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Abstract  

-catenin is a versatile protein implicated in a wide range of cellular processes including cell fate 

determination, proliferation, differentiation, adhesion, and cell survival. -catenin performs its 

cellular functions through protein-protein interactions since it lacks the ability to interact directly 

with DNA. A -catenin interactome study was performed in myogenic cells to investigate the 

protein network of -catenin during myogenesis. The study utilized a novel GFP Nano-trap based 

affinity purification approach followed by LC-MS/MS analysis. The mass spectrometry dataset 

included a list of well-known and potential -catenin protein interactors. Established -catenin 

interactors present in the dataset included components of the -catenin destruction complex such 

as GSK3- and APC, in addition to components of the adherens junction such as -catenin and 

Cadherins. After informatic processing of the mass spectrometry dataset, the interaction between 

-catenin and FHL3 was further characterized. These studies indicate that FHL3 interacts with -

catenin in the nuclei of cells. The -catenin responsive TOPFLASH reporter gene system was used 

to demonstrate that FHL3 inhibits -catenin activity. FHL3 also inhibited the activation induced 

by -catenin on a myog reporter gene assay in myogenic cells. It was further documented that 

FHL3 translocates to the nucleus during the early stages of myogenic differentiation, possibly to 

delay the onset of myogenesis. Experiments in which FHL3 expression was silenced using siRNAs 

targeting FHL3 transcripts lead to a small but significant increase in -catenin activity in myogenic 

cells. Collectively, these data indicate a repressive role for FHL3 on -catenin activity and the 

differentiation program in myogenic cells. 
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Chapter I: Literature review  

1. Skeletal muscles 

Skeletal muscles are striated muscle cells that have important bodily functions such as 

locomotion (through muscle contraction) and maintaining an upright posture (1-3). In addition, 

skeletal muscles regulate various metabolic processes such as thermoregulation, nutrient storage, 

and energy metabolism (4, 5). Since skeletal muscles are involved in a variety of physiological 

processes, maintaining healthy skeletal muscles is essential for good life quality. Skeletal muscle 

dysfunction can lead to many diseases such as Duchenne muscular dystrophy (DMD), Becker 

muscular dystrophy (BMD), cachexia, and rhabdosarcoma all of which can severely impact daily 

life activities or be lethal in some cases (6-8). Hence, it is crucial to understand the molecular 

mechanisms associated with muscle development or myogenesis. During vertebrate embryonic 

myogenesis, skeletal muscles develop from the paraxial mesoderm (9). The paraxial mesoderm, 

which flanks the neural tube in the developing embryo, contributes to the formation of most 

types of skeletal muscles through somitogenesis (Figure 1). The paraxial mesoderm also gives 

rise to the anterior paraxial mesoderm which does not form somites and develop into the head 

and neck muscles (10). During somite morphogenesis, the somites develop into the 

dermomyotome which contributes to the formation of skeletal muscles and muscle stem cells 

(satellite cells) in response to signals received from surrounding structures such as the neural 

tube, notochord, and dorsal ectoderm. The secreted signals, such as Wnt and Shh signals, induce 

the dermomyotome to express Pax3/7 and MRFs such as MyoD, Myf5 and MyoG which induce 

the skeletal muscle differentiation program in the embryo (10). Many aspects of skeletal 

myogenesis appear to be conserved between vertebrates and invertebrates. In both groups, the 

mesoderm responds to Wnt signals to produce skeletal muscles. In the nematode Caenorhabditis 
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elegans, Wnt signaling is involved in the formation of body wall muscle cells from the MS 

lineage (11).  In addition, the mesodermal cells in the invertebrate Drosophila melanogaster also 

respond to external signals such as Wingless (Wg) and Hedgehog (Hh) to produce myogenic 

progenitor cells (12). Wg and Hh are Wnt and Shh homologs (respectively) in D. melanogaster. 

Additionally, in C. elegans, CeMyoD which is the MyoD homolog in C. elegans encoded by the 

hlh-1 gene is involved in embryonic myogenesis (13). Ectopically activating the expression of 

the hlh-1 gene induces the conversion of most C. elegans embryonic cells into myogenic cells 

(14). D. melanogaster also expresses a MyoD homolog called Nautilus (Nau). Nau is expressed 

in muscle cell precursors and is capable of inducing cells to commit to the muscle differentiation 

program (15, 16). 

Vertebrate skeletal muscle cells possess a high regenerative capacity in response to certain stimuli 

such as stress or injury. The ability to regenerate in adult skeletal muscles is dependent on a 

population of resident stem cells called satellite cells (SC). These cells localize between the basal 

lamina and the sarcolemma of mature multinucleated muscle cells (17, 18). SCs are mononucleated 

and mitotically quiescent under normal conditions but are activated when stimulated (19, 20). Non-

proliferating SCs predominantly express Pax7 and Myf5, however a subset of the SC population 

does not express Myf5 and contributes to the SC reservoir (21, 22). Upon activation, SC re-enter 

the cell cycle, start expressing MyoD and commit to the differentiation program. These MyoD+ 

cells are termed myoblasts. Then, myoblasts start expressing MyoG and other MRFs which induce 

the fusion of myoblasts to form the terminally differentiated multinucleated myofibers (23, 24). A 

schematic demonstrating the stages of adult skeletal myogenesis is depicted in figure 2. 
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Figure 1: Embryonic development of skeletal muscle. Skeletal muscle cells originate from the 

paraxial mesoderm which gives rise to somites. Somites then develop to the sclerotome and 

dermomyotome. Skeletal muscles develop from the dermomyotome. nt: neural tube, nc: 

notochord.  Created with BioRender.com. 

 

    

Figure 2: Regeneration in skeletal muscles. In response to an external stimulus, quiescent SCs 

expressing Pax7 and Myf5 are activated. Activated SCs upregulate MyoD, proliferate and 

differentiate into mature multinucleated muscle cells. Created with BioRender.com 
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2. -catenin 

β-catenin is the vertebrate homolog of the armadillo protein originally discovered in drosophila as 

a segment polarity gene (25). β-catenin is primarily known for its role as the co-activator of the 

canonical Wnt signaling pathway where it interacts with TCF/LEF transcription factors to activate 

Wnt target genes. However, the relationship between β-catenin and the TCF/LEF family of 

transcription factors is not monogamous as β-catenin has been shown to interact with a variety of 

other transcription factors. Data demonstrates that β-catenin cooperates with the MEF2 family of 

transcription factors to activate the expression of myogenic genes (26). β-catenin can also associate 

with FOXO transcription factors and enhance FOXO transcriptional activity in mammalian cells 

(27). In addition, the Wnt/ β-catenin signaling pathway cross talks with other pathways such as the 

BMP signaling pathway where β-catenin cooperates with Smads to regulate genes implicated in 

cell fate determination (28).  

In addition to its role in signal transduction, β-catenin also has a structural function as one of the 

components of the adherens junction (29). The adherens junctions are cell-cell adhesion complexes 

that consist of Catenin-Cadherin complexes that interact with the Actin cytoskeleton. β-catenin 

interacts directly with Cadherins and interacts with the Actin cytoskeleton through -catenin (30). 

A schematic portraying the functions of β-catenin in the cell is shown in figure 3. 

β-catenin is made up of 13 armadillo repeats consisting of ~42 amino acids each (31). The 

armadillo repeats are flanked by an N-terminal domain consisting of ~130 amino acids and a C-

terminal domain of ~100 amino acids (32). The armadillo repeats form a relatively rigid structure 

that is the binding site for many proteins such as the cell adhesion molecule Cadherin, the 

TCF/LEF transcription factors, and some components of the β-catenin destruction complex such 

as Axin and APC (33-35). Compared to the armadillo repeats, the N-terminal and C-terminal 
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domains of β-catenin are less structured and are more flexible. The N-terminal domain of β-catenin 

links it to the Actin cytoskeleton through -catenin. In addition, degradation of β-catenin is 

mediated by its N-terminal domain where CK1 phosphorylates Ser45 and GSK- phosphorylates 

Ser33, Ser37 and Thr41 at the N-terminus (36, 37). The C-terminal domain of β-catenin is essential 

for its signalling activity as it is the binding site for many transcriptional co-factors such as CBP, 

TBP and MED 12 (38-40). A diagram depicting the structure of β-catenin and the binding domains 

of some of its interactors is shown in figure 4. 

 

 

                   

Figure 3: The role of -catenin in the cell. -catenin is involved in cell signaling and cell-cell 

adhesion. When -catenin accumulates in the cytoplasm, it translocates to the nucleus and activates 

gene expression. As a component of the adherens junction, -catenin interacts with Cadherins and 

interacts with the Actin cytoskeleton through -catenin. Created with BioRender.com 
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Figure 4: Structure of -catenin. -catenin consists of three main domains: the N-terminal 

domain, a central domain termed the Armadillo domain and a C-terminal domain. The N-terminal 

domain is the site of phosphorylation that marks -catenin for degradation. The armadillo domain 

is the site of interaction with the TCF/LEF family of transcription factors. Both the N-terminal and 

armadillo domains link -catenin to the cytoskeleton. The C-terminal domain is the transactivation 

domain of -catenin. Created with BioRender.com 

 

3. The Wnt Signaling pathway  

a. The canonical Wnt signaling pathway 

The Wnt signaling pathway is an evolutionary conserved pathway involved in a variety of cellular 

processes such as cell proliferation, migration, differentiation, and response to infection (41-44). 

The canonical Wnt pathway depends on -catenin for signal transduction while the non-canonical 

Wnt pathway is -catenin independent. Both pathways are activated when Wnt ligands, which are 

secreted glycoproteins rich in cysteine residues, interact with surface receptors (45). 

The canonical Wnt pathway is activated when a canonical Wnt ligand (such as Wnt1, Wnt2, Wnt3, 

Wnt3a and Wnt8a) interacts with the transmembrane receptor Frizzled and the low density LRP5/6 

co-receptors activating the scaffolding protein Dvl and recruiting it to the Frizzled/LRP receptor 

complex (46). This leads to the multimerization of Dvl and the recruitment of the other components 

of the -catenin destruction complex to the receptor complex inducing the formation of the Wnt 
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signalosome (47). The formation of the Wnt signalosome releases β-catenin from the destruction 

complex leading to its accumulation in the cytoplasm and subsequently its translocation to the 

nucleus. In the nucleus, β-catenin interacts with the TCF/LEF transcription factors activating the 

expression of Wnt target genes (48).  

The levels of β-catenin are tightly regulated within the cell. In the absence of a Wnt signal, β-

catenin is marked for degradation by the destruction complex which consists of the tumor 

suppressors Axin and APC, and the serine/threonine kinases GSK3- β and CK1. In this process, 

the phosphorylation of -catenin by CK1 primes it for phosphorylation by GSK3- β. These 

phosphorylation events then prime β-catenin for ubiquitylation by the β-TrCP E3 ligase complex 

which leads to the clearance of -catenin through proteasomal degradation (49).  A schematic 

summarizing the Wnt signaling pathway is shown in figure 5. 
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Figure 5: The Wnt/-catenin signaling pathway. In the absence of a Wnt ligand (Wnt pathway 

OFF), -catenin is degraded in the cytoplasm by the -catenin destruction complex. CK1 and 

GSK3- phosphorylate -catenin which marks it for ubiquitination by -TRCP ligases. -catenin 

is then degraded by proteosomes. In the presence of a Wnt ligand (Wnt pathway ON), the 

destruction complex is recruited to the Frizzled/LRP co-receptor complex which leads to the 

accumulation of -catenin in the cytoplasm and its subsequent translocation to the nucleus where 

it activates gene expression. Created with BioRender.com 
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b. The non-canonical Wnt signaling pathway 

The non-canonical Wnt signaling pathway does not involve the transducing function of -catenin 

and is activated when a non-canonical Wnt ligand (such as Wnt4, Wnt5 and Wnt11) interacts with 

its corresponding surface receptors (46). The non-canonical Wnt pathway is divided into the 

Wnt/Ca+ and the PCP pathways (50). The Wnt/Ca2+ pathway is activated when a non-canonical 

Wnt ligand binds to its corresponding Frizzled receptor inducing the activation of phospholipase 

C. This enzyme activates molecules like IP3 which triggers the release of Ca2+ leading to the 

activation of PKC, CAMKII and Calcineurin. The activation of these molecules regulates the 

expression of Ca2+ target genes (51). The PCP pathway is also an example of a non-canonical Wnt 

pathway. This pathway is activated when a non-canonical Wnt ligand interacts with the ROR-

Frizzled receptor complex to activate cascades such as JNK signaling and ROCK signaling (52-

54). 

4. Wnt signaling in adult skeletal myogenesis 

Wnt signaling is involved in all stages of adult skeletal myogenesis including satellite cell 

proliferation, renewal, and differentiation (55-58). When satellite cells are activated in response to 

stress or injury, they undergo an extensive phase of proliferation before entering the differentiation 

program (59). Not all proliferating cells commit to the differentiation program, some cells divide 

to maintain the pool of satellite cells which can be achieved through symmetric or asymmetric cell 

expansion. Symmetric expansion occurs when a satellite cell produces two daughter satellite cells, 

while asymmetric expansion occurs when the dividing cell produces a satellite cell and a myogenic 

progenitor cell (60). Wnt signalling, through its non-canonical division, contributes to satellite cell 

renewal by symmetrical expansion. When the Wnt ligand Wnt7a activates the PCP pathway 

through interacting with its receptor Fzd7, two identical satellite cells are produced (55). The 
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Wnt/-catenin signaling pathway has also been implicated in inducing myoblasts proliferation 

through activating cell cycle regulators such as ccna2 and cdc25c (61). 

Wnt signaling is implicated in the differentiation of myogenic precursor cells through the canonical 

division of this pathway. Activating the canonical Wnt signaling pathway through supplementing 

C2C12 cell cultures (a myoblast cell line) with Wnt-3a, a canonical Wnt ligand, has been shown 

to enhance myoblast fusion during differentiation (62). In addition, -catenin has been shown to 

enhance the interaction of MyoD with certain myogenic loci such as the myog, mymk, mymx and 

ckm promoters (63-65). However, the role of -catenin in priming myogenic loci for MyoD 

binding is suggested to be TCF-LEF independent. -catenin null primary mouse myoblasts 

transfected with a mutated -catenin construct that does not interact with TCF/LEF showed a 

differentiated morphology that was indistinguishable from that of -catenin null primary mouse 

myoblasts transfected with the wild-type -catenin suggesting that the binding of -catenin at 

myogenic loci is TCF/LEF independent (64). 

5. -catenin in phase separation   

Biomolecular condensates, also called liquid-liquid phase separation (LLPS) condensates, are 

membrane-less compartments that exhibit liquid-like properties. These condensates can be 

localized in both the nucleus and the cytosol (66, 67).  LLPS condensates are capable of 

concentrating proteins and nucleic acids at specific cellular locations which is thought to regulate 

some cellular physiological activities as well as some pathological conditions (68). The formation 

of LLPS condensates is in part dependent on the intrinsic properties of the molecules. For example, 

the presence of certain domains like intrinsically disordered regions (IDRs), modular domains or 

other domains that can induce multivalent interactions can contribute to the formation of 

biomolecular condensates (69). -catenin has an intrinsically disordered region at its N-terminal 
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and C-terminal domains which helps the protein in interacting with many other molecules through 

weak intermolecular interactions such as hydrophobic interactions, hydrogen bonds, van der Waals 

interactions and electrostatic interactions. These interactions induce the formation of a large 

complex with a high concentration of molecules (such as co-factors and transcription factors) 

which leads the complex to phase separate (70). Data demonstrates that -catenin, SMAD3 and 

STAT3, which are the terminal signaling factors for the Wnt, TGF- and JAK/STAT pathways 

respectively, use their IDRs to concentrate into LLPS condensates to activate gene expression. In 

addition, LLPS is suggested to contribute to the formation of super-enhancers (SEs) which are 

clusters of enhancers with high occupancy of transcription machinery components. Activating SE 

is suggested to enhance gene expression (71). Therefore, an understanding of the role of -catenin 

in biomolecular condensates will be an important step in the future. 

 

In summary, -catenin is a multifaceted protein implicated in an array of cellular processes. It is a 

component of the adherens junction that maintains cell-cell interactions and a signaling molecule 

that modulates gene expression. Due to its involvement in a myriad of cellular processes, 

deregulation of -catenin can have deleterious effects on cellular function. Owing to its association 

with multiple physiological and pathological processes, understanding the molecular mechanisms 

underlying the function of β-catenin through the characterization of novel β-catenin protein 

interactors is of great significance.
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Statement of Purpose  

-catenin is a versatile transcription co-activator implicated in a wide range of cellular processes. 

When -catenin is not targeted for degradation by the destruction complex in the cytoplasm, it 

translocates to the nucleus where it interacts with transcription factors to modulate the expression 

of various genes. Upregulation of -catenin is associated with many pathological conditions such 

as many types of cancers, tissue fibrosis, metabolic diseases, and skeletal myopathy (72-75). -

catenin has been demonstrated to have a role in both proliferation and differentiation of muscle 

cells which suggests that -catenin has temporally specific roles (61). This suggested to us that 

these temporally specific roles are dependent on -catenin’s protein interactors during the different 

stages of myogenesis. -catenin is a co-activator of transcription that does not interact with DNA, 

so its role is highly dependent on its protein-protein network. Our group has characterized the -

catenin protein interactome in myogenic cells using a GFP-Nanotrap based affinity purification 

approach followed LC-MS/MS analysis which produced a comprehensive list of established and 

potential -catenin interactors. The objective of this study was to investigate the -catenin 

interactome dataset to better understand the molecular mechanisms underlying the function 

of -catenin in myogenic cells. To address this objective, we have used bioinformatic and 

biochemical approaches directed at identifying one potential -catenin binding partner and 

investigating its effect on -catenin’s function.
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Abstract  

-catenin is a versatile protein implicated in a wide range of cellular processes including cell fate 

determination, proliferation, differentiation, adhesion, and cell survival. -catenin performs its 

cellular functions through protein-protein interactions since it lacks the ability to interact with 

DNA. We have previously performed a -catenin interactome study in myogenic cells to 

investigate the protein network of -catenin during myogenesis. The study was performed using a 

novel GFP-Nanotrap based affinity purification approach followed by LC-MS/MS analysis. The 

mass spectrometry dataset included a list of well-known and potential -catenin protein interactors. 

Established -catenin interactors present in the dataset included components of the -catenin 

destruction complex such as GSK3- and APC, in addition to components of the adherens junction 

such as -catenin and Cadherins. After processing the mass spectrometry dataset, we focused on 

the interaction between -catenin and FHL3. We showed that FHL3 interacts with -catenin in the 

nuclei of cells. The TOPFLASH reporter system demonstrated that FHL3 inhibits -catenin 

activity.  FHL3 also inhibited the activation induced by -catenin on the MyoG reporter assay in 

myogenic cells. We demonstrated that FHL3 translocates to the nucleus during the early stages of 

myogenic differentiation and performs an inhibitory function on -catenin activity and 

myogenesis. We also showed that silencing FHL3 using siRNAs targeting FHL3 transcripts leads 

to a small but significant increase in -catenin activity in myogenic cells. This data demonstrates 

a repressive role for FHL3 on -catenin which we suggest contributes to the regulation of muscle 

differentiation. 
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Introduction  

-catenin has been implicated in a plethora of cellular processes including structural and signaling 

functions. It is involved in maintaining the structure of the cell through its interaction with 

cytoskeletal proteins such as Actin and -catenin (30). The signaling function of -catenin is 

mediated through its protein-protein network as it is a transcriptional co-activator that lacks a 

DNA-binding domain. When -catenin is not targeted for degradation by the -catenin destruction 

complex, it accumulates in the cytoplasm and then translocates to the nucleus to perform its co-

activator role through interactions with various transcription factors and chromatin remodelers (27, 

76, 77). -catenin’s major nuclear binding partners are the TCF/LEF family of transcription factors 

that induce the expression of Wnt target genes (78). In addition to its role in Wnt signaling, -

catenin is involved in activating other genes including myogenic genes such as the myog gene 

through its interaction with the myogenic transcription factor MyoD (64). 

-catenin has been demonstrated to be a positive regulator of myogenesis (61). Both proliferation 

and differentiation of myogenic cells are enhanced by the stabilization of -catenin in the 

cytoplasm (57, 61, 64). Since -catenin is active throughout the different stages of myogenesis, it 

is important to understand the molecular mechanisms underlying its regulation in muscle cells as 

deregulation of -catenin target genes is usually associated with several pathological conditions. 

Excessive stimulation of -catenin signaling alters muscle stem cell fate and increases fibrosis 

(79). On the other hand, reduced -catenin activity leads to abnormal myofiber disruption and 

detachment from the sarcolemmal membrane (80). 

Since -catenin relies on protein-protein interactions to perform its signal transduction roles, we 

reasoned that examining -catenin’s network of interactors might give us insight into the molecular 
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mechanism underlying its regulation during myogenesis. To investigate this objective, we used a 

GFP-Nanotrap based affinity purification approach followed by LC MS/MS analysis to obtain a 

list of putative -catenin binding partners in myogenic cells. Analysis of the mass spectrometry 

dataset included a list of well-known -catenin binding partners such as Cadherins, -catenin, 

TCFs and components of the destruction complex. In addition to the comprehensive list of 

established -catenin interactors, many novel potential interactors were also documented. The 

purpose here was to study the interaction between -catenin and the scaffolding protein FHL3. We 

document an interaction between -catenin and FHL3 that fulfills a repressive function on -

catenin’s transcriptional activation properties in muscle cells. 
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Materials and methods 

Cell cultures 

HEK 293T and C2C12 cells were obtained from the American Type Culture Collection (ATCC). 

Cells were maintained in growth media (GM) consisting of high-glucose Dulbecco’s modified 

Eagle’s medium (DMEM, Gibco), 10% fetal bovine serum (FBS) supplemented with 1% 

penicillin–streptomycin (Invitrogen, ThermoFisher). Differentiation of C2C12 myoblasts was 

induced by switching GM to differentiation media (DM) made up of DMEM, 2% FBS and 1% 

penicillin–streptomycin. Cells were maintained in an incubator at 95% humidity, 5% CO2, and 

37 °C. 

Rat tissue isolation  

Neonatal rat pups were sacrificed by decapitation. Tissue was dissociated and digested with RIPA 

buffer (10mM Tris-HCl pH 8.0, 1mM EDTA, 0.5mM EGTA, 1% Triton X-100, 0.1% Sodium 

Deoxycholate, 0.1% SDS, 140mM NaCl). 

Transfections 

Ectopically expressing proteins in C2C12 cells and HEK 293T cells was performed using 

polyethylenimine (PEI) at a DNA:PEI ratio of 1:3. Cells were re-fed 16 hrs post-transfection and 

harvested after 6 hrs. 

Transfections for the purpose of gene silencing were performed using Lipofectamine RNAiMAX 

(Thermo-Fisher) and mission small interfering RNA (siRNA) purchased from Sigma-Aldrich. 

C2C12 cells were transfected with siFHL3 #1 (SASI_Mm02_00318055), siFHL3 #2 

(SASI_Mm02_00318056), siFHL3 #3 (SASI_Mm01_00141082) and universal siControl 

(SIC001) at a final concentration of 50 nM. 
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Cell harvesting  

Cells were washed three times with cold PBS then collected using a scraper. Cells were pelleted 

by centrifuging at 4 °C, 1.2k RPM for 10 min then resuspended with NP-40 lysis buffer (0.5 % 

NP-40, 50 mM Tris-HCL pH 7.6, 150 mM NaCl, 100 mM NaF,10 mM Sodium pyrophosphate,2 

mM EDTA, 1 mM of Na3VO4, 1 mM PMSO). Cells were incubated for 30 min on ice then 

centrifuged at maximum speed for 10 min at 4°C. Supernatant constituting the soluble protein was 

collected. 

For reporter gene assay experiments, cells were washed three times then 1x reporter lysis buffer 

(Promega, #E4030) was added to each well. Cells were incubated on a shaker for 30 min then 

collected in Eppendorf tubes. Lysates were vortexed for 15 min at 4 °C then centrifuged at 

maximum speed for 10 min at 4°C. 

Western blot analysis 

Protein concentrations were determined by standard Bradford assay (Bio-Rad 

laboratories). Protein extracts were denatured in 3x SDS loading buffer (0.6 ml of 1 M Tris-HCl 

pH = 8, 2.4 ml of glycerol, 2.4 ml of 10% SDS, 0.6 ml of Beta-Mercaptoethanol, Bromo blue dye) 

at 100 °C for 10 min then run on 10% SDS-PAGE gel for 1 h at 100V. The gel was 

transferred to a PVDF membrane (Millipore) and run in 1X transfer buffer  

(10% 10X tranfer buffer: 930.3g Tris-HCL, 144.2 g Glycine, 10 g SDS, equilibrated to 1L with 

ddH20, 80% ddH20, 10% of methanol). Then, the membrane was blocked in 5% blocking buffer 

(5% nonfat dry milk in TBS-T; 0.1% Tween® 20 in 1X TBS) on a shaker for 1 hr at room 

temperature. Membranes were incubated with primary antibodies solution (primary antibody 

diluted 1:1000 in 1% nonfat dry milk in TBS-T) on a shaker overnight at 4 °C. Membranes were 

washed with TBS-T then incubated in HRP-conjugated secondary antibody solutions (1:2000 
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secondary antibodies in 1% nonfat dry milk in TBS-T) on a shaker for 1 hr at room temperature. 

Membranes were washed three times with TBS-T protein/antibody immune-complexes were 

visualized iBright CL1500 Imaging System (ThermoFisher Scientific). 

Co-immunoprecipitation (co-IP) 

Anti-FLAG M2 magnetic beads (Sigma, #M8823) were washed three times with 

PBS then incubated with 1 mg of HEK 293T lysates overnight on a rotator at 4 °C. Magnetic beads 

were washed three times with PBS then protein complexes were eluted by incubating the beads in 

500 μg/ml FLAG 3x peptide solution (Sigma, #4799) on a rotator at room temperature for 45 min. 

Cell fractionation  

The subcellular fractionation of C2C12 cells was performed using the NE-PER nuclear and 

cytoplasmic extraction reagents (Thermofisher scientific) according to the manufacturer’s 

protocol. 

Immunofluorescence analysis 

 

C2C12 cells were seeded on collagen coated glass-bottom dishes (MatTek) and fixed with 4% 

paraformaldehyde (PFA) after washing three times with PBS. Cells were washed three times with 

PBS and permeabilized with 90% ice cold methanol for 10 min. Cells were washed again three 

times with PBS then incubated with IF blocking buffer (5% FBS in PBS) for 1 hr at room 

temperature. After removing blocking buffer, cells were incubated with appropriate primary 

antibody in IF blocking buffer overnight at 4 °C. Then, cells were washed three times with PBS 

and incubated with appropriate Alexa fluor conjugated secondary antibody (Life Technologies) in 

IF blocking buffer for 1 hr at room temperature. After washing two times with PBS, cells were 

stained with DAPI (Hoechst 33342) and subjected to Confocal fluorescent imaging with a Zeiss 

Observer Z1 microscope equipped with a Yokogawa CSU-X1 spinning disk. Images were 
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recorded by AxioCam MRm camera (Zeiss) and processed using zen 2.5 (blue edition) software 

and ImageJ. 

Gene reporter assays 

Gene reporter assays were performed with luciferase reporter plasmids containing the TCF/LEF 

consensus sequence or the MyoG promoter. Renilla plasmid (Promega, pRL-Renilla) was used as 

an internal control. Cells were harvested as described above. Transcriptional activity was measured 

on a luminometer (Berthold, Lumat LB) using Luciferase assay substrate (Promega, #E1501) and 

Renilla assay substrate (Promega, #E2820). Luciferase values were normalized to Renilla values 

to control for transfection efficiency. 

Antibodies  

Antibodies for -catenin (rabbit, polyclonal, add #9562S), Myc (mouse, monoclonal, #9B11), -

tubulin (rabbit, polyclonal, #2144S) and Histone H3 (rabbit, polyclonal, #9715S) were purchased 

from Cell Signaling. Antibodies for MyoG (mouse, monoclonal, #F5D) and MyoD (mouse, 

monoclonal, #2A5) were purchased from Developmental Studies Hybridoma Bank (DSHB). Mck 

(mouse, monoclonal, #sc-365046) and β-actin (mouse, monoclonal, #sc-47778) antibodies were 

purchased from Santa Cruz Biotechnology. GFP (Rat, monoclonal, #3H9) was from ChromoTek.  

FHL3 antibody (rabbit, polyclonal #11028-2-AP) was purchased from proteintech. 

Plasmids  

The myc-FHL3 plasmid was a gift from Gregg Semenza (81). pcDNA3 was a gift from William 

Sellers (Addgene plasmid #10792). TOP-Flash and HOP-Flash were gifts from Randall Moon 

(Addgene plasmid #12456 & # 12457) (82). Myogenin core promoter was a gift from Michael 

Chin (Addgene plasmid #134722) (83). Renilla (pRL-Renilla) plasmid was purchased from 

Promega. For the myc--catenin construct, β-catenin ORF was amplified by PCR using cDNA 
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derived from C2C12 cells. The ORF was inserted at EcoRI and Xho1 sites into pcDNA3 

(Invitrogen). A myc tag was inserted into pcDNA3 at HindIII and EcoRI sites of β-catenin ORF. 

For EYFP-FHL3 and mCherry-FHL3, FHL3 ORF was amplified by PCR using cDNA derived 

from C2C12 cells. The ORF was inserted at EcoRI and Xba1 sites into pcDNA3 (Invitrogen). A 

EYFP and mCheryy tags were inserted into pcDNA3 at HindIII and EcoRI sites of FHL3 ORF. 

For NLS-FHL3, a nuclear localizing signal (NLS, PKKKRKV) was inserted at the BamHI/EcoRI 

sites of pcDNA3-FHL3. 

Statistical analysis 

All statistical analysis were conducted using GraphPad PrismV8. Each experiment was performed 

at least in triplicate. Student’s t-test was used to compare the means of two groups. The error bars 

represent SEM. P values less than 0.05 were considered statistically significant. 
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Results 

Affinity purification/mass spectrometry analysis of the -catenin interactome in myogenic 

cells 

-catenin maintains cellular structure and regulates gene expression through its protein network as 

-catenin lacks a DNA binding domain. For this reason, we aimed to characterize the -catenin 

interactome in myogenic cells. We reasoned that exploring -catenin’s protein interactors would 

further our understanding of the molecular mechanisms by which -catenin performs its functional 

activity in muscle cells. To achieve this objective, we used a novel GFP-Nanotrap affinity 

purification approach followed by LC MS/MS analysis. EYFP--catenin was used as bait for the 

samples destined for mass spectrometry analysis and EYFP alone was used as bait for the negative 

control. The bait proteins were ectopically expressed in HEK 293T cells, and the lysates were 

complexed with GFP-Nanotrap magnetic beads coupled with GFP binding protein (GBP) 

nanobodies. C2C12 whole cell lysates were incubated with the GFP-Nanotrap-bait complex then 

the elution was analyzed by LC MS/MS (Figure 6A). To filter out proteins that interacted non-

specifically with the EYFP--catenin bait proteins, a threshold of EYFP-alone to EYFP--catenin 

was set to a ratio of 1:3 or greater spectral counts. Proteins that met or exceeded this threshold 

were labelled “enriched proteins”. This ratio was selected based on well-characterized -catenin 

interactors being identified in the dataset around this value. Proteins that interacted with the EYFP-

-catenin bait and did not interact with the EYFP negative control were labelled “unique proteins” 

and were included in the list of candidates. After processing the dataset, a list of 179 total protein 

candidates was identified (Figure 6B). The list of candidates included many well-known -catenin 

interactors which demonstrated the efficacy of the GFP-Nanotrap approach used. The list of 

established -catenin binding partners included APC and GSK3- which are core components of 
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the -catenin destruction complex (35, 84). It also included Cadherins (Cdh2 and Cdh15), -

catenin and Actin which interact with -catenin at the adherens junction (85-87). In addition to the 

mentioned cytoplasmic interactors, -catenin nuclear interactors such as TCF transcription factors 

(TCF7l1 and TCF7l2) were also identified in the list (88, 89) (Figure 6C). 

 

 

 

Figure 6: The -catenin interactome in myogenic cells. (A) Schematic representation 

summarizing the steps performed to characterize the -catenin interactome in C2C12 cells using 

the GFP-Nanotrap approach followed by LC MS/MS. Created with BioRender.com (B) Flow chart 

illustrating the number of proteins identified from the mass spectrometry dataset after data 

processing and analysis. (C) Summary of some well-characterized and novel -catenin interactors 

identified in the dataset. Well-characterized -catenin interactors are marked by a red arrow. 

 

 

 

A
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Bioinformatic analysis of the -catenin interactome in myogenic cells 

To investigate the signaling pathways and cellular processes associated with the list of 179 protein 

candidates obtained from processing the original dataset, KEGG and Reactome pathway analysis 

were performed. All pathways identified by KEGG and Reactome pathway analysis were 

associated with -catenin function which further validated the approach used to obtain the list of 

-catenin interactors. The pathway analyses revealed interactions related to the adherens junction: 

#1 in KEGG analysis pathway (Figure 7A) and #18 in Reactome analysis pathway (Figure 7B). 

Wnt signaling (#8 in KEGG and #10 in Reactome) was also present in both analysis pathways. 

The KEGG analysis pathway demonstrated pathways associated with -catenin deregulation such 

as cancers (#3, #5, #11, #17 and #19, figure 2A) and pathologies related to the nervous system 

(#14 and #19, figure 2A). Most importantly, the Reactome pathway analysis revealed that the list 

of protein candidates is associated with pathways related to myogenesis (#2, Figure 7B). 

To investigate which of these proteins were related to myogenesis, the ingenuity pathway analysis 

(IPA) was used. IPA helps interpreting proteomic data by placing the data within the context of 

different biological systems. Since the objective of my project was to investigate -catenin 

interactors within the context of myogenesis, an IPA network associating proteins from the mass 

spectrometry dataset with muscle formation was explored. The network included well-

characterized -catenin interactors and novel potential interactors. The well-known interactors 

present in the network were APC, GSK3- and the Cadherin Cdh2 while the novel interactors were 

FHL3 and CHD4. In this master’s project, the interaction between -catenin and FHL3 was 

pursued. FHL3 (Four and a half LIM domain 3) has been demonstrated to impact myogenesis by 

many groups. When ectopically expressed in a muscle cell line (C2C12 cells), FHL3 forms a 

complex with MyoD and inhibits the expression of MyoD target genes, such as myog, which leads 
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to the retardation of muscle cell differentiation (90). The interaction of FHL3 with MyoD has also 

been implicated in regulating the expression of MyHC isoforms. FHL3 has been shown to inhibit 

the expression of MyHC 1/slow through inhibiting the transcriptional activity of MyoD (91). Since 

-catenin and FHL3 perform opposing functions in regulating myogenesis, we were interested in 

exploring the effect of FHL3 on -catenin activity in a myogenic context. 

 

 
 

Figure 7: Bioinformatic analysis of the -catenin interactome in myogenic cells. (A) KEGG 

pathway analysis associated with the list of 179 -catenin interactors in C2C12 cells. (B) Reactome 

pathway analysis associated with the list of 179 -catenin interactors in C2C12 cells. (C) Ingenuity 

pathway analysis (IPA) network showing -catenin’s interactors in the context of muscle 

formation. The network is associated with the original mass spectrometry dataset in C21C2 cells.

A B

C
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FHL3 inhibits -catenin activity  

To explore the protein expression levels of FHL3 in different tissue types, we performed SDS-

PAGE analysis on different neonatal rat tissue types. Data demonstrated that FHL3 is highly 

expressed in skeletal muscle tissue (Figure 8A). Then, to assess whether the interaction between 

-catenin and FHL3 predicted by the mass spectrometry analysis had a functional significance on 

-catenin activity, we used luciferase gene reporter assays responsive to -catenin induction. We 

initially tested the effect of FHL3 on the activity of -catenin by using the TOPFLASH reporter 

system, which is a plasmid-based luciferase assay controlled by the TCF/LEF enhancer element 

(CCTTTGATC). The FOPFLASH system, which contains a mutated TCF/LEF enhancer element, 

was used as the corresponding negative control for the TOPFLASH system. -catenin activity in 

response to the ectopic expression of FHL3 was assessed in C2C12 cells (an adult myogenic cell 

line) and HEK 293T cells (an embryonic kidney cell line). We observed that FHL3 significantly 

inhibited the -catenin driven activation of the TOPFLASH system in both C2C12 cells and HEK 

293T cells (Figure 8C and 8D). Also, a significant repression induced by the ectopic expression of 

FHL3 was observed when FHL3 and -catenin were co-expressed (Figure 8C and 8D). Since -

catenin is a well-known activator of MyoG transcriptional activity (64), the myog luciferase 

reporter assay was used to explore the effect of ectopic FHL3 expression in a myogenesis context. 

Our data demonstrated that ectopic expression of FHL3 induced a significant repression on the 

myog reporter when expressed alone or in combination with -catenin in C2C12 cells (Figure 8E). 

The inhibition induced by FHL3 at the level of myog gene expression was also reflected at the 

protein expression level. MyoG protein levels were significantly reduced in response to the ectopic 

expression of FHL3 in C2C12 cells differentiated for 72 hr (Figure 8F). In addition, 

immunofluorescence analysis (IF) aimed at visualizing the effect of ectopically expressing FHL3 
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at the individual cell level demonstrated that C2C12 cells expressing mCherry-FHL3 did not 

express MyoG (Figure 8G).  
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Figure 8: FHL3 inhibits -catenin activity in C2C12 cells and HEK 293T cells. (A) Different 

tissue types were isolated from neonatal rats and digested with RIPA buffer. Lysates were 

subjected to western blot analysis. (B) schematic representation of the reporter gene assays used 

in investigating the effect of FHL3 on -activity. (C) activated -catenin (mutated at the N-

terminal domain to prevent degradation with GSK3-) and myc-FHL3 were expressed in C2C12 

cells, alone or in combination, with a TOPFLASH/FOPFLASH reporter gene. (D) EYFP-FHL3 

and activated -catenin were expressed in HEK293T cells, alone or in combination, with a 

TOPFLASH reporter gene. (E) myc-FHL3 was expressed in C2C12 cells with the myog reporter 

assay. LiCl was used to increase -catenin activity (LiCl stabilizes -catenin by inhibiting GSK3-

). (C, D and E) Renilla was used to control for transfection efficiency. Empty vector (pcDNA) 

was used as a control for ectopic expression. Lysates were collected 6 hrs after switching media 

and luciferase measurements were taken. The firefly luciferase activity was normalized to Renilla 

values. Fold change was obtained by averaging the luciferase: Renilla values for each treatment 

and comparing it to the control.  N=3 biological replicates. Three replicates per condition. The 

error bars represent standard error of the mean (SEM). Statistical analysis was determined using T 

test. *P0.05, **P0.01, ***P0.001, ns indicated no statistical significance. (F) myc-FHL3 and 

pcDNA3 were ectopically expressed in C2C12 and grown for 24 h before switching to 

differentiation media for 72 hr. Lysates were collected and assessed for expression of the indicated 

proteins by western blot analysis. (G) mCherry-FHL3 was ectopically expressed in C2C12 cells 

and cells were differentiated for 72 hr after growing in growth media for 24 hr. 

Immunofluorescence analysis was performed by fixing C212C cells and staining for MyoG. 

 

Nuclear FHL3 inhibits -catenin activity in myogenic cells 

To confirm the interaction between -catenin and FHL3 identified by the mass spectrometry 

analysis biochemically, a co-immunoprecipitation (co-IP) in HEK 293T cells was performed.  

Flag--catenin and myc-FHL3 were ectopically expressed in HEK 293T cells, and the lysates 

were subjected to co-IP using anti-flag M2 magnetic beads. Co-IP results demonstrated that -

catenin was enriched in the Co-IP sample compared to the input and that FHL3 was co-eluted 

with -catenin indicating an interaction between the two proteins (Figure 9A). To investigate the 

cellular localization of this interaction, C21C2 cells were immunostained with antibodies against 

endogenous -catenin or FHL3 and IF analysis was performed under growth conditions. The IF 

analysis revealed that both -catenin and FHL3 localize at the plasma membrane (Figure 9B and 

9C) prompting us to propose that the interaction might be cytoplasmic. To further explore the 
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localization of the -catenin/FHL3 interaction, we ectopically expressed GBP-Lifeact (an F-actin 

interacting protein), EYFP--catenin and mCherry-FHL3 in C2C12 cells and examined the 

localization of the ectopically expressed proteins. IF analysis showed that mCherry-FHL3 was 

not recruited to the GBP-Lifeact/EYFP--catenin complex (Figure 9D and 9F) suggesting that 

the -catenin/FHL3 interaction might be occurring in the nucleus. To investigate the possibility 

of a nuclear interaction, we ectopically expressed EYFP--catenin and mCherry-FHL3 in C2C12 

cells and performed live cell imaging. IF images demonstrated that ectopically expressed -

catenin and FHL3 localize to the same biomolecular condensates (Figure 10A) indicating that 

this interaction might be part of the same protein complex in the nucleus as -catenin has been 

shown to form biomolecule condensates when involved in gene expression (Figure 10B) (70). To 

further investigate the nuclear localization of the -catenin/FHL3 interaction, we used an EYFP-

FHL3 construct containing a nuclear localizing signal (EYFP-NLS-FHL3) and performed IF 

analysis and TOPFLASH reporter assays. IF imaging indicated a co-localization between FHL3 

and -catenin within biomolecular condensates in the nucleus (Figure 10C). The TOPFLASH 

system demonstrated that both EYFP-FHL3 and EYFP-NLS-FHL3 significantly inhibit -

catenin activity (Figure 10E). The level of -catenin activity inhibition was not significantly 

different between EYFP-FHL3 and EYFP-NLS-FHL3 which can be explained by the tendency 

of FHL3 to translocate to the nucleus when ectopically expressed (Figure 9E). Since restricting 

the localizing of FHL3 to the nucleus did not remove the inhibitory effect of FHL3 on -catenin, 

we suggested that it is nuclear FHL3 that inhibits the activity of -catenin. 
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Figure 9: FHL3 interacts with -catenin. (A) Immunoprecipitation was performed by 

ectopically expressing flag--catenin and myc-FHL3 in HEK 293T cells. Anti-flag M2 magnetic 

beads were used to trap flag--catenin to examine the interaction between -catenin and the 

ectopically expressed myc-FHL3. For the negative control, cells were transfected with myc-

FHL3 only and lysates were incubated with the anti-flag M2 magnetic beads. A -catenin 

antibody was used to blot for flag--catenin (bait protein) and FHL3 antibody was used to blot 

for myc-FHL3 (bait protein). (B) and (C) Immunofluorescence analysis of fixed C2C12 cells 

immunostained for -catenin (B) or FHL3 (C). Nuclei were stained with Hoechst 33342 (blue). 

(D) C2C12 cells were co-transfected with GBP-LifeAct, EYFP--catenin and mcherry-FHL3. 

Cells were visualized by live cell confocal imaging. (E) Schematic representation of the GBP 

LifeAct technique. (F) Schematic explaining the results obtained in (D). Created with 

BioRender.com 
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Figure 10: FHL3 interacts with -catenin in nuclei of myogenic cells. (A), (B) and (C) C2C12 

cells were transfected with the indicated constructs and visualized by live cell confocal imaging. 

(D) schematic representation of the suggested interaction between -catenin and FHL3 in a 

biomolecular condensate. Created with BioRender.com (E) EYFP-FHL3 (WT-FHL3) and EYFP-
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NLS-FHL3 were expressed in HEK 293T cells, with a TOPFLASH reporter gene. Renilla was 

used to control for transfection efficiency. Empty vector (pcDNA) was used as a control for ectopic 

expression. Lysates were collected 6 hrs after switching media and luciferase measurements were 

taken. The firefly luciferase activity was normalized to Renilla values.  N=3 biological replicates. 

The error bars represent SEM. Statistical analysis was determined using T test, ns indicated no 

statistical significance. 

 

 

FHL3 interacts with -catenin during the differentiation stages of myogenesis 

To investigate the temporal features of the interaction between -catenin and FHL3 during the 

myogenic process, C2C12 cells were cultured for 24 hr in GM after which cells were induced to 

differentiate through switching media to DM for 24 hr, 48 hr and 72 hr. Western blot analysis 

demonstrated that FHL3 protein levels peaked at 48 hr during the differentiation program then 

decreased after the 48 hr timepoint. -catenin protein levels also increased at 48 hr and remained 

high at 72 hr in DM (Figure 11A). Based on our previous data which suggested that the interaction 

between -catenin and FHL3 was nuclear (Figure 10), we reasoned that performing a subcellular 

fractionation on C2C12 cells to separate the nuclear and cytoplasmic fractions under growth and 

differentiation conditions would give us insight into the timing at which the interaction between 

-catenin and FHL3 occurs (Figure 11B and 11C). Western blot analysis showed that FHL3 

translocates to the nucleus during the early stages of differentiation (24 hr in DM) and peaks at 48 

hr in DM (Figure 11C). -catenin protein expression levels in the nucleus also increased when 

cells were cultured in DM for 24 hr after which -catenin levels remained constant (Figure 11C). 

Collectively, these data suggested that FHL3 interacts with -catenin in the nuclei of myogenic 

cells during the differentiation stage of the myogenic program to negatively modulate the 

transcriptional activity of -catenin.  
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Figure 11: FHL3 interacts with -catenin during the differentiation stages of myogenesis. (A) 

C2C12 cells were cultured in growth media for 24 hr before switching to differentiation media. 

Cells were collected at each time point and lysates were subjected to western blot analysis. MyoG 

and MyoD expression levels were used as myogenic markers for the differentiation process. The 

subcellular fractionation of the cytoplasmic (B) and nuclear (C) fractions of C2C12 cells was 

performed under growth conditions and differentiating conditions for 24 hr and 48 hr. -tubulin 

and Histone H3 were used as markers for the cytoplasmic and nuclear fractionations respectively. 
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Silencing FHL3 increases -catenin activity 

To assess the effect of FHL3 depletion on the activity of -catenin, we used siRNA targeting FHL3 

transcripts (siFHL3) to deplete the endogenous pool of FHL3. Our data demonstrated that in HEK 

293T cells, silencing FHL3 induced a two-fold increase in -catenin activity on the TOPFLASH 

reporter system when siFHL3 was expressed alone and an eight-fold increase when siFHL3 and 

-catenin were co-expressed (Figure 12A). In C2C12 cells, FHL3 depletion induced a significant 

but small increase (~20% increase) in -catenin activity when cells were cultured in GM (Figure 

12B) and 48 hr in DM (Figure 12C). In addition, depleting FHL3 induced a small increase in 

MyoG protein levels at 48 hr in DM (Figure 12D). Collectively, this data suggests that the role of 

FHL3 in regulating myogenesis might be redundant where in the absence of FHL3 other 

mechanisms are employed to regulate -catenin activity.  
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Figure 12: Silencing FHL3 increases -catenin activity. (A) HEK 293T cells were transfected 

with siFHL3 or scRNA (negative control) alone or in combination with -catenin to assess -

catenin activity on the TOPFLASH reporter system. Media was switched after 24 hr and cells 

were allowed to recover for 24 hr in GM before harvesting. Empty vector (pcDNA) was used as 

a control for ectopic expression. N= 4 biological replicates. (B) C2C12 cells were transfected 

with siFHL3 or scRNA with a TOPFLASH reporter gene. Media was switched after 24 hr and 

cells were allowed to recover for 24 hr in GM before harvesting. N= 3 biological replicates (C) 

C2C12 cells were transfected with siFHL3 or scRNA with a TOPFLASH reporter gene. Media 

was switched after 24 hr and cells were allowed to recover for 24 hr in GM then cells were 

differentiated in DM for 48 hr. N= 3 biological replicates (A, B, C) Renilla was used to control 

for transfection efficiency. The error bars represent SEM. Statistical analysis was determined 

using T test. *P0.05, **P0.01, ***P0.001. (D) C2C12 cells were transfected with siFHL3 or 

scRNA. Media was switched after 24 hr and cells were allowed to recover for 24 hr in GM 

before switching to DM. Cells were harvested at each timepoint and lysates were subjected to 

SDS-PAGE analysis. 
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Discussion 

-catenin has been the subject of extensive research due to its role in the highly evolutionary 

conserved Wnt signaling pathway. In this pathway, -catenin performs its signaling transducing 

role as a co-activator through interacting with the TCF/LEF family of transcription factors. 

Although largely known for its role in the Wnt/-catenin pathway, -catenin also interacts with a 

variety of transcription factors and co-factors in the nucleus to induce gene expression. Besides its 

transducing function, -catenin maintains cell-cell adhesion through its association with Cadherins 

and the Actin cytoskeleton. 

Since -catenin is incapable of directly interacting with DNA, it relies extensively on its protein-

protein interaction network to accomplish its transcriptional regulatory function. Hence, exploring 

the -catenin protein interactome offers valuable insights into the mechanisms by which -catenin 

modulates gene expression. To investigate the -catenin protein network in myogenic cells, our 

group performed a -catenin protein interactome study in the C2C12 myogenic cell line using a 

novel GFP-Nanotrap based affinity purification followed by LC-MS/MS. Among the identified 

proteins in the interactome dataset were well-known -catenin protein binding partners such as 

APC, GSK3-, Cadherins, TCFs and Actin which validated the approach used to generate the 

interactome list. In addition to the established interactors identified, the interactome dataset 

characterized many novel potential -catenin binding partners. Our bioinformatic analysis of the 

dataset predicted a relationship between -catenin and the scaffolding protein FHL3 that 

influences muscle formation, so we focused on characterizing this interaction. We document a 

novel interaction between -catenin and FHL3 in the nuclei of myogenic cells that has negative 

regulatory effects on -catenin activity during the differentiation stages of myogenesis. 
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β-catenin interaction with the FHL family of proteins 

FHL3 belongs to the FHL family of proteins which, in humans, is made up of four members: 

FHL1, FHL2, FHL3 and FHL5 (92-94). FHL1 and FHL3 are highly expressed in skeletal muscles 

while FHL2 is highly expressed in cardiac muscles (95). FHL5, also called ACT (activator of 

CREM in testes), is mainly expressed in testes (93). FHL3 shares 40% similarity in terms of amino-

acid sequence with FHL1 and FHL2, but less than 20% sequence similarity with FHL5 (96). This 

suggests that FHL3 has unique functions in the cell.  

FHL1 and FHL2 (but not FHL5) have been shown to modulate the function of β-catenin depending 

on the context. Studies have depicted a relationship between -catenin and FHL1 in multiple cell 

lines. In C2C12 cells, ectopic expression of -catenin significantly increases gene expression of 

the fhl1 promoter which enhances muscle differentiation (97). In ATDC5 cells, exogenous 

expression of -catenin or treatment with LiCl increases fhl1 gene expression leading to the 

inhibition of chondrogenesis (98). In colorectal cancer (CRC) cells, FHL1 has a negative effect on 

the transcriptional activity of β-catenin which leads to the inhibition of colorectal cancer 

progression (99). FHL2 has been shown to directly interact with -catenin leading to the activation 

or inhibition of the transcriptional activity of -catenin. Studies have demonstrated that FHL2 

activates the transcription of -catenin target genes in HEK 293 and SW480 cell while an 

inhibitory effect has been observed in the C2C12 cell line (100-102).  

Although some aspects of the interaction between -catenin and the two members of the FHL 

family of proteins (FHL1/2) have been explored, there is a surprising lack of research investigating 

the influence of FHL3 on -catenin activity. The only study that explored the effect of FHL3 on 

Wnt signaling demonstrated that FHL3 positively regulates the canonical Wnt signaling pathway 

through regulating the BMP signaling pathway which triggers neural crest specification during 
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embryonic development (103). In our study, we have revealed an inhibitory effect for FHL3 on -

catenin activity in myogenic cells.  Our study also demonstrated that silencing FHL3 leads to a 

small increase in -catenin activity but does not have significant effects on MyoG expression levels 

suggesting that the loss of FHL3 is compensated for by other regulatory mechanisms.  

Many studies have also depicted FHL3 as a co-repressor of gene expression. FHL3 has been shown 

to interact with the potent transcriptional repressors BKLF/KLF3 and CtBP2 to inhibit gene 

expression (104). FHL3 is also involved in the negative regulation of the high-affinity IgE receptor 

FcεRI expression through interacting with the transcription factor MZF-1 (105). In addition, FHL3 

functions as a tumor suppressor by inhibiting cell cycle regulators such as Cyclin D1 and Cyclin 

B1 in certain breast cancer cell lines (106).  
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Chapter III: Summary, limitations, and future directions 

Summary 

-catenin is a multifaceted protein involved in cell-cell adhesion and in activating gene expression. 

-catenin is implicated in the positive regulation of myogenesis through enhancing myoblast 

proliferation in addition to inducing myoblast fusion (61, 63-65). -catenin’s function is highly 

dependent on its protein-protein network due to the absence of a DNA binding domain so, 

exploring the protein interactors of -catenin would enhance our understanding of the molecular 

mechanisms underlying -catenin’s function. Our group has previously characterized the -catenin 

interactome in myogenic cells using a novel GFP-Nanotrap affinity purification approach followed 

by mass spectrometry analysis (LC-MS/MS). The mass spectrometry analysis produced a 

comprehensive list of established and potential -catenin protein interactors. In our study, we 

pursued the interaction between -catenin and the scaffolding protein FHL3 after performing 

bioinformatic analysis on the mass spectrometry dataset. Previous studies depicted a negative 

regulatory role for FHL3 on the myogenic program achieved through repressing the transcriptional 

activity of MyoD (90, 91). In our study, we portray an inhibitory role for FHL3 on -catenin 

activity. We also depict an interaction between -catenin and FHL3 that we suggest takes place in 

the nuclei of myogenic cells during the early differentiation stages of the myogenic differentiation 

program. In addition, we show that FHL3 depletion induces a small increase in -catenin activity 

but does not significantly modulate MyoG levels. We suggest that the inhibitory effect of FHL3 

on -catenin keeps the activity of -catenin in check during skeletal myogenesis possibly to inhibit 

premature differentiation. 
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Limitations and future directions 

This study has presented data demonstrating a novel inhibitory effect for FHL3 on the 

transcriptional activation properties of -catenin. The inhibitory effect of FHL3 on the activity of 

-catenin was solely based on reporter gene assay data (TOPFLASH and myog repoter assays). To 

further examine the effect of FHL3 on -catenin activity, the expression of -catenin target genes 

can be assessed by manipulating FHL3 expression, through knocking down or ectopically 

expressing FHL3, then performing RNA sequencing or qPCR for -catenin target genes. 

In addition, our data suggested a nuclear interaction between -catenin and FHL3 during the early 

stages of the myogenic differentiation program. First, the co-immunoprecipitation performed to 

confirm the -catenin/FHL3 interaction predicted by the mass spectrometry analysis does not 

indicate whether the interaction is direct or bridged by other proteins. To investigate a direct 

interaction between -catenin and FHL3, an affinity purification approach can be used. 

Additionally, the interaction interphase on both proteins can be mapped by performing deletion 

mutations on -catenin then performing co-immunoprecipitation or affinity purification 

experiments. Also, the requirement for the presence of posttranslational modifications (PTMs) on 

-catenin for the interaction with FHL3 to occur can be explored through introducing specific 

mutations on -catenin residues known to undergo PTMs then assessing the -catenin/FHL3 

interaction. Secondly, the temporal characteristics of this interaction were inferred based on data 

suggesting a nuclear localization for the interaction and not on a direct experimental approach. To 

confirm the nuclear localization of the interaction during the early stages of the myogenic 

differentiation program, performing a co-immunoprecipitation of nuclear -catenin and FHL3 

cultured for 24 hr and 48 hr in DM is required. In addition, to examine whether -catenin and 

FHL3 interact at myogenic promoters in the nucleus, a chromatin immunoprecipitation (Ch-IP) 
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followed by qPCR analysis for myogenic loci can be performed in C2C12 cells using -catenin 

and FHL3 antibodies. 

Moreover, all the experiments in our study were performed in vitro in a controlled environment 

using the C2C12 cell line that mimics a healthy state of a myogenic cell. Performing the 

experiments in a deregulated cell line, such as a rhabdosarcoma cell line, may be pertinent for 

understanding the effect of FHL3 on -catenin activity in a dysfunctional system. Rhabdosarcoma 

is a type of soft tissue cancer that originates from cells committed to the skeletal muscle lineage 

(107). These cells are incapable of terminally differentiating despite the expression of muscle 

regulatory factors (108). Studies have demonstrated that the Wnt/-catenin signaling pathway is 

downregulated in certain rhabdosarcoma types, such as embryonal rhabdosarcoma, which leads to 

the inhibition of muscle differentiation (109). Therefore, investigating the relationship between 

FHL3 and -catenin in rhabdosarcoma cells might have clinical significance. 

Furthermore, performing in vivo studies is important to examine whether the results obtained in 

our study are reproducible in an organ system. For example, performing FHL3 knock-out or 

knock-in experiments in mice using CRISPR-Cas9 technology would give us more insights into 

the physiological function of FHL3 and its effect on -catenin activity. In addition, to understand 

the specific effect of FHL3 on skeletal muscle cells, skeletal muscle specific knock-out 

experiments of FHL3 can be performed using Cre-Lox recombination where FHL3 is floxed and 

muscle cell specific deletions can be achieved through Pax7 promoter driven Cre expression. Also, 

investigating the expression of FHL3 during the different stages of embryonic development using 

in situ hybridization of mouse embryo sections can further our understanding on the role of FHL3 

during the embryonic developmental process. 



  43 

In addition to the interaction between -catenin and FHL3, the bioinformatic analysis performed 

using IPA predicted an interaction between -catenin and CHD4. CHD4 is a component of the 

chromatin remodeling complex Nurd that has been shown to have silencing effects on gene 

expression (110, 111). In a myogenic context, CHD4 has been shown to maintain the stem cell 

identity of satellite cells during skeletal muscle cell regeneration (112). In addition, CHD4 has 

been implicated in repressing the skeletal and smooth muscle programs in cardiomyocytes (113). 

It would be worthy to investigate the potential interaction between CHD4 and -catenin and the 

implications of such an interaction on -catenin activity and subsequently its consequences on the 

myogenic program.  
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Supplementary data 

 

 

Figure 13: FHL3 inhibits MyoG expression. mCherry-FHL3 was ectopically expressed in 

C2C12 cells and cells were differentiated for 72 hr after growing in growth media for 24 hr. 

Immunofluorescence analysis was performed by fixing C212C cells and staining for MyoG. 

 

 

 

 

 

 

 

 

 


