
 

THE CHARACTERIZATION OF TAZ PROTEIN-PROTEIN INTERACTIONS IN MUSCLE 

 

ANASTASIA MACKERACHER 

 

A THESIS SUBMITTED TO 

THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF 

 

MASTER OF SCIENCE 

 

GRADUATE PROGRAM IN BIOLOGY 

YORK UNIVERSITY 

TORONTO, ONTARIO 

 

AUGUST 2024 

© ANASTASIA MACKERACHER, 2024 



 

 

Abstract 

Hippo signaling serves as a critical regulator of cell proliferation, differentiation, and apoptosis. 

Recent studies have characterized the Hippo signaling downstream target protein TAZ as a 

repressor of myogenic differentiation. Since TAZ lacks inherent DNA binding ability itself, its 

function and activity change depending on its protein interactions. Previous research characterized 

TAZ interacting proteins in muscle cells. Employing a GFP-nanoTrap affinity purification strategy 

coupled with LC-MS/MS protein identification a list of both novel and previously characterized 

TAZ protein interactions in a myogenic context were documented. Notably, the pro-myogenic 

methyl transferase protein, CARM1, was identified as a TAZ interacting protein. Further 

investigation into this interaction revealed the functional role of the TAZ/CARM1 interaction on 

the Hippo signalling pathway. Utilizing a Hippo signaling pathway (HOP/HIP) gene reporter assay 

we observed that CARM1 represses TAZ transcriptional activation function, promoting TAZ 

Ser89 phosphorylation, leading to the cytoplasmic sequestration of TAZ. The TAZ and CARM1 

protein interaction was further investigated in the dysregulated context of embryonic 

rhabdomyosarcoma cells (RD) in which the TAZ/CARM1 interaction and function was 

maintained. Overall, Hippo signaling was found to increase compared to control C2C12 myoblasts 

in RD cells. Further, mass spectrometry analysis was conducted and revealed that TAZ may be a 

substrate of CARM1 since methylation at amino acid Arg 77 in a PGPR*LAGG consensus peptide 

was identified and resulted in enhanced TAZ Ser89 phosphorylation. These findings underscore a 

possible regulatory role of CARM1 in regulation of TAZ in myogenic cells. 
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Chapter I: Literature review 

Overview of skeletal muscle 

Skeletal muscle constitutes 35% of human body weight and is important for everyday function and 

aging (Mukund et al., 2020; Karagounis et al., 2010). Beyond facilitating voluntary movement, it 

also serves crucial functions in maintaining posture, storing nutrients, respiratory mechanics, and 

stabilizing joints (Mukund et al., 2020). Skeletal muscle is dynamic and carries a remarkable 

regenerative potential in response to injury. Diseases such as sarcopenia, an age-related muscle 

wasting disorder, contribute to reduced regenerative potential of skeletal muscle due to the ageing 

process (Wang et al., 2010). In addition, skeletal muscle is subject to atrophy which is 

characterized by weakening and thinning of muscle fibers which can occur independently or as a 

consequence of many diseases such as muscular dystrophies and muscle myopathy (Powers et al., 

2016). Among the nine types of muscular dystrophy, which arise from birth to old age, the most 

characterized are Duchenne muscular dystrophy (DMD) and Becker muscular dystrophy (BMD). 

The integrity of our muscle is therefore imperative to our overall health and well-being, warranting 

the investigation into the development and regeneration potential of skeletal muscle. 

Skeletal myogenesis 

Myogenesis is the process of generating muscle, which arises from muscle progenitors during 

embryonic development, or from muscle stem cells in the post-natal muscle (Yu et al., 2021). 

Development of limb and trunk muscle during embryogenesis arises from progenitors labeled by 

the transcription factor PAX3 and originate from somites. In adults, when skeletal muscle 

sustains injury or damage, a regenerative response is triggered by activating muscle stem cells 
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(MuSCs), which are marked by the transcription factor PAX7. Activation of MuSCs is followed 

by the proliferation, differentiation, and fusion of these cells to repair the damaged muscle 

(Asfour et al., 2018). In both embryonic and post-natal settings, PAX3 and PAX7 are upstream of 

the highly conserved class II basic helix-loop-helix (bHLH) transcription factors myogenic 

regulatory factors (MRFs): Myf5, MyoG, MyoD, and MRF4. These factors lay the foundation of 

the genetic hierarchy governing myogenic progression ( Asfour et al., 2018; Seale et al., 2000). 

MRFs are self-regulating and promote the activation of other pro-myogenic genes by binding to 

E-BOX DNA regions that are found at promoter and enhancer regions (Asfour et al., 2018). 

Furthermore, Myocyte enhance factor 2 (MEF-2) proteins interact with the bHLH myogenic 

regulatory factors and are required for myogenesis (Ornatsky et al., 1996). Overall, both 

embryonic and post-natal myogenesis are controlled by a similar subset of myogenic 

transcription factors that regulate each other to facilitate the development and/or repair of muscle 

tissue. A schematic of the sequential interactions of these MRFs is shown below (Figure 1). 

 

Figure 1. Sequential interactions between myogenic regulatory factors during myogenic 

differentiation. Cells in a proliferation state begin to express Myf5. Once the cells commit to the 

muscle lineage, they express MyoD. Cells that start to differentiate express MyoG. Finally, terminally 

differentiated cells express MRF4 which leads to terminal differentiatio
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Embryonic myogenesis 

Embryonic myogenesis involves the induction and activation of MRFs in progenitors to 

orchestrate cell fate determination in the embryo. Embryonic development primarily progresses 

through gastrulation, a process in which cells migrate and differentiate into the layers of the 

embryo: ectoderm (outer layer), mesoderm (middle layer), and endoderm (inner layer) (Bentzinger 

et al., 2012). Muscle development occurs in the mesoderm layer of the embryo, which is divided 

into three parts: paraxial, intermediate, and lateral mesoderm, with respect to position from the 

midline (Aulehla et al., 2006). 

During embryonic muscle development, a fundamental process in vertebrate species known as 

somitogenesis occurs in blocks of mesodermal tissue called somites that form across the anterior 

and posterior axis. This process allows for various tissues such as vertebrae, skeletal muscle, and 

dermis, to arise (Maroto et al., 2012; Asfour et al., 2018). Somitogenesis involves the expression 

of genes belonging to multiple signaling pathways including Notch, Wnt, FGF, and Retinoic Acid 

(RA) (Aulehla et al., 2010; Hofmann et al., 2004). The highest concentrations of RA are at the 

rostral portion of the embryo while Wnt and FGF remain highest at the caudal portion of the 

embryo, ensuring these cells remain in an undifferentiated state (Bentzinger et al., 2012). The 

concentrations of the proteins of these pathways determine the cyclic expression of the Notch 

pathway genes, leading to the bud like somite structures (Hoffmann et al., 2004). 

The ventral-medial region of the somites is under the influence of Wnt, Shh, and BMP signaling, 

which promote these cells to undergo epithelial mesenchymal transition (EMT) to form the 

sclerotome containing precursors to cartilage and bone (Johnson et al., 1994; Fan & Tessier- 

Lavigne., 1994). The remaining dorsal lateral portion of the somite becomes the dermomyotome, 
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giving rise to non-head skeletal muscle (Bentzinger et al., 2012). This region is distinguishable 

by the presence of Six1/4, PAX3, and by low levels of Myf5 (Grifone et al., 2007; Giordani et 

al., 2007). PAX3 expression upregulates Myf5 expression, allowing cells located in the epaxial 

(dorsomedial) and hypaxial (ventrolateral) regions of the dermomyotome to undergo EMT and 

delaminate beneath the dermomyotome, forming the myotome (Buckingham, M., & Relaix et al., 

2015; Bentzinger et al., 2012). Progenitors committed to the muscle lineage will express MyoD 

and then subsequent MRFs until multinucleated secondary myofibers are formed (Asfour et al., 

2018). A portion of the cells undergoing differentiation will maintain a muscle progenitor 

phenotype, identifiable by the presence of the PAX7 transcription factor. These cells are known as 

satellite cells and will reside under the developed muscle tissue once the embryo has developed 

(Bentzinger et al., 2012). 

During embryonic myogenesis, several myogenic transcription factors can compensate for the loss 

of others. This redundancy, from an evolutionary perspective, is in place to ensure embryos 

develop properly. For example, mice that contain a Myf5 knockout display delayed embryonic 

myogenesis but proceed normally after MyoD induction (Braun et al., 1992). Similarly, MyoD 

knockouts compensate by upregulating Myf5 expression, regaining normal myogenic function 

(Rudnicki et al., 1992). However, some factors governing myogenesis are required for the proper 

progression of myogenesis such as PAX3, in which deficiencies lead to offspring with neural crest 

defects. In human embryonic development, PAX3 deficiencies lead to hearing loss and changes in 

pigmentation (Waardenburg syndrome) (Pani et al., 2002; Baldwin et al., 1994). Unlike other 

MRFs, MyoG knockout mice exhibit severe muscle deficiencies and are neonatal lethal (Ganassi 

et al., 2020). Overall, this demonstrates the importance of the proper expression and regulation of 

myogenic transcription factors governing embryonic development. 
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In addition, proper function of signaling gradients is needed for appropriate embryo development. 

In Wnt signaling, Wnt1 and Wnt 3 are secreted from the dorsal neural tube, while Wnt 4, 6, 7 are 

expressed from the overlying ectoderm of the embryo (Parr et al., 1993). Mouse embryo mutants 

lacking Wnt 1,3 exhibit incomplete dermo-myotome formation and reduced expression of PAX3 

and Myf5 (Ikeya et al., 1998). Further, Shh signaling positively regulates embryonic muscle 

development (Bentzinger et al., 2012). The canonical Sonic Hedgehog signaling pathway involves 

hedgehog proteins binding to the patched receptor, releasing smoothened, and activating gene 

expression (Lum et al., 2004). Inhibition of this pathway through a smoothened or Sonic Hedgehog 

knockout decreases the amount of Myf5 and prevents cells from further differentiating into mature 

muscle fibers (Straface et al., 2009). BMP signaling expression supports initial embryonic 

myogenesis but can repress muscle differentiation in later fetal developmental stages (Tsumaki et 

al., 2005). Certain BMP proteins such as BMP4 expression inhibit the expression of later stage 

differentiation factors Myf5, MyoD, and promote the retention PAX3 expression (Pourquie et al., 

1995). Notch signaling acts as a master regulator of cell-cell communication, crucial to specifying 

cell lineage in a developing embryo (Rios et al., 2011). Active Notch signaling has been known to 

repress myogenesis, as mutations in proteins such as Delta1 result in excessive differentiated cells 

and lack of progenitors (Rios et al., 2011; Gioftsidi et al., 2022). This intricate orchestration of 

multiple signaling pathways to cue the induction of myogenic regulatory factors is crucial for 

proper embryonic muscle development and the establishment of functional skeletal muscle in the 

organism. A schematic of embryonic myogenesis is shown below (Figure 2). 
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Figure 2. Embryonic myogenesis schematic of somitogenesis and formation in the limb. Cells 

marked by PAX3, PAX7, Six1/4 expression differentiate and later express Myf5 causing 

delamination and migration and specification to the limb. Following this there is further 

differentiation of limb muscle cell populations where cells will begin to express MyoD followed 

by MyoG and then, in terminally differentiated states, MRF4. 

 

Post-natal myogenesis  

Similar to embryonic myogenesis, MuSCs exhibit a hierarchical organization of genetic factors 

that allow them to have regenerative and self-renewal properties. In the post-natal period, muscle 

injury can be induced by mechanical damage or daily activity (Laumonier et al., 2016). 

Consequently, the ability to regenerate muscle in response to injury is essential for maintaining 

health. 

In adults, MuSCs reside as quiescent cells located between the basal lamina and sarcolemma (Yin 

et al., 2013). These cells remain in a quiescent state during homeostasis but activate and begin to 

proliferate when induced by stress or injury (Yin et al., 2013). Maintaining the quiescence of the 
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satellite stem cell pool is crucial for overall muscle health. Several mechanisms allow these cells 

to maintain their quiescent state, including the upregulation of over 500 genes, such as those that 

are negative regulators of the cell cycle (cyclin-dependent kinase inhibitors), retinoblastoma tumor 

suppressors, and fibroblast growth factors (Dumont et al., 2015). Moreover, Notch signaling 

factors, including the Notch receptor, its co-receptor syndecan 3, and Notch 1 and 3, are enriched 

in MuSC population to maintain them in a quiescent state (Dumont et al., 2015). 

Following muscle injury, these cells can move out of the quiescent state, begin to proliferate, and 

migrate to the source of injury. This shift includes the expression of mitogenic factors that trigger 

the cells into an activation state, known as GAlert, where they have a greater regenerative potential 

(Dumont et al., 2015). Multiple mechanisms control this process, including signals secreted from 

the injured musculature, such as insulin-like growth factor (Igf1), which leads to the 

downregulation of the cell cycle inhibitor p27Kip1 and results in cell cycle entry (Dumont et al., 

2015). 

After activation, Myf5-positive cells need to proliferate to generate sufficient nuclei to form 

mature muscle fibers. This population will then begin to express MyoD, the key MRF that switches 

cells from a proliferative to a differentiation state. MyoD is activated by its direct targets, including 

MEF2 and other bHLH transcription factors (Asfour et al., 2018). Both MyoD and MyoG are 

activated by direct binding of MEF2 family of transcription factors on their gene promoters 

(Molkentin et al., 1995). As a result, the expression of MyoD leads to the subsequent expression 

of MyoG. MyoG directly suppresses PAX7 expression, allowing these cells to differentiate further 

(Asfour et al., 2018). The combined expression of MyoD and MyoG leads to the expression of the 

late-stage MRF, MRF4, which induces terminal differentiation (Hernández-Hernández et al., 

2018). Furthermore, the transition from proliferation to differentiation in MuSCs is achieved by 
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the switch from Notch gene expression to Wnt signaling protein expression, which in turn 

promotes the stabilization of β-catenin and subsequent transcription of muscle-specific genes 

required for differentiation (Brack et al., 2008). Lastly, mature functional muscle fibers will 

express MyHC and contractile proteins such as muscle creatine kinase (MCK) (Forcina et al., 

2020). 

In an in vivo context, adult muscle regeneration is highly influenced by PAX7 expression, which 

maintains the self-renewal "stem cell-like phenotype" of MuSCs (Le Grand et al., 2007). Mice 

deficient in PAX7 expression have a similar amount of satellite stem cells at birth compared to 

control mice. However, throughout development, this population is lost, leading to a diminished 

ability to regenerate injured musculature (Le Grand et al., 2007). Furthermore, unlike in embryonic 

muscle development, MyoD and Myf5 do not compensate for the loss of the other in a post-natal 

context. (Le Grand et al., 2007). In adult myogenesis, MyoD is required for cell differentiation, 

while Myf5 regulates the proliferation rate of myogenic cells and maintains homeostasis (Le Grand 

et al., 2007). Although similar in expression myogenic gene expression patterns, this highlights 

the important differences between embryonic and post-natal myogenesis. 

Signaling gradient defects also affect the effectiveness of adult muscle regeneration. Sonic 

Hedgehog signaling is important in postnatal development, as its expression is upregulated in 

response to muscle injury in adult myogenesis (Straface et al., 2009). Inhibition of Sonic Hedgehog 

reduces myogenic regulatory factors Myf5 and MyoD and decreases myogenic satellite cells at the 

injury site. This can result in muscle inflammation and decreased motor function after injury 
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(Straface et al., 2009). A schematic demonstrating musculature repair and transcription factors 

expressed during differentiation is shown in Figure 3. 

 

Figure 3. Summary of post-natal myogenesis. (A) Upon muscle injury, quiescent PAX7-positive 

satellite cells activate, proliferate, and migrate to the injured musculature, where they begin to 

express muscle regulatory factors (MRFs), leading to muscle differentiation and subsequent repair. 

(B) Schematic of post-natal myogenesis showing the expression of transcription factors during the 

myogenesis process. Quiescent satellite cells express PAX7, then activate and proliferate into 

myoblasts under the expression of Myf5 and MyoD. MyoD expression induces the expression of 

downstream MRFs such as MyoG, followed by transcription factors like MRF4 and contractile 

proteins such as MyHC and MCK. 
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The Hippo signaling pathway 

Overview of Hippo signaling 

Among the signaling pathways responsible for MuSC activation, the Hippo signaling pathway has 

gained significant attention in recent years for its involvement in proliferation, regeneration, 

maintaining homeostasis, and its impact on disease development (Zheng et al., 2019). This 

evolutionarily conserved pathway was first discovered in Drosophila melanogaster, where it 

regulated cell homeostasis and tumor suppressor genes (Staley et al., 2012). Further, this pathway 

was shown to be conserved in mammals (Zheng et al., 2019). Dysregulation of this pathway both 

in Drosophila and humans contributes to excess growth of organs and tissue, often linking to 

cancer in humans (Luo et al., 2023; Lei et al., 2008). 

In Drosophila, the core components of the Hippo signaling pathway include hippo (MST1/2 in 

humans), salvador (Sav1 in humans), warts (Lats1/2 in humans), and mats (MOB1/2, in humans) 

(Wu et al., 2003; Justice et al., 1995; Meng et al 2016). A serine/threonine kinase signaling cascade 

regulates downstream transcriptional co-activator Yorkie (YAP/YAZ in humans) (Zhang et al., 

2009; Wu et al., 2003). However, when the kinase cascade is inactive, Yorkie (YAP/TAZ) 

localizes to the nucleus and interacts with Scalloped (TEAD in humans) to activate genes 

associated with proliferation (Wu et al., 2008). Following these initial discoveries, the Hippo 

signaling pathway role emerged as a major contributor to organ size control, cancer-related 

diseases, and autoimmune diseases (Staley et al., 2012). 

Upstream regulation of YAP/TAZ: in the cytoplasm 

The predominant upstream regulation of YAP/TAZ is mediated by the core kinase cascade of the 

Hippo signaling pathway (Meng et al., 2016). The cascade initiates at MST1/2 which directly 
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interacts with and phosphorylates SAV1 (Meng et al., 2016). SAV1 phosphorylation by MST1/2 

enhances its interaction with SAV1, subsequently promoting the phosphorylation of downstream 

LATS1/2. This phosphorylation activates LATS1/2 through the SARAH coiled-coiled domain and 

MOB1/2 (Zhang et al., 2009; Wu et al., 2003). Further, the interaction between LATS1 with 

MOB1/2 functions as a positive feedback loop, where the interaction of one component promotes 

the binding affinity of its upstream components (Bae et al., 2018). The Hippo signaling 

phosphorylation cascade leads to the direct phosphorylation of downstream transcriptional co- 

activator YAP/TAZ. Upstream kinases can phosphorylate YAP on five serine residues (Ser61, 

Ser109, Ser127, Ser164, and Ser381) and phosphorylate TAZ on 4 serine residues (Ser66, Ser89, 

Ser117, and Ser311) to regulate their function (Wang et al., 2020). LATS 1/2 is the terminal kinase 

in the cascade that function to directly phosphorylate YAP/TAZ on HXRXXS motif sequences 

(Zhao et al., 2007; Hao et al., 2008; Yu et al., 2013). Phosphorylation of YAP/TAZ on Ser127 and 

Ser89, respectively, leads to 14-3-3 binding and in turn its sequestration or degradation (Hong et 

al., 2012). In addition, the phosphorylation of TAZ (Ser311) and YAP (Ser381) promotes the 

recruitment of β-TRCP; a subunit of the SCF ubiquitin E3 ligase leading to its degradation (Yu et 

al., 2013). 

The upstream Hippo signaling cascade is regulated through multiple mechanisms. For example, 

external signals from the extracellular matrix and G-coupled receptors (GPCRs) lead to the 

activation cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) signaling, thus 

activating the Hippo signaling pathway (Luo et al., 2019). These signals act on MST1/2 and LATS 
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1/2 through a Rho-dependent manner to inhibit LATS1/2 function, thus inhibiting phosphorylation 

of YAP/TAZ (Luo et al., 2019). In addition, components of the core cascade such as MST1/2 and 

LATS1/2 can undergo autophosphorylation to activate themselves and, consequently, the Hippo 

signaling pathway (Meng et al., 2016). 

Downstream regulation by YAP/TAZ 

When Hippo signaling is inactive, YAP/TAZ is no longer phosphorylated by LATS1 and thus 

allowed to translocate into the nucleus. YAP/TAZ lack an inherent ability to bind to DNA and thus 

rely on interactions with nuclear transcription factors (Kim et al., 2018). One of the most well 

characterized interactions with YAP/TAZ is with TEAD transcription factors (TEAD 1-4), most 

notably TEAD1 and TEAD4 (Pobbati et al., 2020; Hong et al., 2012; Kim et al., 2018). This 

interaction occurs through the c-terminus of the TEAD protein binding to the transactivation 

domain of YAP/TAZ, inducing its ability to activate proliferative gene expression such as MYC, 

Vimentin, CTGF, CYR61, AXL, BIRC5 and CCND1 (Totaro et al., 2018). Furthermore, ChIP 

sequencing analysis reveals that YAP/TAZ binds to TEAD binding sites through chromatin 

looping with the AP-1 protein in a breast cancer model (Zanconato et al., 2015). This highlights 

the significance of TAZ in maintaining a proliferative cellular state, despite its inability to bind to 

DNA directly. A schematic illustrating both the upstream and downstream regulation of TAZ is 

shown in Figure 4. 
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Figure 4. Overview of the Hippo signaling pathway in mammalian cells. When Hippo 

signaling is active, upstream signals activate the core Hippo kinase cascade, leading to the 

phosphorylation and activation of LATS1/2 kinases. These kinases then phosphorylate the 

transcriptional co-regulators YAP/TAZ, which allows for the binding and recruitment of 14-3-3 

proteins, resulting in their sequestration and degradation in the cytoplasm. When Hippo signaling 

is inactive, the kinase cascade remains dormant, preventing the phosphorylation of YAP/TAZ. 

This enables YAP/TAZ to translocate into the nucleus, where they bind to transcription factors 

and regulate the expression of proliferative genes such as CTGF, MYC, BCL2, and AXL. 
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Mechano-regulation of YAP/TAZ 

The process by which biophysical forces are converted into biochemical signals is known as 

mechano-transduction. This includes forces such as proliferation, differentiation, stiffness, and 

stretch (Pruitt et al., 2014). YAP/TAZ are pivotal mediators of this process and play a key role in 

mediating responses to mechanical cues, particularly in the context of the Hippo signaling 

pathway, which is sensitive to many types of external signaling and stress (Dasgupta et al., 2019). 

The role of YAP/TAZ in mechano-regulation is mediated by two main mechanisms: ECM stiffness 

and signal transmission. ECM stiffness and high-rigidity promote the nuclear localization of 

YAP/TAZ and the upregulation of its target genes. This mechanism is dictated by a GTPase 

(RhoA), which detects ECM stiffness and responds by promoting actin polymerization into 

filamentous actin (F-actin) and stress fiber formation (Cai et al., 2021; Li et al., 2022). F-actin 

polymerization promotes the inhibition of LATS1/2 and MST1/2 upstream kinases from 

phosphorylating TAZ on Ser89, thus leading to the translocation of TAZ to the nucleus. A known 

binding partner, ARID1A-SWI/SNF complex plays a large role in mechano-transduction by 

modifying the chromatin structure to regulate gene transcription (Chen et al., 2023). This complex 

can respond to the rigidity of the ECM as well as regulating YAP/TAZ function. Conversely, upon 

cell-cell contact and low ECM rigidity, YAP/TAZ function is inhibited, leading to cytoplasmic 

retention, and resulting in cell arrest and autophagy (Cai et al., 2021). Further, at high cell density 

and low ECM stiffness, cells can change shape, leading to the inactivation of RhoA and 

subsequently of YAP/TAZ (Cai et al., 2021). 

Furthermore, mechano-transduction has functional implications on YAP/TAZ in various disease 

contexts. For example, mechano-transduction is linked to ECM mechanical signaling cues in 

fibroblasts, leading to fibrosis (Duscher et al., 2014). ECM stiffness activates YAP/TAZ to 
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promote the production of pro-fibrotic ECM proteins, which may indicate a link between fibrosis 

and cancer (Duscher et al., 2014). Moreover, YAP/TAZ are known to be hyperactivated in cancer, 

which can assist in overriding the mechanical checkpoints that regulate and control cancer growth 

(Cai et al., 2021). ECM-activated YAP/TAZ regulate cytoskeletal regulators associated with 

cancer, increasing isometric tension, enhancing tumor microenvironment rigidity, promoting 

cancer growth, metastasis, and angiogenesis (Cai et al., 2021). Therefore, understanding the 

mechano-regulation of TAZ provides valuable insights into how mechanical signals regulate cell 

behavior, which can help further our understanding of how cellular mechanics regulate health and 

disease in a muscle context. A schematic illustrating the mechano-transduction signaling pathway 

in high ECM conditions is shown in figure 5. 

 

Figure 5. Mechano-regulation of YAP/TAZ. Under high ECM rigidity conditions, integrins 

signal from the ECM mechanical cues to activate RhoA. This then activates F-actin formation 

which inhibits LATS1/2 ability to phosphorylate YAP/TAZ. This allows YAP/TAZ to translocate 

in the nucleus, bind to TEADs and start transcription. In addition, the ARID1A-SWI/SNF complex 

controls the ability to nuclear actin to act on YAP/TAZ. 
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Structure of YAP/TAZ 

YAP and TAZ are paralogs and share a similar protein structure containing regions such as the 

TEAD-binding region, WW- domain(s), coiled-coiled domain, transactivation domain, and a PDZ- 

binding domain (Reggiani et al., 2021). YAP/TAZ are important co-regulators of gene 

transcription, yet lack the ability to bind to DNA themselves (Totaro et al., 2018). The TEAD- 

binding regions of these proteins are essential for their function, as TEAD is the most abundant 

and well-characterized protein that interacts with both YAP/TAZ (Lin et al., 2017). The WW- 

domain of the proteins mediate protein-protein interactions through its recognitions of 

serine/threonine rich sites (Ingham et al., 2005). WW domains have been discovered to be highly 

conserved among many proteins and are found to be frequently mutated in diseases such as cancer 

(Huang et al., 2020). Furthermore, coiled-coiled domains in both YAP and TAZ function as 

molecular spacers and influence protein-protein interactions, therefore it is important in mediating 

protein interactions vital to TAZ and YAP function (Trubestein et al., 2016). The transactivation 

domain is important in the structure of both YAP and TAZ as it allows for transcriptional activation 

by interacting with general transcription factors (Frietze et al., 2011). Finally, the PDZ domain is 

present on the C-terminal of both YAP and TAZ as it allows for interactions with PDZ domain 

containing proteins (Chan et al., 2011), including cytoskeletal components such as ZO-1 (Romero 

et al., 2011). 

Although YAP/TAZ proteins share similar domains, their structure varies in their size and regions 

of regulation. YAP is a larger protein containing a proline-rich domain, a second WW domain as 

well as a SH3 binding domain with a total length of 488 amino acids. In contrast, TAZ has a length 

of 400 amino acids (Chen et al., 2019). An additional distinction between YAP and TAZ is the 

serine residue responsible for preventing nuclear translocation: Ser127 in YAP and Ser89 in TAZ. 
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(Hong et al., 2012). Below is a schematic depicting the difference in YAP/TAZ structure and their 

binding partners (Figure 6). 

 

Figure 6. YAP/TAZ domain structures and interacting proteins. Structurally, YAP/TAZ 

share a TEAD binding region, WW domain, coiled-colied domain, transcriptional activator 

domain and PDZ domain. These proteins also share similar proteins that bind to each domain 

respectfully. However, there are domains that differ between the two proteins including P-rich 

domain, SH3, and an extra WW domain. These proteins also differ in their post translational 

modifications and regulation as TAZ is phosphorylated by upstream kinases primarily on S89 

and YAP on S127. 

 

  



Page 18 

 

YAP/TAZ in Chromatin Remodeling 

As previously noted, YAP/TAZ do not directly bind to DNA but rely on other binding partners to 

carry out their functions and mediate transcription. Importantly, several YAP/TAZ protein-protein 

interactions have been associated with modulating regulatory elements on chromatin (Lopez- 

Hernandez et al., 2021). The most well-characterized chromatin remodeling interaction is between 

YAP/TAZ and the SWI/SNF complex. The SWI/SNF complex is composed of ATPase 

Swi2/Snf2p and actin-related proteins (Arp7 and Arp9), along with the component ARID1A, a 

potent tumor suppressor, that modulates the nucleosome structure in an ATPase-dependent manner 

through histone modifications (Hillmer et al., 2019; Tang et al., 2010). This complex maintains a 

structure to support protein-protein and protein-DNA interactions to mediate cellular regulation, 

primarily through histone and actin-related proteins at acetylated histone tails on DNA (Tang et 

al., 2010). Further, dysregulation of the SWI/SNF complex, in concert with increased YAP/TAZ 

activity, is known to promote cancer (Hillmer et al., 2019). 

Additionally, TAZ mediates chromatin remodeling through the recruitment of the ATPase- 

dependent chromatin remodeling complex known as the nucleosome-remodeling and deacetylase 

(NuRD) complex (Hillmer et al., 2019). YAP/TAZ proteins are recruited by TEAD proteins to 

interact with enhancer elements to modify chromatin structure and mediate transcription (Piccolo 

et al., 2023). This interaction with the NuRD complex is dependent on TEAD binding and forming 

a complex with YAP/TAZ, which allows for the repression of pro-proliferative genes (Hillmer et 

al., 2019). YAP/TAZ also interact with the NuRD complex to repress target gene expression during 

embryonic development, determining cell lineage in portions of the mesoderm. YAP/TAZ recruit 

the NuRD repressor to switch-enhancer elements bound by TEAD, SMAD2/3, and OCT4, 

preventing the expression of mesendoderm specification genes and suppressing transcription 
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(Lopez-Hernandez et al., 2021). Furthermore, YAP itself may independently regulate genome 

accessibility in cardiomyocytes. Cardiomyocytes expressing constitutively active YAP have more 

accessible TEAD binding motifs compared to controls, leading to increased transcription in these 

models (Hillmer et al., 2019). Overall, this highlights how chromatin remodeling mechanisms can 

influence YAP/TAZ expression in regulating cellular homeostasis. 

Hippo signaling in muscle growth and myogenesis 

The Hippo signaling pathway has emerged as a significant regulator in the muscle biology of 

mammals (Sun et al., 2017). Components of the Hippo signaling pathway, including the 

downstream target protein YAP are at the forefront of this significance. YAP positively regulates 

muscle mass and protein synthesis in cooperation with TEAD transcription factors (Sun et al., 

2017). It also increases in response to injury and muscle mass loss due to nervous system 

dysfunction (Watt et al., 2015). Further, YAP is highly expressed in fast-growing skeletal muscle, 

with levels rapidly declining during maturation (Watt et al., 2018). These studies highlight the 

importance of downstream transcription factors in regulating muscle development. 

In mammals, Hippo signaling intersects with multiple signaling pathways to fine-tune muscle 

development and regeneration, including Mitogen-Activated Protein Kinase (MAPK), Growth 

Factor- β (TGF-β), and PI3K-Akt-mTOR pathways (Vainshtein et al., 2020). Recent literature 

highlights a possible mechanism into the repressive role of YAP/TAZ during myogenesis through 

the crosstalk with Wnt and TGF-.β pathways. Tripathi et. al found that TAZ interacts with SMAD7 

and β-catenin to play a proliferative role and repressing pro-differentiation machinery through 

interactions. Although YAP and TAZ both promote proliferation, their roles differ; YAP is known 

to suppress differentiation, whereas the role of TAZ in myogenesis is still debated, necessitating 

further study (Sun et al., 2017; Tripathi et al., 2022). It should be noted that TAZ is more abundant 
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and less studied than YAP in muscle, therefore there more research into TAZ control of 

myogenesis is warranted (Tripathi et al., 2022). 

Furthermore, components of the Hippo signaling pathway have been implicated in muscle disease 

deregulation contexts. For example, upstream kinases in the Hippo signaling pathway, including 

MST1, are differentially regulated and contribute to muscle atrophy upon denervation in mouse 

models (Wei et al., 2013; Watt et al., 2015). Overall, this evidence suggests that various 

components of the Hippo signaling pathway are crucial in maintaining our musculature and should 

be further studied in diseased muscle contexts. 

YAP/TAZ in disease contexts 

Rhabdomyosarcoma 

Rhabdomyosarcoma is a mesenchymal malignancy associated with the skeletal muscle lineage, 

primarily diagnosed in pediatric patients aged 14 years or younger (Loeb et al., 2008; Yu et al., 

2018). Although sarcomas are generally rare cancers occurring in bones and soft tissues, they are 

relatively more common in children (Loeb et al., 2008). The etiology of RMS remains largely 

unknown at this point, although a few cases are associated with genetic disorders such as Li- 

Fraumeni syndrome or NF1 mutations (Kaseb et al., 2022; Loeb et al., 2008). Despite the origin 

of RMS remaining unknown, the disease exhibits myogenic properties and features of premature 

muscle development (Keller et al., 2013). 

There are two subtypes of rhabdomyosarcoma: embryonic and alveolar rhabdomyosarcoma (Loeb 

et al., 2008). Embryonic rhabdomyosarcoma is characterized by its embryonic like histology 

(Pomella et al., 2023) whereas alveolar rhabdomyosarcoma is defined by fusions containing the 
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gene FKHR and PAX3 or PAX7 (Loeb et al., 2008). Common fusions in alveolar sarcoma include 

PAX3- FOXO1 or PAX7- FOXO1, as well as MDM2 amplification and its ability to inhibit TP53 

among other altercations of the p53 pathway (Marshall et al., 2012). These fusions promote the 

expression of oncogenes causing cancers to proliferate uncontrollably, leading to poor survival 

rates (Pomella et al., 2023). Given the strong association of PAX3 and PAX7 in myogenesis, 

disruption of these genes may be a possible mechanism of how this cancer arises (Keller et al., 

2018). 

Rhabdomyosarcoma risk factors remain largely unknown, however in some instances such as in- 

utero radiation, accelerated growth in-utero, low socioeconomic status, and the use of recreational 

drugs during pregnancy are known to contribute to the likelihood of the onset of 

rhabdomyosarcoma (Kaseb et al., 2022). In addition, rhabdomyosarcoma is impacted by epigenetic 

regulatory factors. The expression of DNA methyltransferases involved in histone acetylation, 

methylation and phosphorylation have been reported in RMS tumors (Megiorni et al., 2020). The 

clustering methylation profiles of RMS contributes to the genetic heterogeneity of RMS which 

allows one to distinguish between its two subtypes (Pomella et al., 2023). Further, the methylation 

status of gene promoters (protooncogenes and tumor suppressor genes) as well as the rarer, direct 

gene methylation, play are significant role in gene expression patterns. Therefore, they have been 

noted to play a role in rhabdomyosarcoma development and progression (Sun et al., 2019). An 

illustration depicting the genetic, environmental, and epigenetic risk factors leading to the 

formation of cancer is shown in figure 7. 
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Figure 7. Rhabdomyosarcoma genetic, environmental, and epigenetic risk factors. Key 

genetic changes can induce a cancerous sarcoma phenotype including PAX3-FOXO1 fusions and 

deletions of NF1 and p53. Environmental factors contributing to the likelihood of 

rhabdomyosarcoma development include exposure to in-utero radiation, accelerated in-utero 

growth, low socioeconomic status, and the use of recreational drugs during pregnancy. Epigenetic 

modifications, such as hypomethylation of proto-oncogenes, hypermethylation of tumor 

suppressor genes, and methylation of the protein itself, also play a role. These factors collectively 

contribute to the likelihood of rhabdomyosarcoma formation. 

 

Myogenesis dysregulation in rhabdomyosarcoma 

Although the developmental origin of rhabdomyosarcomas is poorly defined, it is thought to be 

muscle-like in nature due to the myogenic regulatory factors it expresses. Known markers that are 

expressed during myogenesis such as MyoD and MyoG are expressed in RMS and have been used 
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as diagnostic markers for the disease (Yu et al., 2018). As mentioned previously, MyoD plays a 

large role in the initiation of the myogenesis process in regular muscle cells and maintains cell in 

a proliferative committed muscle lineage state (Yu et al., 2013). As such, it is thought that these 

transcription factors are dysregulated in a rhabdomyosarcoma context. In regular muscle cells, 

MyoD interacts primarily with cofactors such as RUNX1, AP-1 and, MEF2, to regulate 

myogenesis (Yu et al., 2018). However, in RMS contexts, MyoD cofactor binding is impaired due 

to changes in chromatin assembly (MacQuarrie et al., 2013; Yu et al., 2018). This leads to the 

improper binding of MyoD to its target genes in both ARMS and ERMS phenotypes. For example, 

in ERMS, MyoD preferentially binds to Myc consensus sequences leading to Myc overexpression. 

This encourages proliferation rather than differentiation leading to the undifferentiated RMS 

phenotype (Yu et al., 2018; Kohsaka et al., 2014). This research highlights the importance of 

maintaining proper regulation of myogenic regulatory factors as well as the consequences of 

improper protein-protein interactions in proper myogenic progression. Therefore, further research 

should be conducted on the protein-protein interactions of core myogenic proteins in diseased 

muscle contexts. A schematic depicting the difference in protein-protein interactions during 

myogenesis in growth-controlled conditions compare to rhabdomyosarcoma is shown in figure 8. 
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Figure 8. Mutations impacting myogenesis in RMS. MyoD protein-protein interactions are 

crucial for regulating myogenesis. Under normal C2C12 conditions, MyoD primarily interacts 

with RUNX1, AP-1, and MEF2, allowing proper progression of myogenesis with the expression 

of core transcription factors such as MyoG and subsequent MyHC. However, in 

rhabdomyosarcoma, chromatin remodeling makes interactions between MyoD and RUNX1, AP- 

1, and MEF2 unlikely, causing MyoD to preferentially bind to MYC. This disrupts myogenesis by 

preventing the expression of transcription factors MyoG and MyHC, leading to the inability of 

muscle cells to multinucleate and terminally differentiate. 

 

YAP/TAZ regulation in muscle cancers 

YAP/TAZ function in driving proliferation as they are often upregulated in many cancers and are 

the target of cancer treatments (Mohamed et al., 2016; Luo et al., 2023; Piccolo et al., 2023). Their 

activity positively correlates with higher risks of metastases, malignancy, chemoresistance, and 

overall lower survival (Piccolo et al., 2023). Hyperactive YAP/TAZ also has been seen to provide 
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metabolic competitive advantages in nutrient limiting states through the upregulation of glucose 

and amino acid transporters. This makes YAP/TAZ desirable candidates for upregulation in 

nutrient limited environments such as the tumor microenvironment (Cunningham et al., 2022). 

Cancer can be driven by YAP/TAZ overexpression in both mouse and human models. This can 

include hormone-based cancers such as breast cancer (Luo et al., 2023), prostate cancer (Luo et 

al., 2023), colo-rectal cancer (Piccolo et al., 2023), soft tissue cancer, osteosarcomas (Kovar et al., 

2020), and rhabdomyosarcomas (Deel et al., 2018). For example, in rhabdomyosarcoma, RD and 

RH30 cell lines have increased nuclear TAZ expression in relation to control and have an overall 

poorer survival rate (Mohamed et al., 2016). In RH18 and RH30 cell lines, the knockout of TAZ 

induces an upregulation of myogenic regulatory factors including MyoD, and MyoG (Deel et al., 

2018). In mouse rhabdomyosarcoma xenografts models, suppression of TAZ delays tumor 

progression and promotes survival (Deel et al., 2018). Further, TAZ and TAZS89A, a 

hyperactiveform, overexpression leads to increased cellular proliferation in myoblasts (Mohamed et 

al., 2016). 

Furthermore, Hippo signaling is known to interact and affect other pathways involved in regulation 

such as the Notch signaling pathway in embryonic rhabdomyosarcoma (Slemmons et al., 2017). 

In these cell lines both YAP1 and Notch signaling pathways are known to reciprocally activate 

one another which in turn boosts stem cell gene expression leading to development and disease 

progression (Slemmons et al., 2017). In summary, this research indicates that YAP/TAZ 

expression is upregulated in rhabdomyosarcoma models and impacts the ability myogenic 

regulatory factor expression and function and therefore should be further evaluated for therapeutic 

implications. 
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Statement of purpose 

The Hippo signaling pathway serves as a key regulator of tissue homeostasis by orchestrating 

various pathways that shape the transcriptome (Zheng et al., 2019). TAZ, downstream of this 

highly conserved pathway, undergoes regulation. When the Hippo signaling pathway is off, TAZ 

remains unphosphorylated allowing it to translocate to the nucleus where it elicits its function on 

downstream target genes (Zhao et al., 2007; Hao et al., 2008; Yu et al., 2013). When Hippo 

signaling is activated, TAZ is phosphorylated and remains sequestered in the cytoplasm (Zhao et 

al., 2007, Hao et al., 2008). Unlike other proteins, TAZ does not bind to DNA; instead, it relies on 

interactions with other proteins to elicit its function (Kim et al., 2018). Therefore, understanding 

and classifying the TAZ interactome is essential to unravel TAZ function. Recent findings from 

the McDermott lab have identified TAZ as a repressor of myogenic differentiation in myoblast 

cells, highlighting the potential importance of the Hippo pathway in several muscle contexts 

(Tripathi et al., 2022). Myogenesis is a fundamental process involved in muscle development that 

involves TAZ specifically enhancing proliferation in myoblasts (Tripathi et al., 2022). TAZ has 

also been implicated in the formation and progression of various cancers, specifically 

rhabdomyosarcoma. Thus, understanding its interactions with other proteins in various contexts 

can help one understand how TAZ is regulated and search for potential targets for its regulation 

(Kovar et al., 2020). The purpose of the study was therefore to identify and characterize protein- 

protein interactions with TAZ in myogenic cells and further characterize these protein 

interactions in regulated and deregulated myogenic contexts. 
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Abstract 

Hippo signaling serves as a critical regulator of cell proliferation, differentiation, and apoptosis. 

Recent studies have characterized the Hippo signaling downstream target protein TAZ as a 

repressor of myogenic differentiation. Since TAZ lacks inherent DNA binding ability itself, its 

function and activity change depending on its protein interactions. Previous research characterized 

TAZ interacting proteins in muscle cells. Employing a GFP-nanoTrap affinity purification strategy 

coupled with LC-MS/MS protein identification a list of both novel and previously characterized 

TAZ protein interactions in a myogenic context were documented. Notably, the pro-myogenic 

methyl transferase protein, CARM1, was identified as a TAZ interacting protein. Further 

investigation into this interaction revealed the functional role of the TAZ/CARM1 interaction on 

the Hippo signalling pathway. Utilizing a Hippo pathway (HOP/HIP) gene reporter assay we 

observed that CARM1 represses TAZ transcriptional activation function, promoting TAZ Ser89 

phosphorylation, leading to the cytoplasmic sequestration of TAZ. The TAZ/CARM1 protein 

interaction was further investigated in the dysregulated context of embryonic rhabdomyosarcoma 

cells (RD) in which the TAZ/CARM1 interaction and function was maintained. Overall, Hippo 

signaling was found to increase compared to control C2C12 myoblasts in RD cells. Further, mass 

spectrometry analysis was conducted and revealed that TAZ may be a substrate of CARM1 since 

methylation at amino acid Arg 77 in a PGPR*LAGG consensus peptide was identified and resulted 

in enhanced TAZ Ser89 phosphorylation. These findings underscore a possible regulatory role of 

CARM1 in regulation of TAZ in myogenic cells. 
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Introduction 

Skeletal muscle constitutes over one third of human body weight (Mukund et al., 2020). Beyond 

facilitating voluntary movement, it also serves crucial functions in maintaining posture, storing 

nutrients, respiratory mechanics, and stabilizing joints (Mukund et al., 2020). As the most 

abundant tissue in the body, skeletal muscle is important for everyday function and is integral in 

the ageing process (Karagounis et al., 2010). Skeletal muscle is dynamic and undergoes rapid 

turnover of cells capable of proliferating quickly and responding to injury. However, skeletal 

muscle is also subject to atrophy which is characterized by the weakening and thinning of muscle 

fibers which can occur independently or as a consequence of many diseases such as muscular 

dystrophies and muscle myopathy (Powers et al., 2016). 

To combat this, most vertebrates have an evolutionarily conserved mechanism to respond to stress 

and injury associated with muscle diseases and weakening. This process is known as post-natal 

myogenesis, where PAX7-expressing satellite cells residing between the basal lamina and 

sarcolemma activate and begin to proliferate to restore the injured musculature (Yin et al., 2013). 

As a result, these cells start to proliferate and express early myogenic markers such as MyoD and 

Myf5, which are required to induce cellular differentiation, regulate the proliferation rate of 

myogenic cells, and maintain homeostasis, respectively. Once there is sufficient cellular material, 

cells will begin expressing later stage MRFs such as MyoG and MRF4 that are necessary for the 

formation of myotubes and more developed muscle fibers (Le Grand et al., 2007). Therefore, the 

ability for muscle to regenerate is of utmost importance for proper body function and overall well- 

being. 

The Hippo signaling pathway is a key regulator of homeostasis, balancing proliferation, 

differentiation, and apoptosis (Zheng et al., 2019). It has recently gained attention for its 
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involvement in muscle regeneration (Sun et al., 2017). Downstream co-activators of the Hippo 

signaling pathway have been identified to play a role in muscle and their regulation on this pathway 

is integral to functional muscle regeneration (Sun et al., 2017). When Hippo signaling is activated, 

cell proliferation is restricted by upstream serine/threonine phosphorylation kinases MST1/2 and 

LATS1/2 which phosphorylate YAP/TAZ on Ser127 and Ser89 respectively, leading to 

cytoplasmic sequestration or degradation of YAP/TAZ (Meng et al., 2016). However, when 

upstream cues promote proliferation, the Hippo signaling pathway is inactivated leading to the 

reduction or elimination of serine phosphorylation of YAP/TAZ, thus allowing for the 

translocation of TAZ from the cytoplasm to the nucleus where it can interact with many factors to 

promote transcriptional activation (Totaro et al., 2018). The most common binding partner for 

TAZ in the nucleus are TEADs (1-4) which are DNA binding transcription factors that most 

commonly lead to activation of proliferative target genes (Pobbati et al., 2020; Hong et al., 2012; 

Kim et al., 2018). 

In a muscle context, Hippo signaling has been shown to exert tight control over renewal, 

differentiation, and muscle regeneration as it was discovered as important in both muscle fiber and 

satellite cell populations size (Kaya-Çoupur et al., 2021). Components of the Hippo signaling 

pathway such as the downstream target protein YAP have been known to positively regulate 

muscle mass and protein synthesis via the TEAD binding transcription factor in muscle cells. YAP 

has also been reported to increase in response to injury due to the loss of muscle mass because of 

dysfunction of the nervous system (Watt et al., 2015). Furthermore, YAP/TAZ is thought to 

regulate both proliferation and differentiation in muscle related diseases such as sarcopenia in 

which YAP/TAZ may have therapeutic potential (Setiawan et al., 2021). In addition, YAP/TAZ 

have been reported to be positive regulators of myoblast proliferation, as ectopic expression of 
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mutated YAP/TAZ (Ser127A and Ser89A) have been shown to have hyperproliferative properties 

(Mohamed et al., 2016). 

Post translational modifications are imperative to the proper function of proteins and dysregulation 

of these modifications can cause dysfunction and disease (Radivojac et al., 2008). The 

downstream regulators of Hippo signaling, YAP/TAZ, are heavily regulated by post translational 

modifications such as phosphorylation and methylation which regulate both the stability and 

subcellular localization of YAP/TAZ function in various contexts (Oudhoff et al., 2013; Chen et 

al., 2020). The function of TAZ methylation is not well understood in muscle; however, it has been 

explored in some cancer models. For example, in multiple myeloma, TAZ hypomethylation 

upregulates its target gene MYC, which induces proliferation. In contrast, demethylating the TAZ 

promoter induces apoptosis (Grieve et al., 2019). Furthermore, in cancer patients methylation 

levels of the TAZ promoter were higher than control samples, suggesting that TAZ overexpression 

may be driving cancer formation and progression (Han et al., 2021). Therefore, understanding the 

methylation profile of YAP/TAZ may contribute to the understanding of its regulation. This may 

be useful in understanding TAZ function in the context of muscle cancer and could be important 

for therapeutic intervention. Furthermore, dysregulation of the post-translational modifications 

(PTMs) may be integral to proper function of YAP/TAZ and investigating changes and 

modifications in these modifications may allow us to gain further insight into their function. 

YAP and TAZ are often grouped together due to their similar function, however there are notable 

differences in their biological roles (Reggiani et al., 2021). In the context of myogenesis, YAP has 

been shown to be a pro-proliferative factor and inhibit the differentiation of multinucleated 

myotubes (Sun et al., 2017). Furthermore, TAZ has been shown to change its role as either a co- 

activator or co-repressor depending on the protein network it associates with (Hau et al., 2013; 
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Kim et al., 2018). As such, the McDermott lab has previously conducted novel GFP- nanotrap 

based affinity purification assay followed by a LC MS/MS protein identification analysis to 

identify a list of TAZ interacting protein in a myogenic context. 

From this interactome list, a list of known and novel TAZ interactors was established. One of the 

novel protein candidates that we found interacting with TAZ through this screen was CARM1, a 

known an important regulator in muscle. We observed that CARM1 has a repressive role in 

regulating TAZ function both on the Hippo signaling pathway and in a myogenic context. We 

further characterized TAZ in the context of rhabdomyosarcoma and documented that some TAZ 

interactions and function was maintained. Further mass spectrometry analysis revealed that TAZ 

is a substrate of CARM1 methylation at amino acid Arg 77 within a PGPR*LAGG consensus 

peptide. This methylation appears to potentiate TAZ Ser 89 phosphorylation. These findings imply 

a functional interaction between TAZ and CARM1 that may lie at the intersection of proliferation 

and differentiation signals in myogenic cells. 
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Materials and methods 

Cell line culture 

C2C12 myoblasts, HEK293T cells, Neonatal rat cardiomyocytes (NRCMs), and Embryonic 

Rhabdomyosarcoma cells (RD cells) were obtained from the American Type Culture Collection 

(ATCC). Cell lines were cultured in growth medium (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). C2C12 myotube formation was induced by 

replacing GM with differentiation medium (DM), consisting of DMEM supplemented with 2% 

FBS and 1% penicillin-streptomycin. Cells were maintained in an incubator at 95% humidity, 5% 

CO2, and 37 °C and replenished with fresh medium every 48 hours. 

Transfections 

For ectopic protein expression in HEK293T cells were transfected using polyethyleneimine at a 

PEI:DNA ratio of three. C2C12 and RD cells were transfected with lipofectamine 2000 (Life 

Technologies) at a lipofectamine: DNA ratio of three. All cells were re-fed 16 hours post- 

transfection and harvested the next day. 

Cell harvesting 

C2C12, RD, HEK293T, and NRCM cells were harvested using NP-40 lysis buffer or, if destined 

for gene reporter assay, with 1x reporter lysis buffer (Promega, #E4030). Cells were washed three 

times with cold PBS before adding in lysis buffer. Lysates were collected and vortexed at 4 °C for 

15 minutes. Lysates were then centrifuged at 4 °C, 10 000 RPM for 10 minutes, followed by the 

collection of the supernatant constituting the soluble protein. 
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Western blot analysis 

Protein samples were denatured in 3x SDS loading buffer at 100°C for 10 min. Samples were then 

loaded onto 10% SDS-PAGE gels and ran at 100V for approximately 1 hr. The gel was transferred 

to a PVDF membrane (Millipore) in 1X transfer buffer and blocked in 5% blocking buffer (Table 

1) for 1 hr on an orbital shaker at room temperature. Primary antibodies were prepared by diluting 

the indicated antibody (Table 2) in 1% blocking buffer (1:1000). Membranes were probed with 

primary antibody solutions overnight at 4°C on a rocker. After brief washing with TBS 

supplemented with 0.1% Tween® 20 (TBS-T), blots were incubated with corresponding HRP- 

conjugated secondary antibody in 1% blocking buffer (1:2000) for 1 hr at room temperature. After 

three washes with TBS-T, protein/antibody immune-complexes were detected by incubating blots 

in HRP substrate (Bio-Rad) and exposing them to an iBright CL1500 Imaging System (Thermo 

Fisher Scientific). 

Immunoprecipitation (IP) 

For endogenous IP, Dynabeads Protein G (Invitrogen, #10003D) were washed three times with 

PBS before incubation with YAP/TAZ antibody (Cell Signaling, #D24E4; diluted to 1:2000 with 

1X PBS) or Rabbit IgG (Cell Signaling; #2729; diluted to 1:10000 with 1X PBS) on a rotator at 

4°C overnight. Beads were washed three times with PBS to remove unbound antibody. 

Dynabeads were incubated with 1 mg of C2C12 myoblast extracts on a rotator at 4 °C overnight. 

Beads were then washed three times with PBS to remove unspecific protein binding. Samples 

were eluted by heating with SDS loading buffer (Table 1) for 10 mins at 95 °C and analyzed by 

western blot. For FLAG co-IPs, anti-FLAG M2 magnetic beads (Sigma, #M8823) were washed 
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three times with PBS before incubation with 500 ug of HEK293T cell extracts on a rotator at 4 °C 

overnight. Beads were then washed three times with PBS to remove unspecific protein binding. 

Immunoprecipitants were eluted in 500 μg/ml FLAG 3x peptide solution (Sigma, #4799) on a 

rotator at room temperature for 30 minutes and analyzed by western blot. 

Cell fractionation 

C2C12 cells were grown in GM until 90% confluency and then in DM for 4 days. Myotubes were 

isolated by incubating the cells with 1% cold trypsin for 30 seconds and removing the detached 

myotubes. Remaining reserve cells were removed using a cell scraper. Nuclear and cytoplasmic 

fractions of the myotube and reserve cells fractions were harvested using the NE-PER kit (Thermo 

Scientific, #78833), according to manufacture instructions. 

Immunofluorescence 

C2C12 cells were seeded on glass-bottom dishes (MatTek) and washed with cold PBS three times 

before fixation with 4% paraformaldehyde at room temperature for 10 minutes. Cells were washed 

with PBS and permeabilized with ice-cold 90% methanol on ice for 5 minutes. Cells were washed 

three times with PBS and incubated with IF blocking buffer (5% FBS in PBS) for 1 hour and 30 

minutes at room temperature, then incubated with indicated primary antibody in IF blocking buffer 

at 4 °C overnight. Cells were washed the next day to remove unbound antibody and incubated with 

Alexa fluor conjugated secondary antibody (Life Technologies) in IF blocking buffer for 1 hour 

and 30 minutes. Cells were washed three times with PBS and counter-stained with Hoechst 33342 

for 10 minutes. Cells were subjected to imaging with a Zeiss Observer Z1 confocal fluorescent 

microscope equipped with Yokogawa CSU-XI spinning disk. Images were recorded by AxioCam 

MRm camera (Zeiss) and processed by Zen 2.5 (blue edition) software (Zeiss). 
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Reporter gene assays 

Transcriptional reporter assays were performed using luciferase reporter plasmids along with 

expression constructs (indicated in figure legends) and a Renilla plasmid (Promega, pRL-Renilla), 

as an internal control. Cells were washed with cold PBS and harvested in Luciferase Lysis Buffer 

with 1X reporter lysis buffer (Promega, #E4030). Enzymatic activity was measured in each sample 

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

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

activity in the same cell extracts and expressed as fold activation to the control. 

Mass Spectrometry 

FLAG-TAZ (addgene plasmid #24809) and HA-CARM1 (addgene plasmid # 81118) plasmids 

were transfected into HEK293T cells and or C2C12 in both growth media and 48hr differentiation 

media and harvested the next day with NP40 lysis buffer. 1 mg of protein lysate was incubated 

with 40 µL of anti-FLAG M2 magnetic beads (Sigma, #M8823) overnight in a rotator at 4 °C. 

Beads were washed twice the following day for 5 mins with 0.1% acetic acid. The lysate was 

reduced by 1M DTT (Dithiothreitol) was added to the samples to a final concentration of 10 mM 

and heated at 60°C for 30 mins. The sample was then alkylated by Idoacetamide was 

subsequently added to the sample to a final concentration of 40 mM and incubated in the dark at 

room temperature for 15 mins. 1M DTT was then added to a final concentration of 40 mM. Next 

the sample was digested by 1 mg/mL of trypsin was added to the sample and incubated overnight 

at 37 °C. Sample supernatant was then transferred into a new tube processed using the timsTOF 

Pro 2 mass spectrometry instrument by the MS Facility at YSci core at York University. 

LC-MS/MS experiments have been performed on a TimsToF Pro 2 (Bruker) with a nanoElute 2 

and the HyStar software suite. Separation has been performed on a C18 column (PepSep Ten 
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unlimited series) of 10 cm x 150 µm with a particle size of 1.5 µm and a pore size of 100 Å. A trap 

column was used (PepMap TM C18, Themo Scientific) of 5 mm x 300 µm with a particle size of 

5 µm and a pore size of 100 Å. Separation has been performed using a two-column separation 

method in HyStar including solvent preparation, column equilibration and sample loading steps. 

Solvents used were water + 0.1 % formic acid (mobile phase A) and acetonitrile + 0.1 % formic 

acid (mobile phase B). The gradient started at 2 % B to 35 % B in 45 minutes, then to 95 % B in 

0.5 min for 1.68 min. The flow rate was 0.5 µL/min throughout the run. Data folder were processed 

using PaSER 2023 using the “DDA – ProluCID-GPU” search engine and the Uniprot human 

proteome database. For the GFP nano-trap mass spectrometry protocol please visit Jonathan 

Kelebeev’s thesis manuscript.  

Antibodies 

Antibodies for YAP/TAZ (rabbit, polyclonal, #D24E24), pTAZ Ser89 (rabbit, monocloncal, 

#59971) HA (rabbit, polyclonal, #C29F4), Myc (mouse, monoclonal, #9B11), alpha-Tubulin 

(rabbit, polyclonal, #2144S), c-myc (rabbit, monoclonal, #5605), CARM1 (rabbit, polyclonal, 

#4438), CARM1 (mouse, monoclonal, #12495), and Histone H3 (rabbit, polyclonal, #9715S) were 

purchased from Cell Signaling. MyoG (mouse, monoclonal, #F5D) and β-Actin (mouse, 

monoclonal, #sc-47778) antibodies were purchased from Santa Cruz Biotechnology. Antibodies 

for FLAG (Mouse, monoclonal, #F3165) were purchased from Sigma-Aldrich, Vimentin (Rabbit, 

polyclonal Cell signaling #D21H3), and mono and dimethyl arginine antibody (mouse, 

monoclonal, ab412) were purchased from abcam. 

Plasmids 

Myc-TEAD4 was a gift from Kunliang Guan (Addgene plasmid #24638). FLAG-TAZ was a gift 

from Jeff Wrana (Addgene plasmid #24809). HA-TAZ was a gift from Kunliang Guan (Addgene 
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plasmid #32839). HA-TAZ  72-104 was obtained from Addgene (Addgene plasmid #32839) 

and manually deleted amino acids 72-104 from the plasmid in the McDermott lab. pcDNA3 was a 

gift from William Sellers (Addgene plasmid #10792). HA-CARM1 was a gift from Sung Hee 

Baek (Addgene plasmid #81118). HA-TAZS89A was obtained from addgene (Addgene plasmid 

#32840). HOP- Flash and HIP-Flash (HOP-flash mutant) were gifts from Barry Gumbiner 

(Addgene plasmid #83467 & #83466). Myogenin core promoter was a gift from Michael Chin 

(Addgene plasmid #134722). Renilla (pRL-Renilla) plasmid was purchased from Promega. 
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Results 

Affinity purification- LC MS/MS analysis of the TAZ interactome in striated muscle cells 

TAZ is an important regulator of gene transcription but lacks the ability to bind to DNA directly. 

As such, TAZ function is determined by the proteins it interacts with (Kim et al., 2018). Based on 

previous literature, TAZ is a known repressor of myogenesis (Tripathi et al., 2022), therefore we 

aimed to characterize protein-protein interactions with TAZ in nuclear enriched fractions of 

striated muscle. Utilizing a novel GFP- nanoTrap technology we developed, we were able to 

capture interacting proteins in cell lysates. This consisted of incubating EYFP-TAZ and control 

EYFP proteins immobilized on ChromoTek GFP-nanotrap beads conjugated with GFP binding 

protein (GBP) nanobodies. Following this, the immobilized bait constructs were incubated with 

fractionated myogenic extracts. Unlike traditional immunoprecipitation assays, this approach 

allows for the identification of myogenic proteins in their endogenous states. A schematic of this 

process is illustrated in Figure 1A. In addition, a western blot depicting the overexpression of these 

constructs is shown in supplementary figure 1A. 

After completing the GFP- nanoTrap assay, proteins were identified as “of interest” when one of 

two criteria were met. The first criteria, “unique proteins” included proteins that were identified in 

the experimental EYFP- TAZ condition but not in the control GFP condition. The second group 

of proteins were 3-fold enriched using a (EYFP-TAZspectra / GFPspectra) ratio calculation. This ratio 

was determined by the threshold of known interactors appearing in each dataset at that enrichment 

level. In the C2C12 dataset, 249 proteins were identified in the unique and enriched groups. In the 

cardiomyocyte data sets there were 219 proteins in both groups. In addition, there were 97 

overlapping proteins in both datasets (Supplementary Figure 1B). Further, proteins were 

disregarded when they appeared in the GFP control data set but not in the EYFP- TAZ 
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experimental condition. The raw data further breaking down the proteins identified in C2C12 

myoblasts and neonatal rat cardiomyocytes screens is shown in supplementary figure 1C. A 

detailed list characterizing the proteins identified in this experiment using these criteria is shown 

in figure 1B. This list includes categories including known interactors such as components of the 

Hippo signaling pathways including TEAD 1, TEAD 4, 14-3-3 binding factors, LATS1 kinase, as 

well as novel categories including chromatin interacting complexes and transcriptional regulators 

such as CARM1. A full list of all the proteins identified in the mass spectrometry analysis is 

documented in supplementary figure 1D. Further, a schematic placing the known protein 

interactors in the context of the Hippo signaling pathway is shown in figure 1C. After identifying 

a list of novel proteins, a functional assay was conducted to investigate the effect of ectopic 

expression of novel protein interactors on TAZ function using the Hippo signaling pathway 

reporter gene assay HOP. These proteins included CCAR2, NME1, PUM1, and CARM1, which 

were tested with TAZ on the luciferase reporter system. On this reporter system ectopically 

expressed CARM1 demonstrates repression of TAZ activation on the reporter system (Figure 1D). 

 



Page 41 

 

 

Figure 1. Interactome study of TAZ in striated muscle. (A) Schematic overview of GFP- 

nanoTrap co-immunoprecipitation method to identify TAZ protein partners with nuclear C2C12 

and whole-cell neonatal rat cardiomyocyte (NRCM) extracts. (B) Flow chart indicating the number 

of total and enriched TAZ protein candidates identified in the C2C12 myoblast dataset. Dataset 

also indicates the enrichment score of each protein in the dataset by a colour coded indicator (C) 

Schematic showing proteins (colored in purple) representing known components of Hippo 

signaling pathway that were identified in the C2C12 TAZ interactome. (D) FLAG-TAZ alone and 

combined with FLAG-CCAR2, FLAG-NME1, mcherry- PUM1, and HA-CARM1 were 

ectopically expressed with the HOP luciferase reporter gene. Renilla luciferase served as a 

transfection control. Transfection with an empty vector (pcDNA3) served as a control for 

endogenous activity (lane 1). The luciferase experiment was conducted n=1 times with 3 technical 

replicates done indicated by the white points on the graph.  

 

Bioinformatic analysis of the TAZ interactomes in C2C12 myogenic cells 

To determine if the CARM1-TAZ interaction warranted further investigation in a skeletal 

myogenic context, we conducted a bioinformatic analysis on known overlapping CARM1 and 

TAZ interacting proteins. To do this a dataset was obtained from the Biogrid database containing 
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known protein interactors of CARM1. Some known protein interactors of CARM1 included pro-

myogenic factors such as PAX7, MYOD, MEF2. We compared these known protein interactors 

with proteins identified in the TAZ GFP-nanotrap screen (C2C12) screen. These proteins include 

SMARCA4, SMARCC1, ARID1A, DNAJA3, CNN3, FASN, PDCD61P, CAND1, SEC23IP, 

PRMT5, ACLY, SYNC1H1, CARM1, EFTUD2, GASTA1, GSPT1, HSPH1, IMPDH2, RAB5A, 

RAD50, RAB1A, RAB5C (22 proteins). There was a total of 306 proteins that were identified in 

the CARM1 screen and 231 only identified in the C2C12 screen (Figure 2A). From this, the 

overlapping proteins (22) found in both data sets were put into the G profiler database to determine 

both the molecular pathways (Figure 2B) and biological processes (Figure 2C) that are associated 

with TAZ and CARM1 overlapping protein interactions. Using the G profiler database, a -log score 

was generated for each molecular function and biological process indicating the level of 

confidence the system predicts that these predicted proteins contribute to the function of that 

particular function (Supplementary Figure 2A and B). Key molecular functions identified include 

transcription co-activator and co-regulator activity, protein arginine N-methyltransferase activity, 

and organic cyclic compound binding. Key biological processes include categories including cell 

cycle regulation, myogenesis, and immune response and repair. 
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Figure 2. Bioinformatic analysis of the TAZ and CARM1 interacting proteins. (A) Venn diagram 

depicting the common overlapping proteins identified to interact with both CARM1 from the Biogrid 

database and TAZ from GFP-nanoTrap screen in C21C12 myoblasts. (B) Molecular functions of 

CARM1 and TAZ overlapping proteins identified by the G-profiler database accompanied by a -log(p-

value) score indicating the likelihood of the molecular function associated with the list of proteins. (C) 

Biological processes of CARM1 and TAZ overlapping proteins identified by the g-profiler database 

accompanied by a -log(p-value) score indicating the likelihood of the biological processes associated 

with the list of proteins. 

  

Biochemical validation of the TAZ interactome and functional relevance of the 

TAZ/CARM1 interaction 

To validate novel protein-protein interactions identified in the interactome we conducted co- 

immunoprecipitation assays between the identified interacting proteins and FLAG-TAZ in 

HEK293T cells. A positive control was established using known interactors of TAZ including the 

  -log (p-value)  

-log (p-value) 
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TEAD4 transcription factor (Hau et al., 2013). Conformation of this interaction was displayed by 

FLAG- coimmunoprecipitation (Figure 3A). Next, the interaction between CARM1 and TAZ was 

biochemically validated through ectopic expression of FLAG-TAZ and HA-CARM1 constructs 

(Figure 3B). Furthermore, given the role of TEAD4 as a key DNA binding protein and a tether for 

TAZ to exert its function on the Hippo signaling pathway we aimed to assess if the TAZ-CARM1 

interaction may be mediated in a TEAD dependent manner (Pobbati et al., 2020; Hong et al., 2012; 

Kim et al., 2018). To investigate this, Myc- TEAD4 was ectopically expressed with FLAG-TAZ 

alone and with FLAG-TAZ and HA- CARM1 in HEK293T cells. These assays showed an enriched 

level of TEAD4 in TAZ precipitates when CARM1 is ectopically expressed, indicating that 

TEAD4 may also be involved in the biochemical interaction between CARM1 and TAZ (Figure 

3C). We next explored the functional implications of the TAZ and CARM1 interaction and 

investigated the function of the CARM1/TAZ interaction on the TEAD dependent reporter 

HOP/HIP luciferase gene reporter assay. These data indicate that CARM1 represses the TAZ 

driven activation of this reporter system in HEK293T cells (Figure 3D). We then investigated the 

endogenous co-localization of both the TAZ and CARM1 protein in C2C12 and 

rhabdomyosarcoma cell lines in growth media conditions. We found that both TAZ and CARM1 

remained enriched in the nucleus in both cell lines (Figure 3E). These findings collectively suggest 

that the interaction between CARM1 and TAZ most likely occurs in the nucleus and TAZ 

mediated repression on HOP/HIP luciferase may be mediated through a TEAD4-dependent 

mechanism.  
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Figure 3. Biochemical validation of the TAZ interactome. (A) HEK293T cells were transfected 

with Myc-TEAD4 with/without FLAG-TAZ and subject to FLAG immunoprecipitation with anti- 

FLAG beads. Eluates were analyzed using immunoblotting for contents of co-immunoprecipitated 

Myc-TEAD4 to serve as positive controls for the co-immunoprecipitation analysis. (B) HEK293T 

cells were transfected with HA-CARM1 with/without FLAG-TAZ, and subject to FLAG 

immunoprecipitation with anti-FLAG beads. Eluates were analyzed using immunoblotting for 

contents of co-immunoprecipitation with FLAG-TAZ. (C) HEK293T cells were transfected with 

FLAG-TAZ, and MYC- TEAD4 with/without HA-CARM1 and subject to FLAG 

immunoprecipitation with anti-FLAG beads. Eluates were analyzed using immunoblotting for 

contents of co-immunoprecipitation with FLAG-TAZ, HA-CARM1 and, MYC-TEAD4. (D) 

FLAG-TAZ alone and combined with HA-CARM1 were ectopically expressed with the HOP 

luciferase reporter gene (normalized to HIP reporter as a negative control). Renilla luciferase 

served as a transfection control. Transfection with an empty vector (pcDNA) served as a control 

for endogenous activity. This luciferase reporter experiment was conducted n=3 times. Unpaired 

t-test using GraphPad Prism 10.0 was utilized to test for statistical significance. Adjusted p-value 

**p<0.01, ***p<0.001, ****<0.0001 are indicated for significance compared to the relevant 

control condition. (E) Immunofluorescence analysis of C2C12 cells during myoblast (GM) stage 

and embryonic rhabdomyosarcoma (RD) cells. Cells were immuno-stained for YAP/TAZ (red), 

CARM1 (green) and counterstained with Hoechst 33342 to indicate nuclei (blue). 
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CARM1 antagonizes TAZ mediated repression of the myogenic program in striated muscle 

cells 

CARM1 promotes myogenesis by interacting with key proteins involved in myogenic progression, 

such as PAX7 and MEF2C (Kawabe et al., 2012; Chen et al., 2002). Therefore, we aimed to further 

characterize the role of CARM1 on TAZ regulation within a myogenic context. We investigated 

the interactions between TAZ and CARM1 using the C2C12 myoblast model of differentiation. 

We then assessed these interactions by measuring MyoG levels, a well characterized marker of 

myogenic differentiation commitment (Faralli et al., 2012). First, we explored the endogenous 

localization of the TAZ and CARM1 protein in differentiation conditions through 

immunofluorescence imaging. We found that TAZ localization remained enriched in the nucleus 

in growth media and DM 48hr conditions, with a slight shift in localization during DM 96 hr, 

becoming less enriched in the nucleus (Figure 4A). However, when investigating the endogenous 

localization of CARM1 throughout differentiation, CARM1 remained enriched in the nucleus 

(Figure 4B). Next, we aimed to functionally assess the interaction of TAZ and CARM1 on the 

myogenin promoter-driven luciferase reporter gene assay in C2C12 cells differentiated for 48hrs. 

Consistent with previous results, we found that TAZ repressed the myogenic reporter assay when 

ectopically expressed (Tripathi et al., 2022). In addition, we found that when TAZ and CARM1 

were co-ectopically expressed CARM1 overexpression significantly counteracted TAZ repression 

of the myogenin gene reporter bringing the activation back to basal levels (Figure 4C). To further 

characterize the role of CARM1 in myogenesis, C2C12 cells that have been differentiated for 48hr 

were treated with a selective inhibitor of CARM1 methyltransferase activity. These data indicated 

a decreased fraction of cells expressed MyoG when treated with an allosteric inhibitor of CARM1 
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methyltransferase activity compared to the control DMSO condition. Similar trends were 

observed in protein quantification analysis.  (Figure 4D-F). A schematic depicting the overall 

changes in myogenesis we observe upon the ectopic expression of HA-CARM1 and FLAG-TAZ 

is illustrated in Figure 4G. 

 

 

 

Figure 4. CARM1 antagonizes TAZ-mediated repression of the myogenic program. (A) 

Individual immunofluorescence analysis of endogenous YAP/TAZ and (B) CARM1 in C2C12 

cells during myoblast (GM), early (DM 48 h), and late myotube (DM 96 h) stages. Cells were 

immuno-stained for MyoG (green) to label cells entering myogenic differentiation and 

counterstained with Hoechst 33342 to indicate nuclei (blue). (C) FLAG-TAZ alone and combined 

with HA-CARM1 were ectopically expressed with a myogenin promoter reporter gene in C2C12 

cells cultured in DM for 48 hours. Renilla luciferase gene served as a transfection control. 

Transfection with an empty vector (pcDNA) served as a control for endogenous activity. This 

luciferase reporter experiment was conducted n=4 times. Unpaired t-test using GraphPad Prism 

10.0 was utilized to test for statistical significance. Adjusted p-value **p<0.01, ***p<0.001, 

****<0.0001 are indicated for significance compared to the relevant control condition. (D) 

FLAG-TAZ alone and combined with HA-CARM1 were ectopically expressed in C2C12 cells 

cultured in DM for 48 hours. Protein levels of Myogenin were assessed with western blot analysis 
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using Actin as a loading control. (E) C2C12 cells cultured in differentiation media with 5 μM 

CARM1 inhibitor for 24 hours, followed by a 24-hour recovery period in differentiation media, 

were immune-stained for MyoG (green) and counterstained with Hoechst 33342 to visualize nuclei 

(blue). C2C12 cells treated with DMSO served as the control. (F) Quantification of the fraction of 

MyoG+ cells in DMSO- and CARM1 inhibitor-treated C2C12 cells from Figure 4E. This was 

done using 13 technical replicates and a biological replicate of 1. (G) Schematic of showing 

ectopic expression in C2C12 cells and demonstrating the downstream effects of differentiation 

under each ectopic expression condition. 

 

 

Regulation of TAZ and CARM1 in RD cells 

In view of our observation that TAZ is pro-proliferative and represses myogenesis we wanted to 

investigate TAZ expression and regulation by CARM1 in a dysregulated myogenic context such 

as rhabdomyosarcoma. Initially, we assessed the endogenous levels of TAZ and pTAZ Ser89 to 

begin to understand the regulation of the Hippo signaling pathway in a variety of cell lines: HEK, 

proliferative myoblasts (C2C12), and late differentiation stage (DM 96hrs), Embryonic 

rhabdomyosarcoma (RD), Alveolar rhabdomyosarcoma (RH30), and primary cardiomyocytes 

(PCM). These results demonstrate that in RD cells, both TAZ protein expression level and pTAZ 

Ser89 phosphorylation are observed indicating that the Hippo signaling pathway is hyperactive in 

this cell line (Figure 5A). Next, we conducted a co-immunoprecipitation of TAZ-CARM1 and 

found that CARM1 and TAZ interact when ectopically expressed in RD cell lines (Figure 5B). We 

next aimed to investigate differences in the endogenous activation of the HOP reporter system in 

C2C12 cells and RD cells. We found that, similar to the results in 4A, HOP activation in RD cells 

is significantly higher than in C2C12 cells. This may indicate that the impaired differentiation 

machinery may be due to TAZ activation of pro-proliferative genes (Figure 5C). Further 

investigation of endogenous YAP/TAZ expression in RD cells revealed a pattern similar to that 
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observed in C2C12 cells during myogenesis. However, RD cells failed to undergo myogenesis and 

did not form multinucleated myotubes (Figure 5D). Endogenous expression of CARM1 using 

immunofluorescence analysis indicated that it remained enriched in the nucleus throughout the 

differentiation period regardless of myogenic expression. Further, a similar trend of inhibited 

myogenic differentiation like that of (Figure 5D) was observed as these cells also fail to undergo 

multinucleation even though they are MyoG positive (Figure 5E). To evaluate whether CARM1- 

mediated repression of TAZ occurs in RD cells we investigated how TAZ modulated the myogenin 

reporter gene activation in RD cells. We reported no significant difference in reporter activation in 

these reporter assays upon the addition of TAZ (supplementary figure 3A), thus we aimed to 

further investigate the levels of the c-myc protein, which is a known downstream target gene of 

TAZ. We observed a reduction in c-myc with the ectopic expression of HA-CARM1 in both RD 

and C2C12 cells, highlighting that CARM1 driven repression of TAZ may be maintained in both 

cell types (Figure 5F). In summary, these results show that TAZ is pro-proliferative and represses 

myogenesis, with its regulation by CARM1 being critical in rhabdomyosarcoma, where  CARM1- 

driven repression of TAZ reduces c-myc levels and contributes to impaired differentiation. 
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Figure 5. Regulation of TAZ and CARM1 in RD cells. (A) Western blot detecting the 

endogenous expression of TAZ and phosphorylated TAZ Ser 89 and YAP S127 in HEK293T, 

C2C12 myoblasts, C2C12 myotubes, Embryonic rhabdomyosarcoma (RD), Alveolar 

rhabdomyosarcoma (RH30), and primary cardiomyocytes using the actin as a protein loading 

control. (B) RD cells were transfected with HA-CARM1 with/without FLAG-TAZ, and subject to 

FLAG immunoprecipitation with anti-FLAG beads. Eluates were analyzed using immunoblotting 

for contents of co-immunoprecipitation with FLAG-TAZ. (C) HOP luciferase reporter gene 

transfected with Renilla luciferase served as a transfection control into both RD and C2C12 cells. 

This was conducted n=3 times. Unpaired t-test using GraphPad Prism 10.0 was utilized to test for 

statistical significance. Adjusted p-value **p<0.01, ***p<0.001, ****<0.0001 are indicated for 

significance compared to the relevant control condition. (D) Individual immunofluorescence 

analysis of endogenous YAP/TAZ and (E) CARM1 in RD cells during proliferation (GM), early 

(DM 48 h), and late stage myogenesis (DM 96 h) stages. Cells were immunostained for MyoG 

(green) to label cells entering myogenic differentiation and counterstained with Hoechst 33342 to 

indicate nuclei (blue). (F) HA-CARM1 was ectopically expressed in RD and C2C12 cells 

followed by immunoblot analysis of HA-CARM1, TAZ, phospho-TAZ Ser 89 and c-Myc protein 

levels. Transfection with an empty vector (pcDNA) served as a control. Actin was used as a 

western blot loading control. 
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CARM1 di-methylates TAZ on Arg 77 in HEK293T cells  

The Hippo signaling pathway uses a phosphorylation cascade to regulate the subcellular 

localization of TAZ in the cell (Meng et al., 2016). Ser89 phosphorylation of TAZ is one of the 

best studied mechanisms in which this pathway maintains homeostasis. In the canonical pathway, 

Ser89 phosphorylation by LATS1/2 leads to the retention of TAZ in the cytoplasm due to its 

interaction with binding proteins such as 14-3-3 (Meng et al., 2016). To assess if CARM1 

modulates the expression of TAZ we assessed if ectopic expression of HA- CARM1 led to 

localization changes of TAZ within the cells. We observed that upon ectopic expression of HA- 

CARM1, there was a reduction of TAZ in the nucleus while a higher abundance TAZ Ser89 

phosphorylation in the cytoplasm compared to control (Figure 6A). To further investigate the 

mechanism into this nuclear-cytoplasmic shift following the ectopic expression of HA-CARM1 

we assessed whether CARM1 directly methylates TAZ. This experiment was carried out by co- 

transfecting HEK293T cells with FLAG-TAZ and HA-CARM1, followed by FLAG- 

immunoprecipitation and western blotting of the arginine methylation using an antibody that can 

recognize mono- di- methylated arginine residues. We found that TAZ methylation was more 

abundant in the condition where HA-CARM1 is ectopically expressed, suggesting that TAZ may 

be a substrate of CARM1 methylation (Figure 6B). To identify the specific residues in which 

CARM1 methylated TAZ, we conducted a mass spectrometry analysis on samples containing 

TAZ immunoprecipitated from cells expressing CARM1 or controls (no ectopic expression of 

CARM1). A schematic depicting the mass spectrometry protocol is shown in figure 6C. Mass 

spectrometry analysis of post translational modifications (PTMs) indicated both mono- and di -

methylation at the Arg 77 residue via co- expression of HA-CARM1 within the sequence 

GHPGPR*LAGGA (Figure 6D). Inputs of the mass spectrometry samples are found in 
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supplementary figure 4A. In addition, table containing the exact amino acid sequences methylated 

is depicted in figure 6E. Further, figure 6F shows a schematic of where the amino acid sequence 

identified is present within the TAZ domain structure. This sequence closely aligns with a previous 

report indicating that CARM1 methylation targets sequences are enriched in prolines, glycines, 

alanines, and phenylalanines within 5 amino acids of the central methylated arginine (Sishkova et 

al., 2017). Other proteins found to be differently methylated upon the ectopic expression of HA-

CARM1 are shown in supplementary figure 5 A and B. In addition, we used the molecular 

visualization program PyMOL to analyze a schematic of the TAZ 3-D protein structure, 

illustrating the locations of Arg77 and Ser89 on the protein. Based on this analysis, we predicted 

that the distance between these two amino acids is 28.0 Å (Figure 6G). Altogether, these findings 

demonstrate that TAZ is a substrate of CARM1 methylation. This data also suggests preliminary 

findings suggesting that the ectopic expression of HA-CARM1 enhances the phosphorylation of 

TAZ and thus cytoplasmic sequestration of TAZ which may repress TAZ activity. To further 

validate these conclusions, further experimentation is needed. However, the working model to 

depict this relationship is demonstrated in schematic (Figure 6H).  
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Figure 6. CARM1 di-methylates TAZ on Arg77 in HEK293T cells. (A) HEK293T cells were 

transfected with HA-CARM1 and subsequently harvested into cytoplasmic and nuclear fractions. 

Protein levels of HA-CARM1, YAP/TAZ, phospho-YAP Ser 127 and phospho-TAZ Ser89 were 

assessed by western blot analysis. Alpha-tubulin and Histone H3 were used as cytoplasmic and 

nuclear markers, respectively. Transfection with an empty vector (pcDNA) served as a control. 

(B) FLAG-TAZ alone and combined with HA-CARM1 were ectopically expressed and 

immunoprecipitated using FLAG-beads. Eluates were analyzed using western blot analysis for 

contents of immunoprecipitated mono- and di-methylated FLAG-TAZ in HEK293T cells. (C) 

Schematic illustrating the experimental design of mass spectrometry-based identification of TAZ 

methylated residues. (D) Graph depicting signal intensity mono an di methylated TAZ with and 

without ectopically expressed CARM1. (E) Chart depicting mono and di methylated peptide 

sequences shown in the mass spectrometry. Methylated arginine’s are depicted in Red. (F) 

Illustration of TAZ amino acid sequence highlighting the methylated arginine residue (red) found 

within the TEAD-binding domain. (G) TAZ protein schematic highlighting the various domains 

of the TAZ protein. This schematic demonstrates where Arg 77 (identified methylated residues) 

and Ser89 residues on the TAZ protein and their distance (28.0 Å) away from one another within 

a 3D model.  (H) Schematic depicting the methylation by CARM1 on TAZ increasing nucleus 

shuttling TAZ out of the nucleus encouraging TAZ phosphorylation. 

 

 

Global methylation changes in Hippo signaling pathway components upon ectopic 

expression of CARM1 

Hippo signaling regulates TAZ throughout myogenesis. In periods of proliferation (growth media 

conditions) Hippo signaling activity is low, while active TAZ is high (Meng et al., 2016; Misra et 

al., 2018). However, in periods of high cell density, like in differentiation, Hippo signaling is high, 

thus, there is increased TAZ phosphorylation (Meng et al., 2016; Misra et al., 2018). Therefore, 

we aimed to assess if TAZ methylation was different throughout myogenesis. We first assessed 

where phosphorylation was occurring within the cell during differentiation. To do this we 

conducted a nuclear cytoplasmic fractionation in growth media (Figure 7A) and in 48 hrs DM 

(Figure 7B). From this we found that there was an increased amount of methylation in the 

cytoplasm compared to the nucleus in GM and DM conditions. We also saw increased methylation 

in the 48hr condition compared to the growth media condition. We then ectopically expressed 
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pcDNA3, FLAG-TAZ and HA-CARM1 in GM C2C12 cells and then conducted a FLAG- 

immunoprecipitation. We found under these conditions there was no increase of phosphorylation 

or methylation when HA-CARM1 was ectopically expressed (Figure 7C). Similarly, we conducted 

a mass spectrometry analysis on C2C12 GM cells, we ectopically expressed FLAG-TAZ 

with/without HA-CARM1. In this mass spectrometry analysis, we found arginine methylation 

variations on components of the Hippo signaling pathway including MOB1B, SAV1, LATS2, 

SMAD6, and AJUBA. These proteins were assessed by their intensity scores, a graph depicting 

the difference in intensity score between the conditions is illustrated in figure 7D. We then assessed 

the methylation profile of proteins in high cell-cell contact conditions such as mid-to late-stage 

differentiation (48 hr). In this condition, we found Hippo signaling proteins had different mono- 

di- methylation profiles compared to GM conditions. This included proteins such as TEAD 4 

(mono-methylation), SIK2, AMOTL2, and β-catenin. Intensity scores for the peptides with 

changes in arginine methylated residues is depicted in figure 7E. Inputs of both mass spectrometry 

analyses is shown in (supplementary figure 4B and 4C). Finally, a schematic depicting the different 

methylated peptides in both growth media and 48 hr differentiated conditions within the context 

of the Hippo signaling pathway is illustrated in figure 7F. 
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Figure 7. Global methylation changes in Hippo signaling upon ectopic expression of CARM1 

(A) Myoblast C2C12 cells were transfected with FLAG-TAZ and subsequently harvested into 

cytoplasmic and nuclear  fractions.  Protein levels of  FLAG,  YAP/TAZ,  and  mono  and   di-

methylation were assessed by western blot analysis. Alpha-tubulin and Histone H3 were used as 

cytoplasmic and nuclear markers, respectively. (B) Differentiated C2C12 cells were transfected 

with FLAG-TAZ and subsequently harvested into cytoplasmic and nuclear fractions. Protein levels 

of FLAG, YAP/TAZ, and mono and di-methylation were assessed by western blot analysis. 

Vimentin and Histone H3 were used as cytoplasmic and nuclear markers. (C) Myoblast C2C12 

cells were transfected with FLAG-TAZ with and without HA-CARM1. Cells were FLAG- 

immunoprecipitated and eluates were analyzed using western blot analysis for contents of 

immunoprecipitated mono- and di-methylated, YAP/TAZ, and S89 TAZ in C2C12 cells. (D) Bar 

graph depicting the intensity scores of di arginine methylation of the Hippo Signaling components 

affected by ectopic expression of HA-CARM1. (E) Bar graph depicting the intensity scores of di 

arginine methylation of the Hippo Signaling components affected by ectopic expression of HA- 

CARM1 in 48hr C2C12 differentiated cells. (F) Hippo signaling pathway proteins impacted by 

mono and di-methylation following HA-CARM1 ectopic expression in both growth media (growth 

media) and differentiation 48hrs (yellow) in C2C12 cells. 
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Discussion 

The Hippo signaling pathway has generated considerable interest for its role in muscle and stem 

cell regeneration, cancer progression, and immune system homeostasis (Fu et al., 2022). The 

Hippo signaling pathway consists of a serine/threonine kinase cascade that leads to the downstream 

inhibition of YAP/TAZ activity. The aim of these studies was to further characterize TAZ function 

and regulation by identifying and analyzing TAZ interacting protein partners in a muscle context. 

This was accomplished using a nanobody- mediated two-step affinity purification approach 

coupled with mass spectrometry in skeletal muscle cells (C2C12) and primary neonatal rat 

ventricular cardiomyocytes. Among the identified interactome components in muscle cells we 

further investigated the TAZ interaction with the methyltransferase CARM1. The data presented 

here indicates an inhibitory role of CARM1 on TAZ function. In addition, we found that in 

HEK293T cells, the ectopic expression of CARM1 led to the methylation of TAZ on amino acid 

Arg 77 in a PGPR*LAGG peptide sequence. We noted that this methylation correlated with 

enhanced Ser89 phosphorylation of TAZ, a marker of active Hippo signaling and TAZ functional 

repression. We further analyzed this mechanism in a HEK293T cells and found that methylation 

of TAZ could still occur on mutated TAZS89A. Further characterization of this interaction in a 

myogenic context indicated that cytoplasmic and overall methylation of TAZ was elevated at the 

48-hour differentiation time point condition compared to growth media conditions. We then 

conducted mass spectrometric analysis which indicated that the methylation profile of several TAZ 

interactome components of the Hippo signaling pathway exhibited different methylation profiles 

due to ectopic expression of HA-CARM1. These data raise the possibility that the interaction of 

TAZ and CARM1 may recruit CARM1 to a number of Hippo pathway components which may 

then be methylated by CARM1. The consequence of hypermethylation of multiple Hippo pathway 
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subunits remains to be investigated.  

To develop the TAZ interactome list in both cardiomyocyte and skeletal muscle contexts, we used 

the GFP-nanotrap method. This approach generated a comprehensive list of both well-known and 

novel protein interactions, including TEADs, components of the 14-3-3 binding complex, and 

Hippo upstream kinases such as LATS1/2. Consequently, this list provides high confidence that 

the novel proteins identified are potential TAZ interactors. To conduct the GFP-nanoTrap 

technique we conducted a 2-step incubation process. We first transfected HEK293T cells with 

EYFP-TAZ and EYFP alone. These constructs were then incubated the bait HEK293T extracts 

with the GFP- nanoTrap beads, then the bait-bead complex was incubated with the myogenic 

extracts from C2C12 cells and PCM cells, which are used for skeletal muscle myogenesis and 

cardiac myogenesis, respectively. The samples were subsequently analyzed using mass 

spectrometry where a list of TAZ interactors was generated. This technique offers several 

advantages over traditional immunoprecipitation methods. Firstly, C2C12 cells and PCM cells are 

derived from mice, while HEK293T cells are human cells, allowing us to specifically identify 

mouse proteins as TAZ-interacting myogenic proteins. In addition, the GFP-nanobody is very 

small, resulting in higher cell entry efficiency compared to traditional antibodies and reduced 

interference (Chen et al., 2023). Additionally, GFP-nanoTrap has a higher affinity than traditional 

immunoprecipitation methods (Rothbauer et al., 2007). Thus, there are many benefits to using this 

new method for identifying protein-protein interactions. 

Comparing our interactome findings with previously identified TAZ interacting proteins, revealed 

the identification of core interactome proteins including TEAD transcription factors, LATS 

kinases, PDZ proteins, 14-3-3 chaperone proteins, and SWI/SNF complex components (Kohli et 

al., 2014; Wang et al., 2014; Li et al., 2020). Although, several proteins identified were well 
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characterized, a number of novel proteins that merit future characterization were identified, 

including other methyltransferases. Although, the CARM1 methyl transferase was characterized 

here, it is of note that other methyl transferases such as PRMT5 were also identified in our screen. 

PRMT5 promotes the progression of cancer and is known to be dysregulated on the Hippo 

signaling pathway (Wang et al., 2020). In addition, PRMT5 is a downstream target of LATS2 and 

inhibition of PRMT5 increased both LATS2 and YAP phosphorylation in laryngeal cancer (Wang 

et al., 2020). PRMT5 has also been shown to promote stem cell expansion in adult mice by 

inhibiting the p21 inhibitor (Zhang et al., 2015). This therefore suggests that one important aspect 

of TAZ regulation is recruitment of protein arginine methyltransferase (PRMT) family 

methyltransferases. 

Extensive evidence on TAZ function and regulation has revealed the primary mechanism of TAZ 

repression due to Hippo pathway activation is by phosphorylation at Ser89 leading to TAZ 

sequestration and degradation in the cytoplasm (Lei et al., 2008). In this report we propose that 

CARM1-mediated methylation may serve as a novel repressive regulatory mechanism of TAZ 

function. This mechanism may contribute to the pro-myogenic function of CARM1 since nuclear 

TAZ function in myoblasts prevents myogenesis by targeting the myogenic transcription 

machinery (Tripathi et al., 2022). Several studies have established CARM1 as a positive regulator 

of the myogenic program, including functional interactions with transcription factors MEF2 (Chen 

et al., 2002) and Pax7 (Kawabe et al., 2012). In addition, CARM1-depletion by morpholino 

injection led to reduced myogenin expression in the anterior somites of developing zebrafish (Batut 

et al., 2011), consistent with our observations that CARM1 upregulates a myogenin promoter 

reporter gene. Our fractionation and methylation assay data reveal that, upon the expression of 

ectopic CARM1, TAZ is methylated at R77 which enhances Ser89 phosphorylation leading to 
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enhanced cytoplasmic localization, suggesting the possibility that CARM1 represses TAZ during 

the onset of myogenesis to functionally counteract TAZ repression of the myogenic program. 

Indeed, mono-methylation of the TAZ paralog YAP at K494 by the SET-domain-containing lysine 

methyltransferase Set7 has been shown to be necessary for retention of YAP in the cytoplasm, 

promoting its phosphorylation and subsequent degradation (Oudhoff et al., 2013). These 

observations in myoblasts could have important implications for the post-natal muscle 

regeneration program since activated adult muscle stem cells (satellite cells) go through a 

proliferative phase before committing to the differentiation program. It will be intriguing to assess 

whether Hippo signaling, and TAZ regulation plays a role in this context. 

YAP/TAZ are often referred to in the literature together and have similar functions regarding their 

roles in proliferation and maintenance of homeostasis and their functions in regeneration (Sun et 

al., 2017). However, there are notable differences in their biological roles (Reggiani et al., 2021). 

Methylation of TAZ by CARM1 on Arg 77, may indicate a divergence point in the regulation of 

YAP and TAZ. In comparing the TAZ and YAP amino acid sequence we find that the peptide 

sequence between S89 and S127 is not conserved. The consensus sequence for TAZ methylation 

is R77 PGPR*LAGG in which the R* is methylated. This is a characteristic consensus sequence 

for CARM1 to methylate its substrates, in which the primary consensus is PGPLGPR*PALPPP 

along with slight variations in this sequence (Sishkova et al., 2017). Although the serine 

phosphorylation is conserved between S89 in TAZ and S127 in YAP being QHVRSHS* (Ser89), 

the consensus sequence of an arginine amino acid at a similar distance to the Ser127 is not 

apparent. Furthermore, both amino acids are in the unstructured regions the TAZ protein, these 

regions are often considered to be very important for function of the protein (Dyson et al., 2005). 

Therefore, modifications in within this domain may be integral to TAZ regulation. Ultimately YAP 
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must be further investigated to test if it is a substrate of CARM1 methylation. Although the 

function of TAZ/YAP in myogenic differentiation might be similar, our work suggests that they 

may be post-translationally modified in different ways to mediate their regulation as alluded to in 

some literature (Oudhoff et al., 2013). Therefore, it would be interesting to determine if CARM1 

methylation is conserved among these paralogs, if conserved this may be an indication of an 

evolutionarily conserved function maintained to regulate YAP/TAZ localization and function or if 

this is a modification specific to TAZ regulation in myogenesis, potentially contributing to the 

difference in function we see between YAP and TAZ in this context. Moreover, the maintenance 

of TAZ activity by CARM1 ectopic expression, even under dysregulated conditions that we 

observed in rhabdomyosarcoma suggests that the TAZ-CARM1 interaction may provide a 

potential therapeutic target in RMS. It is known that nuclear TAZ is enriched in both ERMS and 

ARMS compared to normal growth regulated muscle cells. In both RD and RH30 cell lines there 

is increased TAZ expression in relation to normal growth regulated muscle cells (Mohamed et al., 

2016). This idea is further supported by the observation that both TAZ and TAZS89A ectopic 

expression leads to increased cellular proliferation in myoblasts (Mohamed et al., 2016). 

Furthermore, in RH18 and RH30 cell lines, with silenced TAZ induce an upregulation of 

myogenic regulatory factors including MyoD, and MyoG (Deel et al., 2018). As well, suppression 

of TAZ in these cell lines are seen in a mouse xenograft model delayed tumor progression and 

enhanced survival (Deel et al., 2018). Therefore, characterizing the TAZ/CARM1 interaction in 

ERMS may serve as a potential pathway for manipulation in cancer treatments. 

Overall, these studies provide further evidence of TAZ as a modulator of myogenic gene 

transcription. Further, upon differentiation, our data implicate CARM1 methylation and repression 

of TAZ nuclear function to facilitate de-repression of the myogenic differentiation machinery. 
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These observations may have implications for our understanding of the switch between 

proliferation and differentiation in muscle cells since this is a crucial determinant of skeletal 

muscle ontogeny and post-natal muscle regeneration. 
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Future direction and implications 

The dataset generated by this study was able to successfully identify novel and well-characterized 

TAZ interacting proteins in both cardiac and skeletal muscle. One of the interactions we identified 

in both datasets was between TAZ and CARM1. We characterized this interaction in both a growth 

regulated context and in a myogenic dysregulated context. We then further characterized 

biochemical and functional analysis of this interaction and the mechanism of this interaction. 

Interestingly, we found that in HEK293T cells, TAZ is a substrate of CARM1 methylation. In 

addition, in a myogenic context, components of the Hippo signaling pathway had different arginine 

methylated patterns upon the ectopic expression of HA-CARM1. Although these findings are of 

interest so far, to further characterize the role of TAZ in myogenic cells, future work should be 

carried out to determine the potential role of TAZ in recruiting CARM1 methylation activity. 

Although this study focused on TAZ interacting proteins in skeletal muscle our study also 

identified a list of both novel and well-known TAZ interacting proteins in primary cardiomyocytes. 

TAZ and YAP play an important role in regulation of heart size and overall cardiac homeostasis 

(Kashihara et al., 2019). Dysfunction of the role of YAP/TAZ play a large role in heart health as 

their activation plays a role in pulmonary hypertension, myocardial hypertrophy, myocardial 

fibrosis among others, while knockdown of both YAP/TAZ can lead to aortic aneurysms and aortic 

dissections (Yu et al., 2020). The Hippo pathway plays a pivotal role in the development, disease, 

and regeneration of the heart (Chen et al., 2020; Heallen et al., 2011; Heallen et al., 2013). Heart 

disease is the number one cause of death worldwide, therefore understanding TAZ function in 

cardiomyocytes is potentially important for understanding heart disease. The only TEAD member 

appearing in the cardiomyocyte TAZ interactome was TEAD1. The TEAD1 protein is the most 

abundant TEAD family member in cardiac muscle development (Chen et al., 1994; Liu et al., 
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2017). TEAD1 is essential for heart development, remodeling, and maintaining homeostasis (Song 

et al., 2024). In fact, cardiac fibroblasts, cells responsible for heart remodeling, show elevated 

levels of TEAD1 (Song et al., 2024). Further, HDAC1 regulates cardiac plasticity while HDAC 

inhibitors reverse existing hypertrophy (Cao et al., 2011). Therefore, further characterizing the 

interaction between TAZ and TEAD1 in cardiac muscle may be interesting for further 

investigation and as a possible therapeutic target for heart disease. In addition, this study was able 

to generate TAZ protein-protein interactions in myogenic skeletal cells. Therefore, additional 

protein interactions should be evaluated to further our understanding of TAZ in a skeletal 

myogenic context. For example, a protein category that should be further explored are 

components of the NuRD complex. The NuRD complex is composed of an ATPase- dependent 

chromatin remodelling complex (Hillmer et al., 2019). Although TAZ and components of the 

NuRD complex have already been reported to interact, further characterization is warranted 

(Hillmer et al., 2019). This interaction is dependent on TEAD YAP/TAZ complex formation which 

allows for the repression of pro-proliferative genes (Hillmer et al., 2019). In addition, YAP/YAZ 

interact with the repressive nucleosome-remodeling and deacetylase (NuRD complex) to repress 

target gene expression during embryonic development to determine cell lineage in portions of the 

mesoderm. Further, YAP/TAZ recruit the NuRD repressor on switch-enhancer elements bound by 

TEAD, SMAD2/3, and OCT4, preventing the expression of the mesendoderm specification genes, 

suppressing transcription (Lopez-Hernandez et al., 2021). However, the interactions with specific 

components of this complex such as MTA2, HDAC1, RBBP4 have been identified in both skeletal 

and cardiomyocyte data and it would be of further interest to understand how these components 

interact with TAZ to regulate myogenesis. 

Furthermore, post translational modifications have been shown to influence protein interactions 
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(Duan et al., 2015). In the context of TAZ, the most common modification is phosphorylation on 

Ser89. To further understand whether the CARM1 and TAZ interaction is dependent on post- 

translational modifications of TAZ, further studies need to be conducted. To answer this question, 

TAZ and CARM1 could be analyzed using phosphomimetics, methylmimetics, and non- 

modifiable amino acid substitutions on TAZ to determine the proteomic partner landscape of the 

various states of TAZ. In addition, amino acid substitutions of TAZ Arg 77 into a lysine or alanine 

following western blot and functional analysis with and without CARM1 ectopic expression would 

confirm the mass spectrometry finding that CARM1 exclusively targets TAZ on Arg 77. Lysine 

would be an ideal candidate for an amino acid substitution due to its similar charge to arginine, 

pKas (10.5 lysine and 13.8 Arg) (Armstrong et al., 2016). Alanine may also be considered as a 

viable amino acid substitution as it is the most common amino acid of choice to conduct 

substitution reactions because it does not alter the protein conformation (Yang et al., 2009). 

In addition, further experimentation should be conducted into the timing and dynamic changes of 

TAZ protein-protein interactions over the course of myogenic differentiation. To complete this, a 

TurboID assay of TAZ can be employed at different stages of differentiation. The TurboID assay 

allows for enzyme catalyzed proximity labeling which can further our understanding of dynamic 

protein-protein interactions in living cells (Branon et al., 2018). This assay relies on a Turbo-ID 

enzyme fused to a protein of interest, which upon the addition of biotin, labels interacting proteins 

through with biotin (Wei et al., 2023). Biotinylated proteins are then captured by streptavidin beads 

and assessed by western blot. Strategic addition of biotin at different stages of differentiation will 

reveal when interactions are most likely to be active, for example, when TAZ is targeted by 

CARM1 methylation. Similar experiments may also be done using mass spectrometry analysis on 

the TimsToF machine at various time points during differentiation. 
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This model can also be applied to rhabdomyosarcoma cell lines at different stages of cancer 

development to assess dynamic changes in protein – protein interactions in early and late-stage 

progression of cancer. For example, in rhabdomyosarcoma cells, it may be possible to map protein- 

protein interactions during different stages of differentiation such as the onset of MyoD or MyoG 

expression, as well as other rhabdomyosarcoma markers of fusion status including: AP2 , NOS- 

1, and HMGA2 (Rudzinski et al., 2014). Genetically edited cell lines that express GFP, driven 

under the same promoter as the above-mentioned genes can then be sorted by Fluorescence 

activated Cell Sorting (FACS). Combing this approach with Turbo-ID, will allow for 

understanding of the differences in interactome networks between GFP- positive and -negative 

cells which can yield insight into cell state dependent interactions. This will enable a 

comprehensive understanding of protein interactions during the progression of 

rhabdomyosarcoma. 

Future studies should also address the functional significance of the TAZ-CARM1 interaction in- 

vivo in the context of muscle regeneration. To accomplish this, the use of previously generated 

conditional PAX-7- Cre TAZ and or CARM1 knockouts would be ideal to understand and 

characterize this interaction further (Santos et al., 2023; Kim et al., 2023; Hwang et al., 2022). 

Previously generated TAZ knockout mice are reported to have muscle growth defects and satellite 

specific conditional knockout of YAP produced a muscle regeneration deficit (Sun et al., 2017; 

Kim et al., 2023). PAX7-Cre conditional knockouts of CARM1 have a deficit in their regeneration 

ability as well as satellite stem cell division (Santos et al., 2023). In either a TAZ or CARM1 

conditional knockout model, tamoxifen is injected to induce Cre specific activity prior to 

sustaining injury (Donocoff et al., 2020). Administration of cardiotoxin into one leg to induce 

injury can be utilized to study the ability of the leg muscle to recover with and without TAZ 
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function using the conditional knockout strategy (Fu et al., 2023). This may allow us to further 

understand the regeneration potential of TAZ and CARM1 in myogenesis. 

Overall, this study highlights the crucial role of TAZ in modulating myogenic transcription 

through its interaction with CARM1. This pivotal interaction lies at the intersection of cell 

proliferation and differentiation. Our findings reveal that CARM1 counteracts TAZ repression of 

myogenesis, a function that could be dysregulated in the context of embryonic rhabdomyosarcoma. 

Additionally, these data demonstrate that TAZ is a substrate of CARM1 methylation in HEK293T 

cells, also influencing the methylation profile of other Hippo signaling pathway components. 

Further exploration of this TAZ-CARM1 interaction could uncover potential therapeutic strategies 

for muscle cancers, such as rhabdomyosarcoma, where TAZ activity is dysregulated. This research 

also holds promise for advancing our understanding of the role of TAZ in post-natal skeletal 

muscle regeneration, potentially leading to innovative treatments and improved muscle health. 
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Appendix I 

 

 

 

Supplementary Figure 1: The interactome of study of TAZ in striated muscle. (A) Validation of 

GFP-Trap co-IP in HEK293T cells. (B) Flow chart indicating the number of total and enriched 

TAZ protein candidates identified in the C2C12 myoblast and neonatal rat cardiomyocyte 

datasets.(C) Venn diagram indicating the number of unique and overlapping TAZ proteins 

candidates between the C2C12 myoblast and neonatal rat CM datasets. (D) All of the proteins 

identified in the protein interactome in C2C12, PCM, and in both datasets. 
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Supplementary Figure 2: Graphs depicting the -log (p-value) of the bioinformatic analysis of 

TAZ and CARM1 interaction for (A) molecular function and (B) biological processes. 

 

 

Supplementary Figure 3: Functional analysis of Flag-TAZ ectopic expression on the Myog luciferase 

reporter in embryonic rhabdomyosarcoma cells. Renilla plasmid used as a control. 
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Supplementary Figure 4: Western blot analysis of mass spectrometry inputs for (A) HEK 293T, (B) 

GM C2C12 cells and (C) DM 48 hrs C2C12 cell lysates
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Supplementary Figure 5: Hippo signaling proteins modified in HEK293T cells mass spectrometry. 

(A) Graph depiction of other proteins with increase mono- di- arginine methylation with HA-CARM1 

overexpression (B) Chart showing mono- di- methylation intensity scores of 5A. 
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Appendix II 

Table 1: List of Reagents 

Reagents Components 

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 

3 X SDS Loading Buffer Per 8 ml 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 

Drop Bromo blue dye powder 

1 X Transfer Buffer 10% 10X Transfer Buffer 

30.3g Tris-HCL 

144.2 g Glycine 

10 g SDS 

Equilibrated to 1L with ddH20 

80% ddH20 
10% of methanol 

5% Blocking Buffer 5% nonfat dry milk in 1X TBS 

0.1% Tween® 20 

1% Blocking Buffer 1% nonfat dry milk in 1X TBS 

0.1% Tween® 20 
Anti-FLAG M2 magnetic beads Sigma Aldrich (#M8823) 

Dynabeads protein G ThermoFisher Scientific Invitrogen 
Dynabeads Protein G (#10003D) 

FLAG- 3X peptide Sigma Aldrich (#SAE0194) (#4799) 

Luciferase assay substrate Promega (#E1910) 

Renilla assay reagent Promega (#E2820) 

Mass Spectrometry (per individual 

replicate) 

100 µl of 50 mM NH4HCO3 

5.12µL OF 1M Sigma 3483-12-3 DTT 

2.69 µL of Thermo-scientific iodoacetamide 

1µL of 1mg/mL Thermo-scientific trypsin 

(20µg of trypsin + 50 mM acetic acid) 

SDS gels Resolving gel: 
20mL ddH2O 

16.6mL acrylamide  
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12.5mL of pH 8.8 Tris 

500µL 10X SDS 
200 µL 10% APS 

20 µL TMED® 

Stacking gel: 

6.8mL ddH2O 

1.7mL acrylamide 

1.25mL of pH 6.8 Tris 

100µL 10X SDS 
100µL 10% APS 
12µL TMED® 

 

Table 2: List of antibodies 

Reagents Source 

YAP/TAZ Cell Signaling (#D24E24) 

pTAZ Ser89 
Wwtr1 Ser89 

Cell Signaling (#E1X9C) 
Thermofisher (#PA5-105066) 

FLAG Sigma-Aldrich (#F3165) 

HA Cell Signaling (#C29F4) 

CARM1 Cell signaling (#C31G9) 

Cell signaling (3H2) (#12495) 

Myc Cell Signaling (#9B11) 

c-Myc Cell Signaling (#D84C12) 

MyoG DSHB (#F5D) 

MyoD DSHB (#2A5) 

β-Actin Santa Cruz (#sc-47778) 

Histone H3 Cell Signaling (#9715S) 

Alpha-tubulin Cell Signaling (#2144S) 

  

Vimentin Cell signaling (#D21H3) 

 


