain. All results indicate the crucial role of TRIM32 in muscle 

regeneration (Figure 16) [202]. 

6.2 TRIM32 induces NDRG2 degradation during myoblasts proliferation   
 

The N-myc downstream-regulated gene (NDRG) family is involved in stress responses, cell 

proliferation, and differentiation. NDRG is a tumor suppressor gene with low expression in poorly 

differentiated, highly proliferating cancer cell lines [203-205]. According to this, NDRG2 expression 

levels increase in differentiated human and mouse myotubes compared with undifferentiated 

myoblasts [206-208]. Suppression of NDRG2 in differentiated mouse C2C12 myotubes inhibits the 

further growth of myotube. Proteomic profiling of these myotubes also determines significant 

downregulation of the myosin heavy chain 3 (MHC3) protein and vimentin. Both are contractile-type 

filaments associated with myoblast and muscle regeneration. Of note, in muscle tissue NDRG2 is a 

target of a peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-1α) and estrogen-

related receptor alpha (ERRα) transcriptional program, which is enhanced in response to endurance 

exercise [209]. These results suggest a positive role of NDRG2 in myogenic differentiation. However, 

in the stage of myoblasts proliferation, overexpression of NDRG2 induces premature senescence, 

resulting in myoblasts losing the ability to proliferate and the potential to differentiate. The 

mechanisms mediating this effect are unknown [210]. 

 

NDRG2 is ubiquitinated by TRIM32 via both K48 and K63 in vitro. Ubiquitinated NDGR2 is 

decreased in Trim32 KO myoblasts, resulting in an accumulation of NDRG2. However, no direct 
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evidence proves that ubiquitinated NDRG2 is degraded by the proteasome. Overexpression of 

NDRG2 in myoblasts slows cell proliferation and delays cell cycle withdrawal, which is a sign of cell 

premature senescence [210]. In line with this, the premature senescence of myoblast is observed in 

LGMDR8 patients [40]. Indeed, high NDRG2 protein level was found in senescent lens epithelial 

cells, contributing to reduced cell viability [211]. These data indicate that TRIM32 may mediate 

NDRG2 degradation through UPS in myoblasts, and loss of TRIM32 may induce NDRG2 

accumulation in myoblasts, likely accelerating myoblasts premature senescence, and abolishing their 

potential to differentiate.  

As an increased NDRG2 is observed in myotubes, either TRIM32 releases the effect on NDRG2 

degradation in myogenic differentiation, or there may be other molecules engaged in limiting 

TRIM32’s effect on NDRG2. More evidence is needed to support this hypothesis (Figure 16). 

 

6.3 TRIM32 mediates PIAS4 degradation 
 

PIAS4 belongs to the mammalian PIAS family, a group of E3-SUMO ligases characterized by an SP-

RING domain [212]. The SUMOylation process is closely related to ubiquitination, resulting in the 

conjugation of the ubiquitin-like SUMO molecule to target substrates, mainly transcription factors, 

regulating their activity. The role of SUMOylation in cell physiology and pathology has not been 

well described. However, the increased level of SUMOylation is observed in senescent cells, 

indicating that it implements this process [213-215]. A study of PIAS4 in fibroblast is consistent with 

this speculation. The overexpression of PIAS4 leads to a senescence arrest through the activation of 

p53 and Rb pathways in keratinocytes [216,217]. TRIM32 induces PIAS4 degradation in myoblast 

as well. PIAS4 accumulates in Trim32 knock-out myoblasts during proliferation and differentiation 

compared to the control Trim32 wild-type myoblasts. Proteasome inhibitor MG132 blocks PIAS4 

degradation in Trim32 wild-type myoblasts but does not show any effect in Trim32 knock-out 

myoblast. Interestingly, the accumulation of PIAS4 in Trim32 knock-out myoblast is accompanied 

by the myoblasts premature senescence. Suppression of PIAS4 by siRNA decreases a cellular 

senescence marker, heterochromatin protein 1 (HP1g), in Trim32 knock-out myoblast [41]. These 

data suggest that high PIAS4 level causes myoblast premature senescence in Trim32 knock-out 

myoblast (Figure 16).  

 

However, this study has two limitations: 1. It demonstrates that TRIM32 expression sharply increases 

in the myoblast differentiation compared to the proliferation in this study. If PIAS4 is a substrate of 

TRIM32, it is supposed to be downregulated in differentiation. However, similar to NDRG2, a slight 

increase in PIAS4 protein level has been observed in differentiation. Hence the interaction of TRIM32 
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and PIAS4 in myotubes needs to be further studied. 2. The study shows that an accumulation of 

PIAS4 inhibits the myogenic program. However, in hind limb suspension and reloading experiments 

on the mouse model, a lower level of PIAS4 is detected in the Trim32 knock-out muscle sample 

compared to the Trim32 wild-type sample during reloading (muscle regeneration stage). This 

conflicting result indicates that differences may exist between myoblast differentiation in vitro and 

muscle regeneration in vivo [217,218]. 

 

The two examples above demonstrate that the loss of TRIM32 function causes premature senescence 

through NDRG2 and PIAS4, manifesting cell premature senescence and blockage of differentiation. 

Interestingly, the ectopic overexpression of TRIM32 in NIH 3T3 mouse embryonic fibroblasts does 

not promote cell growth but inhibits cell proliferation, given that reduced Ki67 proliferation marker 

and phospho-histone-H3 mitosis marker are detected [219]. These results suggest that TRIM32 

players, other than NDRG2 and PIAS4, are likely involved. 

 

6.4 TRIM32 regulates muscle fiber types through neurofilaments regulation  
 

The Trim32 mutation knock-in mouse and Trim32 knock-out mouse have been generated to get more 

insight into TRIM32 role in the pathogenesis of LGMDR8 in vivo. The knock-in mouse carrying the 

c.1465G>A (p.Asp489Asn) shows a remarkable decrease of TRIM32 at the protein level [42]. Indeed, 

the knock-in and knock-out mice have similar myogenic defects, as mentioned before. In addition, the 

Trim32 knock-out mouse shows the decrease of three types of neurofilaments in the nervous system, 

including neurofilament light polypeptide (NEFL), neurofilament medium polypeptide (NEFM), and 

neurofilament heavy polypeptide (NEFH) [220,221]. Since NEFL and NEFM control axonal caliber, 

a further assessment confirmed a reduced average diameter of axons in the hind limbs, which 

originate from the motor axon in the lumbar spine segment L4 ventral roots. The switch of big axons 

to small axons corresponds to a switch from type II myofibril (fast myofibril) to type I myofibril 

(slow myofibril) in the hind limb muscle of Trim32 knock-out mouse [200] (Figure 16). 

 

Although a possible interplay of TRIM32, neurofilament, and myosin protein is proposed in this study, 

its relevance with LGMDR8 phenotypes is unclear. Probably, the loss function of TRIM32 affects 

the neurofilaments innervating muscle fiber. As a result, the myofibril shift from fast to slow type. 

These studies in vivo suggest a possible neuromuscular cause of LGMDR8 disease. 
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6.5 TRIM32 promotes neuronal differentiation by inhibiting Let-7a 
 

Indeed, TRIM32 has been proven to regulate neuronal differentiation. At the beginning of neuronal 

differentiation, the neural stem cells (NSCs) go through an asymmetrical division to give one 

daughter cell which keeps stemness properties, while the other enters into the differentiation program. 

In this process, TRIM32 protein is preferentially ‘inherited’ by the daughter cell which initiates 

differentiation. Further experiments show that the overexpression of TRIM32 inhibits proliferation 

and induces differentiation in mouse neural progenitors. The interaction of TRIM32 and microRNAs 

mentioned above may regulate neural differentiation. TRIM32 exists in a complex with Argonaute 1 

(Ago1) containing processed microRNAs in mouse brain lysates. Let-7a is one associated microRNA 

in the complex [219]. This microRNA is known to control proliferation in normal and malignant cells 

[222-224] and is upregulated during neuronal differentiation [225] (Figure 16).  Inhibition of Let-7a 

suppresses neural stem cell (NSCs) differentiation, and conversely, cells overexpressing Let-7a 

express the neuronal differentiation marker TuJ1 after four days of transfection. These results indicate 

that Let-7a might be a downstream target of TRIM32, and likely that TRIM32 can regulate neural 

differentiation by controlling Let-7a activity. 

 

6.6 Interacting with PKCz regulates TRIM32 cellular location 
 

TRIM32 is expressed in activated satellite cells and also in differentiating myoblasts. Freshly isolated 

quiescent satellite cells (Pax7+) are negative for TRIM32, suggesting that TRIM32 is unlikely to be 

expressed in quiescent satellite cells. These cells are activated and start to proliferate when cultured in 

vitro. TRIM32 level increases within 42 hours of culturing. Besides, TRIM32 is exclusively present 

in nuclei at 24 hours of culture but shows strong nuclear and cytoplasmic staining after 42 hours of 

culturing. However, the physiological relevance of this trafficking from the nucleus to the cytoplasm 

is currently unknown [199]. Interestingly, TRIM32 transports from the cytoplasm to the nucleus in 

neurogenic process, in the opposite direction compared to what reported in the myogenic process. 

The different cellular spatial and temporal expression patterns of TRIM32 in myoblasts and neural 

stem cells suggest various effects and substrates in different cell types and development stages [96]. 

 

TRIM32 trafficking is controlled by an apical membrane protein kinase C z (PKCz) in neural stem 

cells. In conditions supporting proliferating of neural stem cells, PKCz interacts with TRIM32 to 

retain TRIM32 in the cytoplasm (Figure 16). However, at the beginning of differentiation, this 

interaction is abrogated due to the downregulation of PKCz. Without the containment, TRIM32 can 

translocate to the nucleus to initiate differentiation probably through regulating c-Myc level [226]. 
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Another research in T helper 2 cells discusses TRIM32 can mediate PKCz ubiquitination and target 

it to degradation, in the regulation of inflammation [227]. However, the interaction between TRIM32 

and PKCz  is not detected in mouse embryonic stem cells (mESCs) [228], and this mechanism needs 

to be further investigated in myoblasts. 

 

6.7 TRIM32 inhibits MEFs reprograming through reduction of Oct4 
 

In addition to the positive role in cell differentiation, TRIM32 is suggested to inhibit cell 

reprogramming. In mouse embryonic fibroblasts (MEFs), TRIM32 inhibits the cellular transition 

towards induced pluripotent stem cells (iPSCs). The transcription factor Oct4 is critical for self-

renewal and in sustaining the stemness of undifferentiated embryonic cells. A high level of Oct4 has 

been found in Trim32 knock-out mouse embryonic fibroblasts (MEFs), enhancing MEFs 

reprogramming into induced pluripotent stem cells (iPSCs). In HEK293T cells, the overexpression 

of TRIM32 can ubiquitinate ectopic Oct4 and likely induce its degradation [228] (Figure 16). Two 

possible explanations are considered during differentiation; in the first one, at the initiation of 

differentiation, TRIM32 translocates from the cytoplasm to the nucleus and induces ubiquitination of 

Oct4 in the nucleus, then the ubiquitinated Oct4 transfers into the cytoplasm where it is degraded. In 

the second scenario, the induction of differentiation promotes Oct4 to translocate from the nucleus to 

the cytoplasm where TRIM32 targets it for degradation through proteasome (Figure 16). 

 
 
6.8 TRIM32 and c-Myc 
 

Those cells cannot be appropriately activated when culturing quiescent satellite cells isolated 

from Trim32 knock-out mice. After the same time of culturing, much fewer cells can be stained by 

Myogenin, which indicates a defective myogenic process in Trim32 knock-out satellite cells. This 

phenomenon could relate to the dysregulation of c-Myc. The interaction of c-Myc and TRIM32 was 

first studied during neurogenesis. Co-immunoprecipitation shows an interaction of c-Myc and 

TRIM32 from mouse brain lysates, indicating their interaction in vivo. Indeed, the c-Myc level is 

reduced upon TRIM32 co-expression in 293T cells, where proteasome inhibitors can prevent c-Myc 

degradation [219]. The Trim32 p.Cys24Ala mutant with no ubiquitin ligase activity does not affect 

the c-Myc level [199,219]. Additional studies demonstrate that in the myogenic process, c-Myc levels 

are significantly reduced upon TRIM32 over-expression in C2C12 cells [96]. TRIM32 regulates c-

Myc turnover but no directed evidence proves that c-Myc is a substrate of TRIM32 in vivo. Only one 

literature reported that c-Myc is a possible substrate of TRIM32 in vitro ubiquitination assay, but the 
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result is in doubt [96]. c-Myc is dramatically downregulated in myogenic differentiation, suggesting 

its critical role in regulating myogenesis. The mechanism of TRIM32 mediating c-Myc level is worth 

to be further investigated (Figure 16). 

 

c-Myc is a well-known master transcriptional regulator in many cell types, controlling several target 

genes and noncoding RNA (lincRNA) [229]. To promote transcriptional activation at target genes, c-

Myc forms heterodimers with its partner Max and recruit chromatin-modifying complexes to E-box-

containing promoters [230-232]. A sustained high expression of c-Myc promotes cellular 

proliferating, growth, and cell renewal, which has been shown to contribute to the genesis of many 

types of human tumors [233]. c-Myc contains two conserved regions: Myc box I (MBI) and Myc box 

II (MBII) in N-terminal. MBI functions as a phosphorylation-dependent binding site for the ubiquitin 

ligase Fbw7, and MBII is one of the binding sites for the ligase SKP2. These two ligases induce rapid 

turnover of c-Myc protein [234,235]. The C-terminal of c-Myc harbors nuclear localization signals, 

and BHLH and LZ motifs mediating dimerization with Max and DNA binding [236] (Figure 15).  c-

Myc inhibiting differentiating has been discussed in some studies, but the detailed mechanism 

remains unknown [237-239].  

 

 

 

 

 

 

 

 

 

Figure 15 Functional domains of human c-MYC protein. The carboxy-terminal domain (CTD) of human c-MYC 

protein harbours the basic (b) helix–loop–helix (HLH) leucine zipper (LZ) motif for dimerization with its partner, 

MAX, and subsequent DNA binding of MYC–MAX heterodimers. The amino-terminal domain (NTD) harbours 

conserved ‘MYC Boxes’ I and II (MBI and MBII), which are essential for the transactivation of c-MYC target 

genes. (Pelengaris, et al., 2002)  



 32 

Some studies point out that the loss of TRIM32 suppression on c-Myc in myoblasts increases the c-

Myc level, thus inhibiting myoblasts' withdrawal from the cell cycle, resulting in a block of 

differentiation [240,241]. One piece of evidence arguing against this hypothesis. c-Myc controls a 

wide range of gene expression and further regulates the cell cycle by associating with its partner Max.  

However, a mutation in c-Myc with a partial deletion of leucine zipper (LZ) motif, which doesn't 

affect c-Myc and Max association and thus retains the capacity for the growth phenotype of myoblasts, 

abolishes c-Myc effect of blocking myoblasts differentiation. This result suggests that c-Myc 

inhibiting myogenic differentiation may be independent of its ability to sustain proliferation [242].   

In addition, c-Myc blocks the myogenic process by downregulating myogenic regulatory factors 

(MRF), mainly Myogenin. The evidence supporting this hypothesis demonstrates inhibition of 

Myogenin gene expression level by c-Myc overexpression myoblasts and NIH3T3 cells [229,243]. 

Besides, the co-expression of MyoD and Myogenin can relieve c-Myc-induced inhibition of 

differentiation in NIH 3T3 cells [229]. However, some limitations exist in this study on NIH 3T3 

cells. First, the co-expression of MyoD and Myogenin cannot bypass the inhibitory effects of c-Myc, 

indicating other critical molecules existing in this differentiation-blocking process. Second, although 

exogenous MyoD expression triggers the myogenic conversion of NIH 3T3 cells, it fails to form 

myotubes [244]. Therefore, the effect of c-Myc should be validated in myoblasts or C2C12 cells, 

which can process a full myogenic program.  

Some miRNA and lincRNA regulated by c-Myc are involved in myoblast differentiation. The ChIP-

seq screen of chicken primary myoblasts reveals five c-Myc-induced miRNAs (CI5s) and 5c-Myc-

repressed miRNA (CR5s), which have been reported to involve muscle development. Further tests 

proved that the expression of CI5s promotes while CR5s repress the proliferation of chicken 

myoblasts. When inducing myoblast differentiation, the combined overexpression of CI5s inhibits 

MyoD, Myogenin, and MHC expression and represses differentiation. Conversely, the 

overexpression of CR5s shows the opposite effect in myoblast differentiation. These miRNAs are 

validated and likely to be involved in regulating the cell cycle, ERK-MAPK, and Akt pathway. On 

the other hand, c-Myc regulates noncoding RNA (lincRNA) linc-2949 and linc1369 expression, 

which are identified to interact with muscle-specific miRNAs. Therefore, c-Myc is also suggested to 

inhibit myoblast differentiation and promote myoblast proliferation through regulating miRNA and 

lincRNA [229]. 

c-Myc is also reported to be cleaved, producing an N-terminal fragment, including MBI and MBII, 

called Myc-nick. Calpain r, a calcium-activated Calpain, is one but not the major enzyme to cleave 

c-Myc into Myc-nick in vivo because Calpain inhibitors are incapable of blocking the accumulation 
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of Myc-nick in fibroblasts. Unlike the nuclear full-length c-Myc, Myc-nick is detected in the 

cytoplasm of confluent fibroblasts. With ectopically overexpressed Myc-nick, the fibroblasts form 

long protrusions, a necessary morphologic change for fibroblast fusion. Further investigation 

demonstrates that Myc-nick promotes protrusion formation by regulating α-tubulin acetylation. 

However, the production of Myc-nick has to be further confirmed with more evidence, especially in 

neural and muscle cells [245-247]. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

There are much data indicating that TRIM32 is a vital factor for neuromuscular physiology through 

interacting with different molecules (Figure 17). However, for many of them, we do not know the 

exact molecular mechanism through which TRIM32 regulates their activity, or we cannot assure their 

role in the pathogenesis of LGMDR8. What makes the situation more complicated is that some data 

are still debated, as discussed above. In this project, we generated wild-type (WT) and knock-out 

(KO) Trim32 C2C12 myoblasts to investigate its function in myoblast proliferation and 

differentiation, with the aim of discovering signaling pathway regulated by TRIM32 which are 

significant for myogenic process and paving the way for LGMDR8 drug discovery in the future. 

 

 

Figure 16 The signaling mechanisms contributing to cell differentiation that regulated by TRIM32. Emphasis is 

placed on substrates and interactors of TRIM32, and the affected cell physiological process. 
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Figure 17 The molecules regulated by TRIM32 in myogenic process (Ald, Pglym, NDRG2 and PIAS4), 

neurogenic process (NEFL, Ago1/Let-7a, and PKCz/c-Myc), and embryonic differentiation (Oct4).  
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AIM OF THE WORK 
 

LGMDR8 is a genetic neuromuscular disorder characterized by progressive weakness of proximal 

muscles around the hips and shoulders. This disease is caused by mutations in the TRIM32 gene, 

whose protein product is a member of the TRIM protein family of E3 ubiquitin ligases. These 

mutations in TRIM32 likely lead to the complete loss of function of TRIM32. Several substrates and 

interactors of TRIM32 have been discovered. They are mainly involved in the process of muscle 

atrophy, muscle regeneration, and neurogenic differentiation. However, the pathogenic mechanisms 

underlying LGMDR8 have not been elucidated yet and to date there are no studies that systematically 

characterize the role of TRIM32 during myoblast differentiation in Trim32 knock-out. 

 

In this project, we generated Trim32 knock-out C2C12 myoblasts and used them as model to study 

myoblasts differentiation upon loss function of TRIM32. Moreover, we investigated the potential 

critical molecules regulated by TRIM32 in the myogenic program, which complements and refines 

the pathogenic mechanism underlying LGMDR8. The work was structured addressing the following 

specific aims: 

 

Aim 1. Generation of Trim32 knock-out and wild-type C2C12 cell clones.  

Aim 2. Characterization of the defects in the myogenic program in Trim32 knock-out C2C12 cells. 

Aim 3. Identification of critical molecules involved in the observed differentiation impairment of 

Trim32 knock-out cells.   
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MATERIALS AND MEHODS 
 

1. Generation of Trim32 knock-out and wild-type C2C12 cells using the CRISPR/Cas9 
system  

 

CRISPR/Cas9 based genome editing has become a popular tool for targeted genome manipulation. 

This system requires a functional Cas9 protein and a guide RNA for effective double-stranded 

breakage at a desired site. We use an All-in-one vector (pCas) with a target sequence cloned (guide 

RNA) and Cas9. The target sequence is located at the 5’ end of murine Trim32 ORF. The system we 

used includes a donor vector (pDonor-vector) carrying GFP-LoxP-Puro-LoxP, and two homologous 

arms (left arm and right arm). The homologous arms are obtained from the sequences around the 

guide RNA of Trim32 (Figure 18). 

 

gRNA: CGGGAAGTGCTAGAATGT 

Left Arm: 
 
AGGCTTGGACCCCAAACTTACACAGTGTTCTTTGCGTACAGTTCCTGTATGTGTCATCG
CCTCTAAGATTTGTAAGACTTCTCTTACAAGGAGCACCATTTATGAGTAGCCTTACCCA
GTTGTCAGGCTCCATCCCTCTTCCCACTGTACCTCACAGTGTAGACCTTCATGTGACATT
CTCTGATCGGCAGGGTTATTCTCTGCTTTCCTGCTTGTATGTCATATTATTTAACCCTTC
CAGTAATGGTATAAGATAGGCAATTTAGGCTCTTCCCTGAATTCCTCCATAACATAATG
CATTAATCATTTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTATGTAAGGGGAGG
GGGGTGGGAGAGACACTATTTCCTAAGTCATAATCACTGCAATAAAATGCTTATAAAT
AAGTAAATGATTCAATGGATGATTATAGCTATTCTCTAAGTGTTTCTAGACTGAAATAA
CTTATATGGGAGTAGAAAAATGAATAATGGTTTGTTTTTTCTCTTTAGCAGGAATCTGA
CACTGGGGCATGAATATTAAGCTGTGTGGCTCTAAGCTGTGTTAGCAGGAACCTTCACT
GGAAGAGCA 
 

Right Arm:  
 
GCTGCCCCTTTTGCAGCAAGATTACTCGCATCACCAGCCTGACCCAGCTGACCGACAAC
CTGACGGTGCTGAAGATCATTGACACAGCTGGGCTCAGTGAGGCCGTCGGCCTGCTCA
TGTGCCGAGGCTGTGGCCGGCGGCTGCCTCGGCAGTTCTGCCGAAGCTGTGGTGTGGT
GTTGTGTGAACCCTGCCGGGAGGCAGATCACCAACCCCCTGGCCACTGCACACTTCCG
GTCAAGGAGGCAGCTGAGGAGCGGCGGAGGGACTTCGGGGAGAAGTTGACTCGTCTA
AGGGAACTTACTGGAGAGCTGCAGAGGAGGAAGGCAGCCTTGGAGGGCGTCTCCAGG
GATCTTCAGGCAAGGTATAAGGCTGTTCTTCAAGAATATGGCCATGAGGAACGCCGCA
TCCAGGAAGAGCTAGCCCGCTCTCGGAAGTTCTTCACAGGCTCCTTGGCTGAGGTTGA
GAAGTCCAACAGTCAAGTGGTAGAGGAGCAGAGCTACCTACTCAACATTGCTGAGGTG
CAGGCCGTGTCTCGCTGTGACTACTTTCTAGCGAAGATCAAGCAAGCTGATGTAGCCCT
CCTGGAGGAGACAGCGGATG 
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The pCas-Guide and the donor plasmids were obtained from Origene #SKU GE100003 and 

#KN318203. The pCas-Guide and pDonor-vector were co-transfected in proliferating C2C12 cells 

using either lipofectamine 3000 (L3000015, Invitrogen) or Mirus TransIT-X2® Dynamic Delivery 

System (MIR6004).   

1. Approximately 18-24 hours before transfection, ~3x105 cells were seeded in 2mL culture 

medium into each well of a 6-well plate to obtain 50-70% confluence on the following day.  

2. 1ug pCas-Guide and 1ug pDonor DNA were co-transfected into cells using two systems: 

either lipofectamine 3000 (L3000015, Invitrogen) or Mirus TransIT-X2® Dynamic Delivery 

System (MIR6004). The transfection steps are following the instructions for each system.  

3. 48hr post transfection, cells were split for 1:10, grow additional 3 days; then were split again 

1:10, for 7 times in total. Since puromycin resistant gene in the donor vector contains PGK 

promoter, the donor plasmid DNA before genomic integration will also provide puromycin 

resistance. The reason to grow cells for around 3 weeks before puromycin selection is to dilute 

out cells containing the donor in episomal form, avoiding as much as possible its random 

integration.  

4. Then puromycin selection was applied to cells directly in the puromycin containing complete 

media in 10cm dishes. The dose of puromycin was determined before with a kill curve to find 

gRNA 

Figure 18 Flow chart of CRISPR genome editing 
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out the lowest dose that kills the non-transfected cells completely 4-7 days’ post selection; the 

range of puromycin is 1µg/ml to 10µg/ml). The media was changed every 2-3 days for 10 

days and isolated individual cell colonies were picked and expanded.	

2. Genomic DNA Extraction 
 

All pipettes using in DNA extraction are sterilized under UV light for 30 minutes. All tips used in 

DNA extraction are DNAse-free. Cells are collected from 100 mm petri dish, washed with PBS 

(ECB4004L), and then re-suspended in 3 mL of solution B (5M NaCl, 1M Tris-HCl pH 7.5, 0.5 M 

EDTA pH 8) in 15mL polypropylene centrifuge tube. 200 uL of SDS 10% and 50 uL of Proteinase 

K (10mg/mL) were added and mixed well, and the tube was left in 55 °C water bath overnight. At 

second day, 1.8 mL saturated NaCl (6 M) was added to the tube, then was shook vigorously 15 

seconds. The tube was centrifuged for 15 minutes at 2500 rpm, then transferred the supernatant to a 

new tube.  Two volumes of ethanol (95%) were added, and the tube was gently inverted to precipitate 

genomic DNA. The precipitated DNA is spooled out with heat-sealed glass pipet, and washed with 

ethanol (80%). Genomic DNA was re-suspended in DNA-free water after air drying briefly. The 

quantity and quality of genomic DNA is assessed by NanoDrop 2000c (Thermo Fisher Scientific). 

 

The identification of Trim32 knock-out (KO) and wild-type (WT) clones was performed by Sanger 

sequence of PCR fragments performed with the following primers (40 cycles, annealing at 64°C), 

using genomic DNA of clones.  

Fwd_T32ex2 GCAGGAATCTGACACTGG 

Rev_T32_RA GTCAATGATCTTCAGCACCG 

 

3. RNA Extraction 
 

The RNA using in RT-PCR is extracted by TRIzol reagent (ambion 15596-026). All pipettes, tips 

and tubes using in RNA extraction are RNase-free. The culture medium was removed from petri dish 

(6cm or 10cm), then washed with PBS. TRIzol reagent was add directly to cells in petri dish (3 mL 

for 6cm dish; 8 mL for 10cm dish). The cells were pipetted up and down then lysed for 5 minutes at 

room temperature. The cells were moved to Eppendorf Tubes and 0,2 mL of chloroform was added 

per 1 mL TRIzol reagent. Cells were Incubated for 3 minutes after vigorously shaking. The sample 

was centrifuge at 12,000g for 15 minutes at 4 °C. The aqueous phase was carefully move to a new 

tube and 0,5 mL of isopropanol (100%) was added per 1 mL TRIzol reagent. After 10 minutes of 

incubation at room temperature, the tube was centrifuged at 12,000g for 10 minutes at 4 °C. The 



 39 

supernatant was discarded and the RNA pellet was washed with 1 mL ethanol (75%) per 1mL TRIzol 

reagent. The sample was vortex briefly and centrifuged at 7500g for 5 minutes at 4 °C. The wash was 

discarded, and the RNA pellet was air dried for 5 minutes. The RNA is re-suspended in RNase-free 

water, and incubated at 60 °C for 15 minutes. The quantity and quality of RNA is assessed by 

NanoDrop 2000c (Thermo Fisher Scientific). 

 

4. RNAseq Analysis 
 

The RNA used in RNAseq analysis was extracted by RNeasy® Mini Kit (QIAGEN, 74104) following 

the instruction. The extracted RNA was quantitatively and qualitatively evaluated using NanoDrop 

2000c (Thermo Fisher Scientific) and Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA), 

respectively. RNA was then stored at – 80° C until use. For each sample 1ug of Total RNA with an 

RNA Integrity Number (RIN) higher of 8 was reserved for RNASeq analysis.  

 

RNA sequencing and analysis described here below were performed by Danilo Licastro, Area Science 

Park, Trieste. For each sample libraries were generated starting from 500 ng of total RNA by Illumina 

Stranded mRNA Prep (Illumina Inc., San Diego, CA, USA) according to the manufacturer’s protocol.  

Briefly, total RNA was incubated with oligo(dT) magnetic beads to capture messenger RNAs 

(mRNAs) with polyA tails. The mRNA was then purified before undertaking a fragmentation and 

denaturation step to be primed for cDNA synthesis. The obtained hexamer-primed RNA fragments 

were reverse transcribed with Actinomycin D, which allows RNA-dependent synthesis and improves 

strand specificity. The produced first strand complementary DNA (cDNA) was used as template 

while the original RNA template was removed and a second strand cDNA replacement synthesizes 

to generate blunt-ended, double-stranded cDNA fragments. In place of deoxythymidine triphosphate 

(dTTP), deoxyuridine triphosphate (dUTP) was incorporated to quench the second strand during 

amplification and achieve strand specificity. An extra adenine (A) nucleotide is added by ligation to 

the 3ʹ ends of the blunt fragments in order to prevent cDNA concatenation during adapter ligation. A 

corresponding thymine (T) nucleotide on the 3ʹ end of the adapter, provides a complementary 

overhang for ligating the adapter to the fragment. Pre-index anchors were ligated to the ends of the 

double-stranded cDNA fragments to prepare them for dual indexing. An anchors selective 

amplification added indexes and primer sequences for cluster generation producing the final dual-

indexed library. 

 

The libraries were quantified using Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, MA, USA) 

on Qubit 2.0 Fluorometer (Thermo Fisher Scientific, MA, USA) and checked for dimension with 
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DNA 1000 Chip on Bioanalyzer 2100 (Agilent Technologies) before pooling. The final sequencing 

pool was quantified by qPCR (KAPA) before sequencing. Sequencing was performed on Novaseq 

6000 sequencer (Illumina Inc., San Diego, CA, USA) according to the manufacturer’s protocol 

generating for each sample almost 50 million clusters of 2 x 150 bp paired-end reads. Illumina 

BCLFASTQ v2.20 software was used for de-multiplexing and production of FASTQ files. Raw files 

were subsequently quality checked with FASTQC software 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc) and sequences with low quality score or 

including adaptor dimers, were discarded from the analysis. 

 

The resulting set of selected reads were aligned onto the Mouse genome using Spliced Transcripts 

Alignment to a Reference algorithm STAR version 2.7.3. using GRCm39 Genome Assembly and 

Gencode.v28 as gene definition [248]. The resulting Mapped reads were used as input for feature 

Counts functions of Rsubread packages and used as Genes counts for Differential expression analysis 

using Deseq2 package [249].  We used shrinkage estimator from the apeglm package for visualization 

and ranking [250]. Differentially expressed genes (DEGs) were selected for |log2(FC)| £ -1 or ³  1 

and corrected P value  £  0.05 and used as input to perform pathway enrichment analysis by IPA 

system (Ingenuity® Systems, www.ingenuity.com). 

 

Though IPA, all DEGs were categorized in canonical pathways. IPA also predicted possible master 

regulators and downstream disease and functions. Upstream and downstream predictions and DEGs 

were combined in functional networks.  

 

5. Cell Culture 
 

C2C12, an immortalized mouse myoblast cell line, is maintained in culture in growth medium with 

DMEM (Euroclone, ECM0101L), 20% fetal bovine serum (FBS, Gibco 10270), 4 mM L-glutamine 

(Euroclone, ECB3000D), 100 units penicillin/100 µg streptomycin (Gibco, 15104). 

 

For myogenesis induction, cells are cultured in proliferating medium to reach 50-60% confluence, 

seeding these un-confluent cells at a density of 7.5 x 104 cells/mL in 6 cm (5 mL) or 10 cm (10 mL) 

petri dishes. Growth medium is then replaced by differentiation medium (DMEM (Euroclone, 

ECM0101L), 2% donor horse serum (biowest, S0900), 4 mM L-glutamine (Euroclone, ECB3000D), 

100 units penicillin/100 µg streptomycin (Gibco, 15104)) at the second day (counting as Day0 of 
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differentiation). The differentiating medium was changed every day, for different time points before 

fixation or cell harvesting for protein extraction.  

 

Time course experiments to check c-Myc stability has been analyzed by treating the cells with 50 

ug/mL cycloheximide (Sigma Aldrich, #1810), 20 uM MG132 (Merck, #474790), and the 

combination of 50 ug/mL cycloheximide and 20 uM MG132. The time of treatment is indicated in 

the result and discussion.  

 

Plasmid DNA harboring MycGFP-TRIM32 and MycGFP-TRIM32ΔRING, already available in the 

lab have been transfected in C2C12 cells through Lipofectamine 3000 vector (L3000015, Invitrogen) 

following manufacturer’s instructions. 

 

6. Immunofluorescence Experiments 
 

C2C12 cells have been seeded on glass coverslips at a density of 7.5 x 104 cells/mL in 6cm (5mL). 

Coverslips were collected at different time points and washed twice in PBS 1X (137mM NaCl, 2.7 

mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fixed in 4% paraformaldehyde (PFA) for 

15 minutes at room temperature, or fixed in methanol for 10 minutes on ice (for myosin heavy chain 

stain). Cells were then washed again in PBS 1X and blocked with 5% BSA in PBS-Triton (0.3%) for 

1 hour at room temperature. Coverslips have been then incubated with primary antibodies, diluted in 

1% BSA in PBS-Triton (0.3%), overnight at 4 �. Cells were then washed in PBS 1X. Staining was 

obtained after incubation for 1 hour at room temperature with a Cy3- conjugated anti-rabbit antibody 

(1:200 dilution, #AP132C, Millipore) or FITC-conjugated anti mouse antibody (1:200 dilution, 

#F0479, DAKO). Coverslips was mounted with Vectashield mounting medium plus DAPI (Vector 

Laboratories) and cells were observed with epifluorescence microscopy. 20x magnification images 

were used to calculate differentiation index, through ImageJ (NIH, Bethesda, USA), while high-

resolution 63X magnification images was used to measure the myotube length and diameter, and 

identify the distribution of different proteins in the cells, through ImageJ software. The antibodies 

used in immunofluorescence experiments are Myosin Heavy Chain III (Santa cruz biotechnology, 

#sc-20641, 1:200), MyoD1 (Proteintech, #18943-1-AP, 1:100), Myogenin (Santa Cruz biotechnology, 

#sc-52903, 1:50), phosphor-Histone3-ser10 (Cell Signaling, #9701, 1:100). 
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7. SDS-PAGE and Western blot 
 

C2C12 cells have been lysed in RIPA buffer (50 mM Tris-HCl pH 8, 0.3% SDS, 150 mM NaCl, 0.5% 

NaDOC, 1% NP-40, add 1mM PMSF and 100X a-P8340 before using) or Myosin extraction buffer 

(300 mM NaCl, 0.1M NaH2PO4, 0.05M Na2HPO4, 0.01M Na4P2O7, 1mM MgCl2, 10mM EDTA, add 

1mM PMSF and 100X a-P8340, and 1mM DTT before using). Samples have been then sonicated 5 

seconds x 3 pulses. The insoluble fraction has been removed by centrifugation at 14,000 rpm at 4°C 

for 10 minutes. Protein quantification has been measured through a Bradford assay (BioRad, Cat. 

#500-0006) following the manufacturer’s instructions. Proteins have been boiled at 95°C for 5 

minutes in sample buffer (250 mM Tris-HCl pH 6.8, 40% glycerol, 8% SDS, 5% β-mercaptoethanol, 

0.04% bromophenol blue, 200mM DTT) and then loaded on 7.5%, 10%, or 12% acrylamide gels 

(PAGE), depending on the resolution required for each protein detected, and blotted on PVDF 

membranes (Immobilon-P, IPVH- 00010, Millipore) overnight at 4°C. Membranes have been then 

blocked in 5% Milk in TBS 1X (150 mM NaCl, 10 mM Tris, 0.065% HCl, pH 7.4) with 0.1% Tween 

(TBST), for 1 hour at room temperature. Primary antibodies have been diluted in 5% Milk in TBST 

or 5% BSA in TBST based on the indication of datasheet, and incubated for 2 hours at room 

temperature: 

• Anti-TRIM32 (Proteintech, #10326-1-AP) 1:1500 dilution  

• Anti-TRIM32 (GTX, #113937) 1:1000 dilution  

• Anti-Myosin Heavy Chain III (Santa Cruz Biotechnology, #sc-20641) 1:2000 dilution 

• Anti-MyoD1 (Proteintech, #18943-1-AP) 1:1500 dilution 

• Anti-Myogenin (Santa Cruz Biotechnology, #sc-52903) 1:500 dilution 

• Anti-c-Myc (Cell Signaling, #5605) 1:1000 dilution 

• Anti-GAPDH (Sigma, #8795) 1:5000 

• Anti- β-Tubulin (Sigma, #T4026) 1:5000 

Secondary antibodies have been incubated for 1 hour at room temperature, diluted in 5% Milk in 

TBST: 

• Anti-Mouse HRP (Millipore, #AP308P) 1:5000 

• Anti-Rabbit HRP (Bethyl Laboratories, #A120-208P) 1:5000 

 

For bands detection, membranes were incubated with HRP substrate (ECL Pierce, Invitrogen, 32106), 

for 1 minute, then at ChemiDOCTM Touch Imaging System. The band analyzed by Image Lab 

software (Bio-Rad). 
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8. Myotube measurement, Differentiation index, and pHH3 positive cells calculation 
 

Myotube length and diameter were measured upon Myosin Heavy Chain III staining, through the 

ImageJ software relative to the resolution of the image (scale bar is indicated in Result and Discussion 

section for each immunofluorescence). 

 

Differentiation index was calculated as the ratio of the number of nuclei in the Myosin Heavy Chain 

positive (+) cells to the total number of nuclei in each immunofluorescence filed. The numbers of 

nuclei are counted by the ImageJ software. 

 

Percentage of pHH3 positive was calculated as the ratio of number of nuclei with Phospho-histone 

H3 Ser10 positive to the total number of nuclei in each immunofluorescence filed. The numbers of 

nuclei are measured by ImageJ software. 

 

9. Statistical Analysis 

All the experiments in C2C12 cells have been performed at least three times. Further experiments in 

C2C12 have been performed in biological triplicates (N = 3 WT and N = 3 KO C2C12). Statistical 

analysis performed to assess differences between samples was done using a two tail Student’s t test 

(Prism7), as indicated in each experiment.  

 

RESULTS AND DISCUSSION 
 

1. Generation of Trim32 knock-out (KO) C2C12 cells 
 
An immortalized mouse myoblast cell line, C2C12, has been chosen for its ability to mimic muscular 

differentiation, from myoblasts to myotubes, under appropriate conditions. The myoblasts readily 

proliferate in high-serum conditions and differentiate and fuse in low-serum conditions.  

CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat/CRISPR-associated) genome 

editing system has been chosen to generate Trim32 KO C2C12 clones. We employed a two-plasmid-

system: the guide RNA (gRNA) plasmid that encodes also for the Cas9 enzyme and the donor plasmid, 

designed for homologous-directed repair of Trim32 gene carries GFP and PURO resistance as the 

selecting marker. These plasmids have been co-transfected into undifferentiated C2C12. After 

selection of the PURO-resistant clones, genomic DNA was extracted from 200 clones and Trim32 

sequence around the CRISPR guide employed was analyzed through PCR followed by Sanger 
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sequencing. According to the sequencing results, in many Trim32-targeted clones, a recurrent 

mutation was generated: c.49delG leading to a premature stop codon (p.E17Kfs*1) with the 

production of a very short N-terminal portion, if any (Figure 19a).  

 

From six putative KO and five WT (clones in which mutations did not occur) most promising clones’ 

total RNA was extracted, retro-transcribed and Trim32 region amplified and Sanger sequenced to 

confirm the genomic mutations also at the transcript level. Further, high-quality RNA was extracted 

from a first selection of wild-type and mutated clones to perform Illumina RNAseq experiments. The 

first analysis of these RNAseq data was to assess the mutations generated in Trim32 especially when 

different alleles were present and PCR and Sanger sequencing cannot discriminate easily. Based on 

the RNAseq results, other two mutations were identified in a compound heterozygous clone: 

c.22_61del and c.49_50insG, which also result in premature stop codons (p.S8Vfs*52 and 

p.E17Gfs*12) and short N-terminal fragments (Figure 19a). Furthermore, the absence of TRIM32 

protein in Trim32 KO clones was confirmed by western blotting analysis using two polyclonal 

antibodies that detects the N terminus (Proteintech) and the central region (GeneTex) of TRIM32 

protein (Figure 19b). Three Trim32 KO (Two homozygous and one compound heterozygous clones), 

and three Trim32 WT clones were selected for the thesis work (Table 2). Unfortunately, even trying 

three different commercial TRIM32 antibodies in the immunofluorescent experiment, they all failed 

to specifically stain TRIM32 with this technique and thus are not suitable to reveal or not TRIM32 

distribution in WT and KO clones, respectively.  

 

The analysis of RNAseq did not show the expression of Cas9 in all clones, suggesting either the loss 

of gRNA plasmid or the silencing of gRNA plasmid in these myoblasts, which prevents other random 

gene edition by Cas9 in the selected clones. Together, the three Trim32 KO and three WT clones have 

been clearly identified at DNA (Sanger sequence), RNA (RNAseq) and protein level 

(Immunoblotting).  

 

Instead of using a gRNA with random sequence, we selected the Trim32 WT C2C12 myoblasts from 

the pool of targeted cells. We expected to avoid the undesired editing of genomic DNA caused by 

random sequence. We selected those WT clones in which the proliferation process is reproducible 

and most comparable to the parental C2C12 myoblasts. Although the formation of myotubes in WT 

clones is a bit delayed (around 1 day later), their phenotypes are otherwise consistent with parental 

C2C12 myoblasts. Therefore, we assume that the mild difference between WT and parental C2C12 

cells is due to the accumulation of experimental passages on the myoblasts during the gene editing 
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process that partly reduces their differentiation potential. Out of this initial characterization of C2C12 

edited cells, we eventually selected three KO and three WT myoblast clones (Table 2), assuring that 

all results obtained in the subsequent experiments can be repeated and caused by the knock-out of 

TRIM32 in these selected clones.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19 Generation and characterization of Trim32 KO and WT C2C12 clones. a. Sanger sequence results of 

WT and the most recurrent mutation c.49delG in Trim32 (Left). The three mutations of Trim32 (c.49delG, 

c.22_61del, and c.49_50insG) result in three premature stop codons in TRIM32 protein (p.E17Kfs*1, 

p.S8Vfs*52, and p.E17Gfs*12), which probably produce short N-terminal fragments without function (Right). 

b. Representative Western Blot analysis for TRIM32 protein levels detection in parental C2C12, three KO, and 

three WT clones, using two different TRIM32 antibodies; 20 µg of protein extract was loaded. In the left panel, 

TRIM32 antibody from Proteintech (#10326-1-AP) was used, and GAPDH as loading control. In the right panel, 

TRIM32 antibody from GeneTex (#GTX113937) was used, and β-Tubulin as loading control. 
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Table 2 Features of the selected KO and WT clones. 

 
 

 
 

2. RNAseq reveals that the knock-out of Trim32 impairs C2C12 myogenic process 
 
The three KO and three WT C2C12 clones were cultured in the proper condition (see Materials and 

Methods) for inducing differentiation. Total RNA was extracted from both proliferating cells (Day 0 

of differentiation) and differentiating cells (Day 3 of differentiation), and Illumina RNAseq 

experiments was performed in collaboration with Danilo Licastro, Area Science Park, Trieste. In our 

preliminary experiments, we observed the appearance of myotubes at day 3/4 of differentiation in 

Trim32 wild-type clones. We assumed that the main changes in signaling pathways and myogenic 

program occur before day 4, hence the RNAseq was performed before differentiation (Day 0) and in 

the initial phases of differentiation (Day 3).  

 

Principal Component Analysis (PCA) showed that Trim32 KO and WT cells show significant 

difference at transcriptional level (18% variance WT vs KO) (Figure 20). Similar homogeneity 

separates Trim32 WT and KO myoblasts into two group at day 0 and day 3. At day3, Trim32 WT and 

KO cells are transcriptionally more distant than at day 0 (short distance on PC2 axis at Day 0) (Figure 

20).  This may suggest that Trim32 predominantly regulates myogenic differentiation rather than 

myoblasts proliferation, consisting with previous studies on TRIM32. On the other hand, as expected, 

a significant difference of genes expression is revealed from day 0 to day 3 (57% variance D0 vs D3) 

(Figure 20), indicating that likely WT and KO cells initiate a differentiation program under the proper 

a. “-”	not	detected	
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condition, but because of the absence of TRIM32 in the KO cells, they are unable to reach to the same 

degree of differentiation at day 3 as WT cells.  

 

 

 

 

 

 

 

 

 

 

 

 

Then, the differentially expressed genes (DEGs) obtained as described in M&M in different 

comparisons were employed to identify the most enriched canonical signaling pathways 

in Trim32 WT vs KO cells. At day 0. enriched canonical pathway analysis through IPA identified 62 

significant pathways (p-value < 0.05). Regarding the z-score of more than 2.0 for significant 

activation in WT compared with KO, or less than −2.0 for significant inhibition status in WT 

compared with KO in the pathway analysis, only 3 of the total 62 pathways had absolute z-score of 

more than 2.0. The few significant pathways with absolute z-score > 2.0 are consistent with the lower 

variance of DEGs between WT and KO cells at day 0 shown in PCA analysis. Figure 21 shows the 

six most active (orange) and four most inhibited (blue) canonical pathways in WT compared with 

KO, ranked by –Log (p-value). The three most activated canonical signaling pathways in WT are 

CREB signaling in neurons (z = 2.8), breast cancer regulation by stathmin1 (z = 2.2), and phagosome 

formation (z = 2.1). CREB, also known as cAMP response element-binding protein, can regulate the 

transcription of numerous neuropeptides. No studies suggest CREB is directly engaged in the 

myogenic process, but cAMP has been reported to show a transient upregulation before myogenic 

fusion. The effect of cAMP on myogenesis is unknown. Stathmin1 is a positive factor for myotube 

formation and enhancing muscle strength. Phagosome formation is a process that mainly involves 

cell membrane change which is also active in myogenic fusion [251-253]. 

Figure 20 PCA analtsis of RNAseq data of Trim32 KO and WT C2C12 cells in proliferation (Day 0) and 

differentiation (Day 3). The difference of total gene expression of WT and KO myoblasts at day 0 and day 3 is 

shown. The variance is a statistical measure of how much variation in the result can be attributed PC1: time from 

day 0 to day 3, PC2: different genotypes of Trim32 WT and KO C2C12 cells. 
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In addition, two other critical signaling pathways, calcium (z = 1.3) signaling and Focal adhesion 

kinase (FAK) signaling (z = 1.2), also contribute to myogenesis. Calcium level is the main switch 

that regulates muscle contraction and relaxation, and many studies revealed the critical role of 

calcium signaling in myogenic differentiation. Focal adhesion kinase signaling regulates the 

expression of Caveolin 3 and β1 Integrin, which are essential for myoblast fusion [254-256]. 

 

On the other hand, no significant inhibited canonical signaling pathway (z score < - 2.0) in WT 

compared with KO is revealed. Figure 21 shows the four most significant inhibited pathways (Blue), 

and three of them show p-value > 0.05. WNT/ β-catenin signaling and wound healing signaling 

pathways are involved in the stimulation of myogenesis [257,258], and GP6 signaling pathway plays 

a crucial role in platelet procoagulant activity and subsequent thrombin and fibrin formation [259]. 

 

The analysis of enriched canonical pathways at day 0 shows the higher activity of several pathways 

in WT than KO. However, globally, the significant difference between WT and KO is relatively low. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

In the same way, we subsequently analyzed the canonical signaling pathways enriched in DEGs in 

WT vs KO clones at day 3. Compared with day 0, more significant different canonical signaling 

Figure 21 The most active and inhibited canonical signaling pathways in Trim32 WT compared with KO C2C12 

cells at Day 0, ranked by the value of –Log (p-value). Threshold p-value = 0.05. The canonical signaling 

pathways activated is marked by orange, and the canonical signaling pathways inhibited is marked by blue. 
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pathways (p-value < 0.05) are revealed. Out of 123 significant canonical signaling pathways, 14 show 

the absolute z-score > 2.0, indicating an increased difference in cell physiology between WT and 

KO.  

 

The six most significant active canonical signaling pathways in WT compared with KO are actin 

cytoskeleton signaling (z = 2.7), oxytocin signaling pathway (z = 3.0), Integrin-linked kinase (ILK) 

signaling (z = 2.5), phagosome formation (z = 2.8), SNARE signaling pathway (z = 3.0), and 

regulation of actin-based mobility by Rho (z = 2.7) (Figure 22). The regulation of actin is active in 

myogenic fusion; it controls the morphology and mobility of myocytes, promoting cell recognition 

and adhesion. Vesicle fusion mediated by SNARE is essential for myocyte fusion at the third stage 

of myogenesis. In addition, Integrin-linked kinase (ILK) signaling is the critical regulator in the the 

vinculin-talin-integrin system assembly, a fundamental costamere complex. (discussed in the 

introduction). 

 

Only dilated cardiomyopathy signaling pathway is enriched with z score < - 2.0, which probably 

suggests the disorder and malfunction in KO cells. The three significant canonical pathways are 

RHOGDI (z = -1.6), pulmonary idiopathic (z = -1), and the role of CHK proteins in cell cycle 

checkpoint control (z = -1) pathways (Figure 22). CHK proteins initiate cell cycle checkpoints, 

regulating DNA repair and cell cycle arrest. In addition, a higher activated RHOGDI signaling 

suggests that Rho-GTPase activity is inhibited by RHOGDI signaling in KO clones. RHOGDI is a 

down-regulator signaling of Rho family GTPases typified by its ability to prevent nucleotide 

exchange and membrane association. Rho-GTPase-activating proteins, such as GRAF1, are 

transiently up-regulated during myogenesis. Studies in C2C12 cells revealed that Rho-GTPase is 

necessary and sufficient for mediating RhoA down-regulation and inducing muscle differentiation 

[260]. These pathways showing relatively higher activity in KO cells may disrupt the myogenic 

program. 

 

Based on the preliminary analyse, Trim32 WT cells appears to be in a more advanced stage of 

differentiation than KO cells. 
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To characterize the progress of myogenesis in our C2C12 clones, we further analyze the canonical 

signaling pathways enriched in DEGs from day 3 vs day 0 independent of genotype. One hundred 

fourteen significant canonical signaling pathways with absolute z score > 2 are identified, suggesting 

a dramatic change in cell physiology from day 0 to day 3 as expected. In the six most significant 

activated canonical pathways at day 3 compared with day 0 (z score > 2), phagosome formation (z = 

4.9), wound healing signaling pathway (z = 4.8), CREB signaling in neurons (z = 4.4), and calcium 

signaling (z = 4.3) have been well described as critical for myogenic fusion (Figure 23). The other 

two activated pathways are fibrosis-related (Pulmonary Fibrosis Idiopathic Signaling Pathway (z = 

4.6) and Hepatic Fibrosis Signaling Pathway (z = 4.4)) (Figure 23). Much evidence support that 

fibroblast growth factors (FGFs) and fibroblast growth factor receptors (FGFRs) regulate the 

myogenic program, particularly at the early stage. Increased FGFs are detected after injury of muscle 

tissue. However, their role in muscle regeneration remains unclear [261-263]. 

 

Toward differentiation, the most inhibited canonical signaling pathways at day 3 compared with day 

0 focused on cell cycle and DNA repair, including cell cycle control of chromosomal replication (z = 

-4.8), kinetochore metaphase signaling pathway (z = -4.2), BER (Base Excision Repair) pathway (z 

= -3.5), RAN signaling (z = -3), and cyclins and cell cycle regulation (z = -2.8) (Figure 23). The 

downregulation of these signaling at day 3 indicates the exit from cell proliferation status. 

 

Figure 22 The most active and inhibited canonical signaling pathways in Trim32 WT compared with KO C2C12 

cells at Day 3, ranked by the value of –Log (p-value). Threshold p-value = 0.05. The canonical signaling pathways 

activated is marked by orange, and the canonical signaling pathways inhibited is marked by blue. 
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Together, the analysis of enriched canonical signaling pathways of day 3 vs day 0 supports our 

hypothesis that both Trim32 WT and KO initiate differentiation.   

 

 

 

 

 

 

 

 

 

 

The validation and further analysis of RNAseq results is still in progress, however, in general, the 

RNAseq analysis suggest a difference in the onset of the differentiation program in WT and KO 

C2C12 clones. Therefore, the expression level of some Myogenic Regulatory Factors (MRFs) was 

extrapolated and presented here. At day 0, the RNA level of Pax7, Myf5, and MyoD were investigated 

because their expression is a sign of activated satellite cells. The RNA level of Pax7 and Myof5 do 

not show a significant difference in WT and KO. Only MyoD shows a mild down-regulation in KO 

compared with WT. The similar RNA level of these MRFs at day 0 suggests comparable status of D0 

myoblasts in Trim32 WT and KO clones (Figure 24). At day 3, MyoD and Myogenin (MyoG), the 

master regulators of myogenic differentiation; Myomixer (MYMX) and Myomaker (MYMK), 

regulators of myogenic fusion; Myosin heavy chain (MHC), the marker for myogenic differentiation, 

are all down-regulated in KO cells (Figure 24). These results suggest, at least at the RNA level, 

that Trim32 KO C2C12 likely starts the differentiation program with delay (or impairment) compared 

to WT cells. 

 

 

 

 

Figure 23 The most active and inhibited canonical signaling pathways of Day 3 vs day 0, ranked by the value 

of –Log (p-value). Threshold p-value = 0.05. The canonical signaling pathways activated at day 3 is marked by 

orange, and the canonical signaling pathways inhibited at day 3 is marked by blue. 
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3. The knock-out of Trim32 inhibits the differentiation of C2C12 cells 
 

In parallel to the RNAseq result that indicates impaired differentiation in Trim32 KO cells, we further 

evaluated differentiating of Trim32 WT and KO C2C12 cells in culture. The marker of myogenic 

differentiation, myosin heavy chain (MHC), was used to follow the differentiation process. MHC is 

the main protein in muscle contraction (see Introduction); thus, it is only expressed in the 

differentiating myocytes and myotubes. The parental C2C12 cells, and the 3 WT and 3 KO clones 

were seeded at the density of 7.5x104 cells/mL in growth medium (see Materials and Methods). When 

the myoblasts reached 85% – 90% confluence, the growth medium (GM) was replaced by the 

differentiation medium (DM) to induce differentiation (see Materials and Methods). 

Immunofluorescence and western blot to analyze the expression of MHC at day 0, 3, and 8 of 

differentiation (Figure 25). 

 

 

 

 

 

 

Figure 24 RNA transcriptional level of some myogenic regulatory factors (MRFs) in Trim32 WT and KO 

myoblasts (day 0, left graph; day 3, right graph).  The Y axis represents the logCPM (logarithm of counts per 

million reads) after normalization.   

Figure 25 Experimental scheme of C2C12 cells differentiation. Proliferating C2C12 myoblasts are seeded in 

the growth medium (GM) on the day before day 0. GM is replaced with differentiation medium (DM) at Day 0 

to induce myogenic differentiation. Cells are collected at Day 0, Day 3, and Day 8 for analysis. 
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At day 0, C2C12 myoblasts keep proliferating in the undifferentiated condition. Thus, no MHC can 

be detected in the immunofluorescence images in parental C2C12, WT, and KO myoblasts (Figure 

26). C2C12 parental and WT cells initiate the myogenic program as soon as the differentiating 

condition is applied. Some fusiform myocytes (mono-nucleus) and small myotubes (two or three 

nuclei) are stained with MHC in immunofluorescence images at day 3. On the contrary, no MHC-

positive cells can be detected in the KO cells after differentiating for 3 days (Figure 26), indicating 

that the knock-out of Trim32 affects C2C12 cell differentiation. 

 

WT and KO clones show a significant difference in myotube formation at day 8 (Figure 26). 

Although myotubes stained with MHC can be detected in both WT and KO cells, they are reduced in 

the latter. The analysis of the differentiation index confirms more myotubes formation in WT than 

KO (Figure 27). In addition, the few myotubes generated by KO cells display morphologic 

abnormalities. Both parental C2C12 and WT cells generate long, fusiform myotubes with well-

organized nuclei (Figure 26). Instead, most myotubes formed by KO cells are shorter, showing a 

higher ratio of diameter/length (Figures 26 and 27). In addition, the nuclei of KO myotubes are 

distributed in the most hypertrophic part of myotubes (Figure 26). The morphologically abnormal 

KO myotubes are probably the consequence of the disorganization of filament proteins. As mentioned 

in the introduction, some findings point out that many sarcomere filament proteins, including actin,  

a-actinin, tropomyosin, dysbindin, and desmin, are substrates of TRIM32 in muscles. These proteins 

are essential for maintaining muscle fibril structure. The loss of Trim32 may induce disordered 

accumulation of these proteins in C2C12 and ultimately results in the observed abnormal myotubes.  
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Moreover, the change of MHC level during differentiation revealed by western blot also indicates a 

defect in myogenesis in KO cells. A pretty low level of MHC is detected at day 0 in all clones (Figure 

28), consistent with the proliferating condition. Although we observed scattered small myotubes 

formation in WT at day 3 in immunofluorescence images, no difference in MHC is detected in WT 

and KO cells (figure 28), probably due to the low percentage of MHC-positive cells at this point. 

Consistent with the increased myotubes formation in WT, western blot reveals much higher 

expression of MHC in WT cells than KO after 8 days of differentiation (Figure 28). 

 

The characterization of myotubes and MHC expression prove that inactivation of Trim32 causes 

deficient myogenesis of C2C12 cells but does not entirely abolish myotubes formation. 

 
 
 

 
 
 
 
 
 
 

Figure 27 Scatter dot plot of differentiation index (left) and ratio of diameter/length (right) in Trim32 KO and WT 

clones.  Differentiation index was measured as the percentage of the nuclei number in MHC+ myotubes relative to 

the total nuclei number. The measurement of myotube is described in Materials and methods. Tables below the 

graphs display the mean and SEM (Standard Error of the Mean). Mean ± SEM, n=3, **p < 0,005, ****p < 0,0001.  
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4. The knock-out of Trim32 does not affect MyoD protein level   
 

MyoD, also known as myoblast determination protein 1, heterodimerizes with bHLH E-proteins, 

recognizing and regulating myogenic bHLH target gene transcription. MyoD binding occurs before 

differentiation, which indicates that it plays an early myogenic regulation in myogenesis. Genetic 

deletion of MyoD in human myoblasts completely abolished the myogenesis potential, although 

MyoD null mice appeared normal and fertile and did not show any overt muscle phenotypes [164]. 

Probably in vivo, Myf5, MRF4, and other MRFs can efficiently compensate the differentiation 

potentials. Indeed, the MRFs collaborate in partially redundant transcriptional networks to regulate 

myoblast cell fate in vivo, but this effect is not always observed in cultured cells. In the myogenic 

process, MyoD starts to be expressed when the satellite cells are stimulated, and reaches a pick at the 

beginning of myocyte differentiation. Then, its expression gradually decreases with the maturation 

of myotubes. To investigate whether TRIM32 can affect master MRFs in the myogenic process, we 

analyzed MyoD protein expression. 

 
Trim32 WT and KO proliferating cells show high expression of MyoD (Day 0), then it decreases with 

differentiation (Figure 29). However, no significant difference can be detected when comparing the 

MyoD level in WT and KO cells (Figure 29).  

 

 

 

 

Figure 28 Representative Western Blot analysis of Trim32 WT, KO, and parental C2C12 protein extracts under 

maintenance conditions (D0) as well as 3 (D3) and 8 (D8) days after the induction of myogenic differentiation 

analyzed with anti-MHC antibody. The graph below shows the quantification of MHC. 20 µg of protein extract 

was loaded, and GAPDH was detected as loading control (mean � SEM; n=3; Unpaired T test; *P < 0,05). 
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Immunofluorescence experiments also show the same percentage of MyoD-positive cells and 

localization of MyoD in both WT and KO cells at different time points (Day 0, 3, and 8) (Figure 30). 

At day 0, MyoD is detected also in the cytoplasm in all the genotypes and then by day 3 is only 

detected in the nucleus. To exclude the possible false positive caused by the antibody, we confirmed 

the result with two different commercial MyoD antibodies. The slight downregulation of MyoD 

transcript observed in Trim32 KO clones (see above) is not present at the protein level. To accurately 

validate the difference at the RNA level, q-RT-PCR is further needed. Nevertheless, judging from the 

protein analysis, the defective differentiation in Trim32 KO C2C12 clones is not caused by 

malfunction of MyoD. 

 

As a critical regulator in myogenesis, the abundance of MyoD is a marker for muscle regeneration 

potential. A low level of MyoD is usually observed in aged skeletal muscle and muscle diseases. 

Unexpectedly, a similar MyoD level is detected in Trim32 KO and WT cells, suggesting the limited 

effect of TRIM32 in the early stage of myogenesis, which is consistent with the low level of 

expression of TRIM32 in proliferating myoblasts reported in some work of literature. Since the 

deficient myogenesis in Trim32 KO C2C12 cells is not due to MyoD, we further investigated its 

downstream signaling. 

 
 
 
 
 

Figure 29 Representative Western Blot analysis of Trim32 WT, KO, and parental C2C12 cells under 

maintenance conditions (D0) as well as 3 (D3) and 8 (D8) days after the induction of myogenic differentiation 

using anti-MyoD antibody. 20 µg of protein extract was loaded, and GAPDH was detected as loading control. 
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D0	 D3	 D8	

Figure 30 Analysis of MyoD cellular distribution under maintenance conditions (D0) as well as 3 and 8 days 

after the induction of myogenic differentiation in representative WT and KO clones, and in parental C2C12 

cells. Nuclei were counterstained with DAPI (blue). (63x magnification; scale bar = 10 µm). The graph shows 

the percentage of MyoD positive nuclei: no significant difference is detected comparing WT and KO clones. 

(mean ± SEM; n = 3; unpaired t-test, 63x magnification; scale bar = 10 µm). 
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5. The knock-out of Trim32 affects Myogenin protein level during differentiation 
 
Myogenin (MyoG) is a downstream target of MyoD. MyoD synergistically cooperates with other co-

activators, such as MEF2C and NFATc2/c3, at the Myogenin promoter to activate its expression. The 

overexpression of Myogenin in myoblasts can induce differentiation as well, but more than ten times 

less efficient than MyoD. Increased Myogenin during differentiation suggests its critical role at the 

advanced stage of differentiation.  

 

We explored Myogenin levels in Trim32 KO, WT, and C2C12 parental cells. As expected, Myogenin 

protein is only detected in western blot at day 8 (Figure 31) of differentiation but not before (Data 

not shown). This result is consistent with its role as the master regulator for the terminal 

differentiation. However, Trim32 KO shows lower expression of Myogenin than Trim32 WT and 

parental C2C12 cells at day 8 (Figure 31).  

 

 

 

 

 

 

 

 

Consistently, immunofluorescence images show an increase of Myogenin during differentiation 

in Trim32 KO, WT, and C2C12 parental cells, even though in Trim32 KO it was much reduced 

(Figure 32a). Notably, in Trim32 WT and parental C2C12 myotubes at day 8, a relatively high level 

of Myogenin is present, but almost no Myogenin can be detected in the abnormal myotubes in all the 

Trim32 KO clones (Figure 32b).  

 

 

 

 

Figure 31 Representative Western Blot analysis of Trim32 WT, KO, and parental C2C12 cells 8 days after the 

induction of myogenic differentiation using anti-MyoG antibody. Quantification shows a reduced level of 

Myogenin in Trim32 KO C2C12 cells at Day 8. 20 µg of protein extract was loaded and GAPDH was detected 

as loading control (mean � SEM; n=3; Unpaired T test, *P<0,05). 
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Figure 32 Myogenin immunofluorescence under maintenance conditions (D0) as well as 3 (D3) and 8(D8) days 

after the induction of myogenic differentiation.  Myosin heavy chain III (MHC III) is used as a marker of 

differentiation. Immunofluorescence shows Myogenin (green) in the nuclei and MHC III (red) in the cytoplasm. a. 

images of representative Trim32 KO and WT clones, and C2C12 parental cells taken at day 0, 3, and 8 of 

differentiation. b. Analysis of Myogenin expression 8 days after the induction of myogenic differentiation in the 

three Trim32 KO and WT clones. 40x magnification; scale bar = 50 µm. 
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The low level of Myogenin in Trim32 KO cells highlights that TRIM32 eventually affects the 

advanced stage of differentiation. Myogenin work as a surrogate of MyoD to continually sustain 

muscle fusion that boosts the sizes of myotubes at the later stage when MyoD expression declines. 

Therefore, the low level of Myogenin expression, particularly in Trim32 KO myotubes, blocks the 

nascent myotubes hypertrophy and maturation, resulting in small Myotubes. Unlike the complete loss 

of ability to differentiate in MyoD KO myoblasts, the knock-out of Myogenin in human myoblasts 

displayed relatively moderate defects in the myogenic process, such as a low differentiation index 

and low fusion index. Further, the Myogenin-null mice keep a limiting ability to generate a few 

differentiated myofibers [172,264,265]. According to these findings, the fewer and 

abnormal Trim32 KO myotubes might be the result of the decreased Myogenin observed. 

 

Based on the MyoD and Myogenin analysis in the Trim32 KO cells, TRIM32 does not affect 

myogenic specification but regulates myogenic differentiation. Previous research revealed that 

although MyoD controls Myogenin expression, many other molecules are involved in this process. 

In this scenario, TRIM32 likely reduces Myogenin through pathways downstream or parallel to 

MyoD.  

 

6. The knock-out of Trim32 increases c-Myc level 
 
We then sought to demonstrate how TRIM32 affects Myogenin in differentiation. Previous research 

has shown that the c-Myc can antagonize MyoD and thus impede the activation of Myogenin 

expression. [242,243] c-Myc is a proto-oncogene that regulates cell proliferation in many cell lines, 

including C2C12 myoblasts. A sustained expression of c-Myc in C2C12 myoblasts halts 

differentiation and myotubes formation. Indeed, we observed reduced c-Myc levels in C2C12 

myoblasts within 36 hours of differentiation (Figure 33).  
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On the other hand, TRIM32 was reported to regulate c-Myc levels in both neural progenitor cells and 

myoblasts, probably through ubiquitination and targeting c-Myc to degradation although these data 

are still unclear. Therefore, we asked whether the knock-out of Trim32 increases c-Myc level in 

C2C12 cells. We analyzed c-Myc level in Trim32 KO, WT, and C2C12 parental cells during 

differentiation by western blot. Unlike similar c-Myc levels detected at day 0 and day 8 in KO and 

WT cells, a slight but statistically significant higher level of c-Myc is observed at day 3 in KO clones 

compared with WT (Figure 34). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

In order to further support that the above-described regulation of c-Myc at day 3 of differentiation is 

regulated by TRIM32, we overexpressed full-length TRIM32 and a truncated TRIM32 lacking RING 

domain, therefore catalytically inactive, in Hela cells by transfecting GFP-TRIM32 and GFP-DRING- 

TRIM32 plasmids (Figure 35). The empty vector is transfected as a control showing no effect on the 

endogenous c-Myc level. In line with previous reports, overexpression of TRIM32 downregulates 

endogenous c-Myc level in a dose-dependent manner. Most importantly, the overexpression of 

TRIM32 lacking the RING domain does not affect endogenous c-Myc level compared with control, 

Figure 33 Western Blot analysis of c-Myc level in parental C2C12 cells under maintenance conditions (D0) as 

well as 1 (D3) day and 3 (D8) days of differentiating. Quantification of c-Myc level shows gradually reduced 

level upon differentiation. 20 µg of protein extract was loaded and GAPDH was detected as loading control.  

Figure 34 Representative Western Blot analysis of c-Myc in Trim32 KO and WT C2C12 cells at different time 

points of differentiating (D0, D3, and D8). Quantification shows a higher level of c-Myc in KO cells compared 

with WT at Day 3. 20 µg of protein extract was loaded and GAPDH was detected as loading control. (mean � 

SEM; n=3; Unpaired T test, *P<0,05).  
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suggesting that the E3 ligase activity of TRIM32 is necessary for regulating endogenous c-Myc level 

in Hela cells (Figure 35).  

 

 

 

Given our data and that c-Myc has been described as a possible substrate of TRIM32, we first 

examined the role of proteasome in c-Myc degradation in C2C12 cells. MG132 is a proteasome 

inhibitor and when applying it to parental C2C12 and WT cells at day 3 of differentiation, a significant 

accumulation of c-Myc is detected (Figure 36a). In these exposures c-Myc is not even detectable at 

0 hour (vehicle treatment) (Figure 36a). This result indicated that c-Myc is degraded through 

proteasome system in C2C12 and WT cells at day 3 of differentiation.  

 

Subsequently, the combination treatment of cycloheximide (protein synthesis inhibitor) and MG132 

was further assayed. As we expect, the treatment of cycloheximide and MG132 does not show 

different effects in Trim32 WT and KO cells at day 0 and day 8 (Figure 36b).  

 

At day 3, as a protein synthesis inhibitor, cycloheximide efficiently inhibits c-Myc protein levels in 

WT but not in KO clones, indicating higher stability of the c-Myc protein in KO clones (Figure 36b, 

lanes 1 and 5). The downregulation of c-Myc level in WT clones can be partially rescued by MG132 

in the WT clone (Figure 36b, lanes 1 and 3).  

  

Interestingly, the treatment of MG132 alone can significantly increase c-Myc level compared with 

vehicle treatment (Figure 36b, lanes 6 and 8) in the KO clone at day 3, indicating a proteasome-

Figure 35 HeLa cells were transfected with 2.5µg or 5µg of GFP-TRIM32 or GFP-ΔRING TRIM32 plasmids. 

Control was transfected with 2.5µg of empty vector. Representative Western Blot assay of the endogenous c-

Myc levels and GAPDH control. Quantification of at least three assays for each condition (n=3) using 

densitometry analysis with the Image Lab software. For relative protein, expression results are shown as the 

ratio between c-Myc and GAPDH. Statistical analysis was performed by a student’s t-test *P < 0,05.  
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dependent degradation of c-Myc also in KO clones. However, when we treated the KO clones with 

MG132 upon cycloheximide at day 3, MG132 failed to increase the c-Myc level (Figure 39b, lanes 

5 and 7), suggesting that proteasome does not involve in c-Myc degradation in this condition. These 

two conflicting results lead the mechanism of c-Myc turnover in Trim32 KO cells more elusive. 

 

 

 

 

 

 

 

 

 

 

The investigation of the mechanism that TRIM32 regulates c-Myc is still in progress. Apart from the 

high possibility of mediating c-Myc degradation, we cannot exclude that TRIM32 might also regulate 

c-Myc production through an unknown mechanism. It will be interesting to investigate more in-depth 

the molecular mechanisms of TRIM32-mediated c-Myc regulation and whether the phosphorylation 

of c-Myc is a prerequisite for its ubiquitination.  

 

To date, two E3 ligase enzymes have been well characterized to mediate c-Myc ubiquitination [266]. 

The F-box protein Skp2 targets c-Myc for ubiquitination by binding to the MB2 domain of c-Myc, 

inducing c-Myc degradation. Interestingly, Skp2 also serves as a transcriptional coactivator for c-

Myc, enhancing c-Myc transactivation for target genes. Skp2 is a two-face ligase that increases the 

degradation of c-Myc, but the other side of the coin is improving the activity of c-Myc. A similar 

Figure 36 Representative Western Blot analysis of c-Myc level in Trim32 WT, KO and parental C2C12 cells. 

a. At day 3 of differentiation, myoblasts are treated with proteasome inhibitor MG132 (20 uM in DM) for 0, 4 

and 6 hours. b. Under maintenance condition (day 0), and day 3, day 8 of differentiation, cells are treated with 

cycloheximide (CHX, protein synthesis inhibitor, 50 ug/mL), MG132 (20 uM), and the combination of CHX 

and MG132 in GM (day 0) and DM (day 3 and day8).  20 µg of protein extract was loaded and GAPDH was 

detected as loading control. 

a b 
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mode of action has also been found in many Ub ligases [267]. Whether TRIM32 can function as a 

regulator of c-Myc expression or activity requires further investigation.  

 

The other F-box protein, Fbw7, is proved to mediate c-Myc ubiquitination and degradation dependent 

on the phosphorylation of Thr-58 and Ser-62 in the MB1 domain. This pattern of degradation induced 

by Fbw7 is very important because mutations in Thr-58 and Ser-62 are frequently found in tumors 

[268]. Phosphorylation of Ser-62 is mediated by the Ras–ERK pathway and is a pre-requirement for 

phosphorylation of Thr-58, mediated by glycogen synthase kinase 3 (GSK3). GSK3 is a well-known 

substrate of AKT. It has been heavily studied that phosphorylation by AKT inhibits GSK3 activity 

via the formation of an auto-inhibitory pseudosubstrate sequence [269]. 

 

The network analysis based on DEGs from RNAseq of Trim32 WT and KO clones at day 3 reveals 

a network of molecules regulated by AKT. AKT, also known as protein kinase B, is activated by 

phosphorylation mediated by PI3K. TRIM32 has been reported to reduce PI3K-Akt-FoxO signaling 

in muscle atrophy by promoting plakoglobin-PI3K dissociation. TRIM32 may promote GSK3 

phosphorylating c-Myc by regulating PI3K-AKT-GSK3 axis. To determine TRIM32’s effect on AKT 

activity, we are analyzing the phosphorylation of AKT at Thr-308 and Ser-473 residues and the 

phosphorylation of GSK3 in Trim32 WT and KO cells (work in progress). 

 
7. The knock-out of Trim32 affects C2C12 proliferation  

 

c-Myc activates a diverse group of genes involved in various cellular physiological pathways, and 

many of them strongly correlate with cell proliferation. Indeed, the analysis of RNAseq reveals the 

activation of cell cycle-related signaling pathways in Trim32 KO cells at Day 3, suggesting an 

impairment in properly exiting cell cycle of Trim32 KO cells at day 3. In order to check cell 

proliferation, we examined Phospho-histone H3 Ser10 (pHH3) by immunofluorescence under 

maintenance conditions (Day 0) and 3 days after induction of differentiation. pHH3 is a protein 

phosphorylated during chromatin condensation in mitosis, and thus the level of pHH3 can be used to 

assess mitotic activity. At day 0, the statistical analysis shows the same percentage of pHH3 positive 

myoblasts in Trim32 KO and WT C2C12 cells (Figure 37), indicating the same mitotic rate under 

maintenance conditions. The induction of differentiation slows down proliferation in 

both Trim32 KO WT C2C12 cells because the percentage of pHH3 myoblasts decreases from day 0 

to day 3 (2.8 % vs 0.2 % in Trim32 WT; 2.2 % vs 0.4% in Trim32 KO). However, at day 3, a 

significantly higher percentage of pHH3 positive myoblasts in Trim32 KO than WT is observed 

(Figure 37), indicating a higher proliferation rate in Trim32 KO cells.  
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These data in Trim32 KO myoblasts indicates that KO cells are less efficient in withdrawing from 

the cell cycle and initiating differentiation. On the other hand, the higher proliferation of Trim32 KO 

at day 3 is likely related to the high stability or synthesis of c-Myc.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 37 Analysis of C2C12 mitotic rate under maintenance conditions (D0) and 3 days (D3) after the induction 

of myogenic differentiation using Phospho-histone H3 (red) as a marker of cells in S-phase. Nuclei were 

counterstained with DAPI (blue). Quantification of pHH3 myoblasts revealed a progressive decrease in the 

percentage of proliferating myoblasts at Day 3. No significant difference in the percentage of Phh3 positive cells 

in Trim32 WT and KO clones can be detected at Day 0. A higher percentage of proliferating myoblasts in Trim32 

KO compared with WT is observed at D3. (mean ± SEM; unpaired t-test, ****P<0,0001, n = 3, 20x 

magnification, Scale bar, 50 µm). 
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Although Trim32-dificient C2C12 cells show a comparable level of MyoD with the WT clones, the 

significant downregulated Myogenin results in the impaired terminal differentiation, which is 

determined by the lower MHC level and abnormal myotubes generation. The activation of MyoD is 

the key step of myogenic lineage and the start of myogenic program. However, MyoD is not necessary 

for the muscle development. The MyoD gene targeted mice express Myogenin, and are able to 

generate muscle tissue. This could benefit from the overlapping function of MyoD and Myf5 in vivo 

as we discussed in the introduction. As a downstream target of MyoD and Myf5, Myogenin is 

necessary for muscle development and regeneration, controlling the terminal differentiation of 

myoblasts. The knock-out of Myogenin suppresses muscle development and prevents muscle 

regeneration in vivo. Therefore, the decreased Myogenin caused by the knock-out of Trim32 strongly 

suggests an impaired muscle regeneration in LGMDR8 patients.  

 

Based on our results, TRIM32 shows a limited effect to the first stage of muscle regeneration. In the 

proliferating condition, Trim32 KO and WT clones are more homogeneous, including same 

proliferating rate, same MyoD expression, and comparable transcriptome pattern. However, with the 

myogenesis progresses, TRIM32 KO clones show an impaired differentiation, represented as 

insufficient Myogenin and higher mitotic activity. These data indicate the critical role of TRIM32 in 

the second stage of muscle regeneration. We observed a sharply decreased c-Myc in C2C12 from 

proliferating to differentiating, and likely TRIM32 contributes to this process. At the beginning of 

second stage of muscle regeneration, the normal myoblasts exit from cell-cycle, and continue 

myogenic differentiation with Myogenin upregulation, whereas in the pathologic TRIM32-deficient 

muscle, the accumulation of c-Myc prevent myoblasts from appropriate cell-cycle withdrawal, thus 

these cells are unable to express Myogenin, and eventually failed to form new myofibers. Another 

possible explanation is that the ability of MyoD to activate Myogenin expression is countered by c-

Myc, a funding that is supported by a literature report describing that ectopically expressed c-Myc 

inhibits Myogenin bypassing MyoD [243].  
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CONCLUSIONS 
 

Mutations in TRIM32 are the genetic cause of LGMDR8 disease, but the underlying pathogenic 

mechanism is still unknown. The early studies were focused on the role of TRIM32 in muscle atrophy. 

However, the low expression of TRIM32 during muscle atrophy in vivo indicates a minimal effect of 

TRIM32 in this process. In recent years, increasing evidence highlighted TRIM32 functions 

predominantly in muscle regeneration. Different mutations and full-deletion of TRIM32 have been 

discovered in LGMDR8 patients. Most of the missense mutations cluster in the NHL domain, which 

could disturb TRIM32 self-association and substrate binding. The TRIM32 NHL domain mutants 

could significantly impact the ability to form homo-oligomers, and thus they may be degraded rapidly 

in cytoplasm. We speculate that in patients either carrying full-deletion of TRIM32 or a short 

truncated TRIM32, the function of TRIM32 is abolished. For patients carrying the other mutations 

in TRIM32, because of inability of self-associate of these variants, can be highly unstable in vivo. In 

this scenario, TRIM32 mutated proteins probably low or no activity in vivo.  

 

In this project, we generated Trim32 knock-out and wild-type immortalized mouse myoblast C2C12 

cells. Using these C2C12 clones as a research model, we further explored the role of TRIM32 in the 

myogenic program and the possible molecular mechanism underlying LGMDR8. Some published 

works point to an increase of TRIM32 during myogenic differentiation (data not shown). However, 

we clearly observed a stable level in C2C12 parental and Trim32 WT cells in our experiments. The 

loss function of TRIM32 in KO cells results in a deficiency but not in a completely abolished 

myogenic program, based on the characterization of myotubes formation and myosin heavy chain 

expression. This result indicates the critical role of TRIM32 in myoblast differentiation.  

 

The RNA of myogenic regulatory factors (MRFs) in Trim32 KO cells started to show a significantly 

decreased level compared with WT at day 3 of differentiation, indicating the impairment of 

differentiation. Of the main MRFs, MyoD, a master regulator in the early stage of myogenesis, does 

not show any difference in Trim32 KO and WT. On the other hand, we found a significant decrease 

of Myogenin in Trim32 KO cells, particularly in Trim32 KO myotubes, compared with WT cells at 

day 8 of differentiation. Myogenin expression is regulated by MyoD and mainly functions in the late 

stage of differentiation. Other works of literature point out that the loss function of Myogenin causes 

the formation of small myofibril, which is consistent with the result obtained in our experiments. It 

has been reported that the over-expression of Myogenin can also affect metabolic enzymes in vivo, 

with levels of oxidative enzymes increased and glycolytic enzymes decreased. The change from 

anaerobic respiration to aerobic metabolism may indicate the switch from type II myofibril to type I 



 69 

myofibril. [270] Whether this switch exists in Trim32 KO myotubes can be further analyzed by 

detecting myosin heavy chain 7 (a representative MHC for type 1 myofibril). The decrease of 

Myogenin in KO cells can be caused by the downregulation of its synthesis or increased degradation, 

and this will be determined in future experiments. 

 

In addition, we found that c-Myc, which has been reported to inhibit MyoD transactivation of 

Myogenin, is slightly but statically increased in Trim32 KO cells at day 3 compared with WT clones. 

Interestingly, this difference in c-Myc level is not detected at day 0 and day 8. Therefore, we 

hypothesis that TRIM32 might regulate c-Myc level at the beginning of myogenic differentiation 

when c-Myc needs to be degraded to allow the onset of differentiation. Our results indicate that 

TRIM32 regulates c-Myc proteasome-dependent degradation. The exogenously overexpressed 

TRIM32 in Hela cells can reduce the endogenous c-Myc level in a dose-dependent manner. Two 

possible pathways are envisaged: 1. TRIM32 mediates ubiquitination of c-Myc directly and targets 

degradation. Our preliminary Co-IP did not show a direct interaction of TRIM32 and c-Myc although 

this may occur transiently. 2. TRIM32 regulates c-Myc level through other signaling pathways. It 

will be interesting to investigate how TRIM32 controls c-Myc level and which condition is changed 

between day 0 (no effect on c-Myc) and day 3 when the difference in c-Myc level is observed. In this 

scenario, we speculate that TRIM32 may affect c-Myc phosphorylation by regulating GS3K activity, 

with the phosphorylation of c-Myc may be a pre-requirement for its degradation as it is reported for 

the c-Myc E3 ligase Fbw7. More investigation is needed to clarify the connection between TRIM32 

and c-Myc.   

 

Although Skp2 and Fbw7 are assessed E3 ligase of c-Myc, we don’t know the connection between 

these enzymes and TRIM32, and whether an overlapping effect on c-Myc exists or if they work in 

different phases or different cell types. This point is critical because Skp2 is mainly expressed in S 

phase, and Fbw7 is expressed throughout the cell cycle. Likely, the two E3 ligases induce c-Myc 

degradation predominantly in the highly proliferating cells, such as tumors and proliferating 

myoblasts. However, C2C12 is an immortalized cell line that not only proliferates but also 

differentiates in the proper condition. Based on our result, we can suggest that TRIM32 is another E3 

ligase of c-Myc mainly functioning in differentiating C2C12 cells.  

 

c-Myc is a well-described proto-oncogene that promotes cell proliferation. We found a higher 

Phospho-histone H3 level in Trim32 KO cells compared with WT at day 3, indicating higher rate of 

proliferation, which could be due to the higher level of c-Myc in KO cells. This result suggests high 
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mitotic index and possible a block of cell transition to differentiation in Trim32 KO cells. The 

downstream targets of c-Myc, such as CDK4 and CCND2, need to be assessed to confirm this 

hypothesis. Besides, the c-Myc function loss and gain experiments can further help us to understand 

the role of c-Myc in the proliferation and differentiation of C2C12 myoblasts. However, so far, we 

failed to exogenously overexpress c-Myc at day 3 of differentiation. As c-Myc usually is active as 

part of a heterodimeric complex with its partner protein, MAX, we also try to inhibit c-Myc activity 

in Trim32 KO cells by treating with 10058-F4, a small molecule blocking c-Myc and MAX 

association [271]. But the myogenic process is subtly regulated, and the window and expression level 

of each molecule working in this process, including c-Myc, is tightly controlled. Improper order and 

over or insufficient expression can damage or even abolish the myogenic process. Therefore, we must 

first explore the optimal administration time and dose of the treatment.  

 

The results presented in this thesis work open to further research on two aspects. One is to investigate 

further the molecular mechanism of TRIM32 regulating c-Myc in myogenic program along two 

working hypotheses: 1) c-Myc is a substrate of TRIM32. TRIM32 can induce c-myc degradation in 

a ubiquitin-dependent way; 2) TRIM32 regulate c-Myc degradation through other pathways, for 

example AKT-GSK3b-c-Myc pathways. On the other hand, to dissect in depth the effect of TRIM32-

c-Myc axis on myogenic program, particularly testing whether Trim32 KO clones can regain 

myogenic ability by either re-introducing TRIM32 or suppressing c-Myc. In the long-term, it will be 

interesting to translate our cell system findings (for example TRIM32-c-Myc) in LGMDR8 animal 

model, which will provide more support for the further therapy development.  

 

In summary, we demonstrate the impaired but not collapsed myogenic program in Trim32 knock-out 

C2C12 myoblasts, highlighting possible stages during differentiation when TRIM32 can be relevant. 

These data are an important basis for future work to address the pathogenesis of LGMDR8. 
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