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Summary 

 

RNA-Binding Protein with Multiple Splicing (RBPMS) is a member of the RNA-binding protein 

family and localizes to both the nucleus and cytoplasm. In addition to its function in 

transcriptional co-regulation, RBPMS may also play a role in the cytoplasm for regulation of 

mRNA stability, transport and recruitment into cytoplasmic granules. Although aberrant RNA 

processing and dysregulated ribonucleoprotein assemblies are known to contribute to the 

pathogenesis of neurodegenerative diseases, the composition of RNPs and their 

(patho)physiological roles in the cardiovascular system remain poorly understood. In this 

study, I investigated the role of RBPMS in regulating RNP assemblies and their dynamics in 

response to cardiovascular stress. 

I developed an optimized protocol for APEX2-mediated proximity labeling in murine HL-1 

cardiomyocytes. The approach enabled high-resolution mapping of the cardiac stress granule 

proteome, revealing a previously uncharacterized complexity and tissue-specific adaptation in 

SG composition. Interestingly, proximity interactions between SG components in unstressed 

cells point to pre-assembly mechanisms facilitating rapid SG formation during stress. 

Interactome analysis of GFP-tagged RBPMSA and RBPMSB isoforms identified key partners 

involved in DNA damage response and phase separation. Additionally, RBPMSB was found 

to interact with mitochondrial proteins, potentially linking phase-separated compartments and 

cellular organelles in stress responses. Upon doxorubicin-induced DNA damage, RBPMS 

initially translocates to SGs in the cytoplasm and subsequently forms nuclear puncta, 

coinciding with chromatin reorganization. These observations suggest that RBPMS contributes 

to both acute and long-term stress adaptation, potentially modulating DDR and chromatin 

phase transitions.   

Importantly, doxorubicin-induced genotoxic stress alters the abundance and localization of 

RBPMS isoforms, disrupts splicing factor dynamics, and impairs mitochondrial biogenesis, 

collectively contributing to cardiotoxicity. The identification of age-dependent differences in 

alternative splicing regulation further highlights the complexity of the cardiac stress response. 

The interplay between RBPMS, splicing factors, and SGs emerged as a critical determinant of 

cardiomyocyte survival and function under stress. 

Taken together, my findings establish RBPMS as a regulator of RNP assembly and cellular 

stress responses in cardiovascular disease, highlighting its potential as a therapeutic target 

and providing a foundation for further investigation into its role in DNA damage response and 

stress-related cardiac pathologies. 
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Zusammenfassung 

 

RNA-Binding Protein with Multiple Splicing (RBPMS) ist ein Mitglied der Familie der RNA-

bindenden Proteine, das sowohl im Zellkern als auch im Zytoplasma lokalisiert ist. Neben 

seiner Funktion als Ko-Regulator der Transkription spielt RBMPS wahrscheinlich auch eine 

Rolle bei der Regulation der zytoplasmatischen mRNA-Stabilität, dem Transport sowie der 

Rekrutierung in zytoplasmatische Granula. Obwohl bekannt ist, dass fehlerhafte RNA-

Prozessierung und eine Dysregulation von Ribonukleoprotein-Komplexen zur Pathogenese 

neurodegenerativer Erkrankungen beitragen, sind ihre Zusammensetzung und 

(patho)physiologischen Funktionen im kardiovaskulären System bislang weitgehend 

unerforscht. Meine Untersuchungen konzentrierten sich daher auf die Rolle von RBPMS bei 

der Regulation von RNP-Komplexen und deren Dynamik in der kardiovaskulären 

Stressantwort. 

Erstmals wurde ein optimiertes Protokoll für APEX2-vermittelte Proximitätsmarkierung von 

Proteinen in murinen HL-1-Kardiomyozyten etabliert, das eine hochauflösende Kartierung des 

Stressgranula-Proteoms ermöglicht. Dieser Ansatz erlaubte die detaillierte Charakterisierung 

bislang unbekannter SG-Komponenten sowie deren gewebespezifische Anpassung im 

Herzen. Interessanterweise deuten proximale Interaktionen zwischen SG-Komponenten in 

nicht gestressten Zellen auf eine Präassemblierung einzelner Komponenten hin, die eine 

schnelle SG-Bildung während Stress begünstigen. Die Interaktomanalyse von GFP-

fusionierten RBPMSA- und RBPMSB-Isoformen identifizierte Interaktionspartner, die an der 

DNA-Schadensantwort und an Prozessen der Phasentrennung beteiligt sind. Zudem konnte 

eine Interaktion von RBPMSB mit mitochondrialen Proteinen nachgewiesen werden, was auf 

eine funktionelle Verbindung zwischen phasengetrennten subzellulären Kompartimenten und 

zellulären Organellen in der Stressantwort hindeutet. Nach Doxorubicin-induzierter DNA-

Schädigung wird RBPMS zunächst in SGs integriert, bildet aber auch nukleäre Kondensate, 

die mit einer Chromatinreorganisation einhergehen. Diese Beobachtungen legen nahe, dass 

RBPMS sowohl an der akuten als auch an der langfristigen Stressadaptation beteiligt ist und 

möglicherweise die DNA-Schadensantwort sowie Chromatin-Phasentransitionen moduliert.

  

Besonders hervorzuheben ist, dass Doxorubicin-induzierter genotoxischer Stress sowohl die 

Expression als auch die subzelluläre Lokalisation der RBPMS-Isoformen verändert, die 

Dynamik von Spleißfaktoren beeinflusst und die mitochondriale Biogenese beeinträchtigt - 

Faktoren, die in ihrer Gesamtheit zur Kardiotoxizität beitragen. Die altersabhängige Regulation 

alternativen Spleißens verdeutlicht zudem die komplexe Natur der kardialen Stressanpassung. 

Das Zusammenspiel zwischen RBPMS, Spleißfaktoren und SGs erwies sich als 

entscheidender Faktor für das Überleben und die Funktion von Kardiomyozyten unter Stress. 
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Die Ergebnisse dieser Studie etablieren RBPMS als Regulator von RNP-Komplexen und 

zellulären Stressantworten im Herzen und unterstreichen das Potenzial als therapeutisches 

Target. Meine Arbeiten werden als Grundlage für weitere Untersuchungen dienen, um die 

Rolle von RBPMS in der DNA-Schadensantwort und stressassoziierten kardialen Pathologien 

zu klären.
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1. Introduction 

 

The conventional view of cellular organization is based on the lipid bilayer membrane, which 

engulfs classic organelles including the nucleus, mitochondria, and endoplasmic reticulum, 

introducing a selective barrier defined by their composition. This compartmentalization allows 

the organization of complex biochemical reactions in space and time (Hyman et al., 2014; 

Shorter, 2016). Subcellular organization of macromolecules is essential for vital cellular 

processes such as homeostasis, cell division and development. However, recent progresses 

in cell biology necessitate a reassessment of this established model. In particular, the 

discovery of biomolecular condensates is challenging the understanding of cellular 

organization (Mullard, 2019).  

1.1 Membraneless organelles 

Eukaryotic cells contain many membrane-bound organelles, which establish a network of 

distinct microenvironments with diverse physiochemical properties. In addition to these, cells 

harbor various membraneless organelles (MLOs), which exhibit liquid-like properties and exist 

as distinct phases separated from the surrounding medium and are often referred to as 

granules or biomolecular condensates (Brangwynne et al., 2015). These structures constitute 

a distinct type of intracellular compartment that has recently received increased attention and 

are known to play critical roles in cellular organization and function (Hyman et al., 2014). MLOs 

possess a mesoscopic size and display diverse shapes, consisting of distinct protein 

compositions and typically containing nucleic acids, such as RNA and/or DNA. In contrast to 

membrane-surrounded organelles, these structures are highly dynamic, enabling them to 

respond rapidly to environmental changes and thereby regulate biochemical reactions in a 

spatiotemporal manner. Some of them are constitutively present, while others appear in 

response to stressors. These organelles are present in both the nucleoplasm and cytoplasm, 

and they arise through liquid-liquid phase separation (LLPS). Unlike traditional organelles, they 

lack a surrounding membrane and are formed via dynamic assembly of biomolecules within 

the cell. In this context, multivalent weak macromolecular interactions between proteins and/or 

nucleic acids promotes phase separation by exceeding a threshold concentration (Harmon et 

al., 2017). 

The first membraneless compartment identified in cells was the nucleolus, observed within the 

nucleus of neuronal cells in the 1830s (Pederson, 2011). Since the initial discovery, many 

biomolecular condensates have been uncovered in the nucleus and cytoplasm of almost all 

eukaryotic cells. The MLOs encompass a range of ribonucleoprotein (RNP) granules, including 

stress granules (SGs), processing bodies (P-bodies), germ granules, and neuronal RNA 

granules in the cytoplasm as well as paraspeckles (PSs), nuclear speckles and Cajal bodies 

within the nucleus (Figure 1). These organelles can be classified based on their spatial 
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localization within the cell, their molecular composition, and their specific biological functions. 

Proteins that undergo LLPS are characterized by the presence of low-complexity, intrinsically 

disordered regions (IDRs) that mediate intermolecular interactions. IDRs drive the formation of 

biomolecular condensates by engaging in weak, multivalent interactions between amino acid 

residues. These interactions allow intrinsically disordered proteins (IDPs) to undergo liquid–

liquid phase separation, concentrating into liquid-like droplets or condensates. (Harmon et al., 

2017; Wang et al., 2018). Proteins that primarily drive phase transitions are termed scaffolds, 

whereas other components incorporated into the condensates are classified as clients (Banani 

et al., 2017; Posey et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

1.2 Stress granules 

Stress granules (SGs) represent one of the two major types of cytoplasmic RNP granules. As 

part of the integrated stress response, assembly of SGs is highly conserved across diverse 

species. Initially identified as cytoplasmic aggregates in tomato plant cells under heat shock 

conditions (Nover et al., 1983), SGs were subsequently observed in yeast and mammalian 

cells, indicating their conserved role across species in response to cellular stress. (Kedersha 

et al., 1999; Buchan et al., 2009). These dynamic stress-induced RNP granules rapidly form 

in response to diverse environmental stressors, including heat shock, oxidative stress, and 

Figure 1 Schematic overview of membraneless organelles in a eukaryotic cell.  

Membraneless biomolecular condensates distributed across the nucleus and cytoplasm of eukaryotic 

cells. Membraneless organelles (MLOs) highlighted in this study are shown in color; all other MLOs are 

depicted in grey. Processing bodies (P-bodies) are ubiquitously present across cell types under normal 

conditions, paraspeckles are found only in specific cell types and stress granules form specifically in 

response to certain stress conditions. Adapted from (Hirose et al., 2022).  

 

For copyright reasons, the figure has been 

removed from the digital version 



3 
 

viral infection and disassemble upon recovery from stress. SGs share many components with 

messenger RNP (mRNP) in oocytes and embryos (Buchan, 2014), neuronal granules (Costa 

et al., 2021) and myo-granules in developing muscle (Vogler et al., 2018), suggesting a 

conserved mechanism of mRNP compartmentalization. Components of SGs include 

translation initiation factors, a variety of RNA-binding proteins, small ribosomal subunits as well 

as translationally arrested mRNAs. Their formation is influenced by numerous conditions, 

including post-translational modifications and molecular interactions. In particular, interactions 

mediated by IDRs, the specific amino acid composition of these regions, and distinct post-

translational modifications, such as methylation, phosphorylation, and glycosylation, play a 

crucial role in this process (Wang et al., 2018). Structurally, SGs are comprised of a stable 

core surrounded by a less concentrated and potentially more dynamic shell-like layer (Protter 

& Parker, 2016). Given their biological importance and their association with various human 

diseases, SGs have emerged as one of the most intensively studied RNP granules. 

1.2.1 Formation of stress granules 

SGs are formed as part of the cellular response to various stress conditions that impair bulk 

translation initiation, leading to the release of messenger ribonucleic acids (mRNAs) from 

ribosomes. Upon cellular stress, four distinct upstream kinases can phosphorylate the 

eukaryotic translation initiation factor 2α (eIF2α) at serine 51, therefore preventing the 

formation of the 43S pre-initiation complex, which results in translation inhibition, mRNA 

release from polysomes and the subsequent assembly of SGs (Farrell et al., 1977; Kedersha 

et al., 1999). SG assembly is driven by RNA-binding proteins (RBPs) containing prion-like 

domains (PLDs) or IDRs which promote protein aggregation. These domains, characterized 

by low-complexity sequences, facilitate liquid-liquid phase separation, a crucial step in SG 

assembly. Furthermore, the combination of protein-protein, RNA-protein and RNA-RNA 

interactions lead to the formation of core structures by oligomerization of individual mRNPs. 

These cores progressively fuse to form larger SGs, characterized by multiple cores, 

surrounded by a more dynamic but less concentrated shell layer. The protein and mRNA 

composition of SGs is highly variable and depends, among others, on the cell type and the 

nature of the stressor (Anderson and Kedersha, 2008; Emara et al., 2012). Due to the high 

concentration of components, SGs can modulate a multitude of signal pathways by recruiting 

essential proteins. Proteomic analyses have identified a set of core components essential for 

SG assembly. Among these, the paralogs Ras GTPase-activating protein-binding protein 1 

(G3BP1) and Ras GTPase-activating protein-binding protein 2 (G3BP2) are crucial for SG 

formation in mammalian cells, serving as marker proteins unique to this type of RNPs 

(Kedersha et al., 2005; Buchan and Parker, 2009). Additional core proteins include 

components of the 48S pre-initiation complexes, such as small ribosomal subunits, eukaryotic 

translation initiation factors (e.g. eIF3, eIF4E and eIF4G), T-cell intracellular antigen-1 (TIA-1) 

and poly(A)-binding protein cytoplasmic 1 (PABPC1), which have the capacity to bind to 
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untranslated mRNAs and to recruit additional proteins through their PLDs and IDRs. These 

integral proteins act as nucleators of SG formation when overexpressed in the absence of 

stress (Kedersha et al., 2000; Tourrière et al., 2003).  

1.2.2 Function of stress granules 

SGs have garnered significant attention due to their critical roles in mRNA localization, 

translation and degradation as well as their impact on signaling pathways and antiviral 

responses. The leading hypothesis in the field suggests that SGs function as temporary RNA 

storage sites, enabling associated transcripts to either re-enter the translational pool or be 

targeted for degradation upon stress release (Kedersha and Anderson, 2002; Buchan and 

Parker 2009). However, the precise functional role of SGs and their potential impact on 

regulation of gene expression remains unclear. During stress, SGs are thought to regulate 

translation reprogramming by sequestering non-essential mRNAs while allowing mRNAs that 

encode proteins essential for the stress response to remain available for translation (Kedersha 

and Anderson, 2002). This mechanism enables rapid changes in the cellular proteome in order 

to adjust to cellular needs. In addition to their role in storing untranslated mRNAs, SGs can 

modulate signaling pathways by sequestering numerous signaling proteins. This sequestration 

can divert these proteins from their canonical functions, potentially altering cellular processes 

such as metabolism, growth, and survival (Kedersha et al., 2013). Moreover, dysregulation of 

SG dynamics, whether through excessive formation or impaired clearance, has been linked to 

pathological protein aggregation in neurodegenerative diseases (Li et al., 2013; Ramaswami 

et al., 2013). Therefore, as a prototypical non-membrane-bound organelle, SGs serve as an 

excellent model for elucidating the molecular mechanisms that govern the assembly of phase-

separated cellular compartments. 

1.2.3 Role of stress granules in diseases 

Increasing evidence suggests that mutations leading to functional impairment of biomolecular 

condensates are often associated with pathological changes in a range of diseases, including 

cancer, ischemic events, neurodegenerative diseases, viral infections, autoimmune diseases 

and even in aging processes. Among the different types of MLOs, SGs are particularly 

implicated in the progression of neurodegenerative disorders and myopathies. Several 

amyotrophic lateral sclerosis (ALS) studies demonstrated that mutations in SG-related proteins 

such as TIA1, FUS, and heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) result in 

increased SGs self-assembly within neurons. Under pathological conditions, SGs undergo a 

transition from a liquid-like to a solid state, whereby they serve as nucleation sites for stable 

and irreversible amyloid-structures. This can ultimately result in dysregulation of RNA 

processing and signaling pathways or impairment of protein degradation pathways (Ling et al., 

2013). The 43-kDa TAR DNA-binding protein (TDP-43) is one key component of these protein 

aggregates observed in neurodegenerative diseases (Arai et al., 2006; Neumann et al., 2006). 

Under physiological conditions, TDP-43 is predominantly localized in the nucleus, where it 



5 
 

plays an essential role in regulating RNA splicing and maintaining mRNA stability (Lagier-

Tourenne et al., 2010; Da Cruz and Cleveland, 2011). However, in degenerating neurons of 

ALS patients, TDP-43 is abnormally depleted from the nucleus and instead forms large 

cytoplasmic aggregates, driving disease progression. In addition, TDP-43 also undergoes 

several disease-specific posttranslational modifications, including hyperphosphorylation, 

ubiquitination, and cleavage (Kwon et al., 2007). 

Adult cardiomyocytes, like terminally differentiated, post-mitotic neurons, share common 

characteristics, including a highly restricted capacity for division and regeneration. Therefore, 

they are particularly susceptible to both intrinsic and extrinsic stressors, including mutations 

that affect nuclear-localized proteins (Wolozin et al., 2019). Recently, dysregulated RNP 

granules have been linked to myocardial pathobiology and heart failure, particularly in the 

context of congenital dilated cardiomyopathy (DCM). In DCM patients, abnormal aggregation 

of RNP granules has been observed within the cytoskeleton of cardiomyocytes. Notably, the 

pathogenic R636S mutation in nuclear RNA-binding motif protein 20 (RBM20) promotes the 

accumulation of aberrant RNP granules within the sarcoplasm, linking these structures to 

myocardial pathobiology and the development of heart failure (Schneider et al., 2020).  

SGs have also been implicated in cancer, where they function as part of a stress-adaptive 

strategy that enables tumor cells to modulate signaling pathways and metabolism, thereby 

enhancing survival under adverse conditions (Ivanov et al., 2019). Chemotherapeutic agents 

such as doxorubicin, bortezomib, cisplatin, and etoposide, which are commonly used in cancer 

therapy, are known to induce SG formation in tumor cells. This contributes to resistance 

against the cytotoxic effects of these drugs (Asadi et al., 2021). Additionally, SGs also 

participate in cellular defense mechanisms during viral infections by regulating viral replication 

and host responses (Guan et al., 2023). 

1.3 Processing bodies 

Processing bodies (P-bodies) represent the second major type of cytoplasmic RNP granules, 

playing key roles in the regulation of RNA turnover and gene expression repression. Initially 

identified in yeast, these structures are conserved across a wide range of organisms, including 

plants, fungi, and animals, highlighting their fundamental cellular functions (Bashkirov et al., 

1997; Coller et al., 2001). P-bodies consist of components associated with RNA decay 

machinery, mRNA silencing and translationally repressed mRNAs (Sheth and Parker, 2003). 

Although they are constitutive cellular structures, their density can be dynamically modulated 

under stress conditions that inhibit translation initiation or impair RNA degradation (Kedersha 

et al., 2005; Teixiera et al., 2005). However, some conflicting reports indicate that their primary 

function may be to store, rather than degrade, mRNA (Hubstenberger et al., 2017). 

Spatiotemporal interaction of P-bodies with SGs were observed in both yeast and mammalian 

cells, indicating a dynamic mRNA cycle involving mRNP remodeling and bidirectional 
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exchanged between these condensates. P-body assembly into higher-order complexes relies 

on scaffold proteins such as mRNA-Decapping-Enzym 1A (DCP1A) and Enhancer of 

Decapping 4 (EDC4), which facilitate multivalent interactions that drive phase separation and 

condensate maturation. Genetic depletion of classical P-body components reduces the 

formation of both constitutive and stress-induced P-bodies, underscoring their essential and 

non-redundant roles in preserving condensate structure and function. 

1.4 Paraspeckles 

Paraspeckles (PSs) are one type of nuclear granules located in the interchromatin space of 

the nucleoplasm in mammalian cells (Fox et al., 2002). They are thought to form through LLPS 

and are involved in a variety of essential cellular functions, including RNA processing, 

regulation of DNA transcription, and control of the cell cycle. PSs are composed of a specific 

set of RBPs, including Splicing Factor Proline- And Glutamine-Rich (SFPQ), Non-POU 

Domain-Containing Octamer Binding Protein (NONO), FUS, TATA-Box Binding Protein 

Associated Factor 15 (TAF15), Ewing Sarcoma protein (EWS) and RNA-Binding Motif Protein 

14 (RBM14), which are organized around the architectural long non-coding RNA (lncRNA), 

nuclear paraspeckle assembly transcript 1 (Neat1, also known as MEN-ε/β or VINC-1) (Hennig 

et al., 2015). These dynamic structures can assemble and disassemble in response to changes 

in cellular conditions, such as mitosis, stress responses and cell apoptosis (McCluggage and 

Fox, 2021). PSs regulate gene expression by retaining RNAs containing inverted repeats 

within the nucleus and by sequestering specific transcription factors. Notably, mitochondrial 

dysfunction can affect Neat1 expression and PS formation, highlighting a potential link 

between PS dynamics and metabolism alterations. Additionally, PSs have been implicated in 

DNA repair and apoptosis regulation; alterations in their RNA and protein components have 

been associated with diseases, including cancer, neurodegenerative disorders, and chronic 

inflammatory diseases (An et al., 2018; Pisani and Baron, 2020; Azam et al., 2024). 

1.5 Proximity-dependent labeling methods to study protein complexes  

The most widely used methods for studying the composition of membraneless assemblies are 

traditional proteomic based methods, such as co-immunoprecipitation and organelle 

purification. However, these methods have limitations in capturing protein interactions or 

recruitment events that are transient or occur with rapid dynamics. To overcome these 

limitations, enzyme-catalyzed proximity labeling is a recently developed method to identify 

protein-protein interactions with high sensitivity and specificity in living cells. Proximity labeling 

techniques use engineered peroxidase or biotin ligases that are genetically fused to a protein 

of interest to covalently tag nearby proteins with biotin or similar labels. This allows 

identification of proteins in the spatial proximity of the target protein in living cells or tissues. 

Two commonly used enzymes are engineered ascorbate peroxidase 2 (APEX2) and 

promiscuous mutant of Escherichia coli (E. coli) biotin ligase (BioID), along with their variants 

(Figure 2) (Qin et al., 2021).  
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Figure 2 Comparison of engineered proximity-based labeling enzymes.  

Characteristics of the different proximity labeling enzymes, indicating type of activity, source, mutations, 

size, targeted amino acid, recommended labeling time and substrate used. 

1.5.1 Biotin Ligase (BioID)  

BioID is based on a mutant E. coli ligase BirA (R118G; also called BirA*) that specifically 

catalyzes the biotinylation of the acetyl-CoA carboxylase by forming an amide bond between 

reactive biotin and a lysine residue. This mutation within the conserved catalytic domain 

decreases the affinity to the reactive biotin-intermediate biotinoyl-5’-adenylate (bio-AMP) and 

allows a premature release of the reactive biotin to react with amines on proximate proteins 

(Figure 3) (Choi-Rhee et al., 2004; Cronan, 2005). The second generation of BioID (BioID2) is 

based on a smaller biotin ligase derived from Aquifex aeolicus (A. aeolicus). This variant lacks 

the DNA-binding domain present in BirA*, thereby reducing potential alterations in the 

localization and/or function of the enzyme when fused to a target protein. The primary limitation 

of BioID is the slow kinetics and prolonged labeling time to produce sufficient biotinylated 

proteins for proteomic analysis. For this reason, two BirA mutants from E. coli - TurboID and 

miniTurbo - were developed, which reduce the labeling time from 18-24 h to 10 min. These 

modified enzymes exhibit significantly enhanced catalytic activity and biotinylation efficiency 

compared to their BioID and BioID2 counterparts. TurboID (35 kDa) harbors 15 mutations 

relative to wild-type BirA, while the smaller miniTurbo (28 kDa) exhibits an N-terminal domain 

deletion and 13 mutations (Branon et al., 2018).  
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Figure 3 Model of BioID-mediated labeling.  

Cellular expression of the biotin ligase (BirA) fused to a protein of interest (POI) facilitates the 

biotinylation of proximate proteins. The reactive intermediate bio-AMP covalently interacts with amine 

groups on proteins within an estimated range of 10 nm. Biotinylated proteins can be captured by affinity 

purification and subsequently identified using mass spectrometry.  

1.5.2 Engineered ascorbate peroxidase (APEX)  

Engineered ascorbate peroxidase (APEX) was originally created as a genetically encoded 

reporter enzyme to enable highly specific and high-resolution electron microscopy imaging and 

proximity labeling in living cells. Its natural purpose in plants is to detoxify hydrogen peroxide 

by reducing it with ascorbate, but the engineered version was adapted for biotechnological 

applications requiring robust enzymatic activity in diverse cellular environments. The initial 

version of APEX exhibited low catalytic activity, prompting the development of a more efficient 

enzyme via directed protein evolution, which resulted in APEX2, an improved, second-

generation enzyme with one additional mutation (A134P). APEX2 uses hydrogen peroxide 

(H2O2) as an oxidant to catalyze the one-electron oxidation of the small-molecule substrate 

biotin-phenol (BP), generating highly reactive biotin-phenoxyl radicals that form covalent bonds 

with electron-rich amino acids such as tyrosine, tryptophan and cysteine in proteins located 

near the APEX2 fusion enzyme (Figure 4) (Hung et al., 2014; Lam et al., 2015; Martell et al., 

2012; Rhee et al., 2013). Biotinylated endogenous proteins are subsequently enriched using 

streptavidin beads and identified by mass spectrometry. This technology combines the 

advantages of a fast labeling kinetic and high spatial specificity. In particular, APEX2 is the 

most efficient biotinylation method, with a biotinylation reaction time of 1 min, allowing the 

capture of even the most transient protein interactions (Rhee et al., 2013; Roux et al., 2012). 

The spatial resolution achieved by BioID- and APEX2-mediated biotinylation is in the range of 

10–20 nm. Notably, BioID approach will result in lower cellular toxicity, whereas the APEX2 

system is more suitable for snapshots of a certain proteome due to the short labeling time. Its 

ability to identify proteins in close proximity to a target protein of interest provides a valuable 

tool for studying RNP granule biology. In addition, replacement of the substrate biotin-phenol 
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by biotin-aniline and biotin-naphthylamine will enable APEX2 labeling technique to identify 

specific RNA molecules in RNPs (Padrón et al., 2019; Zhou et al., 2019).  

 

Figure 4 APEX2-mediated proximity biotinylation to identify proteins and RNA 

components in RNP granules.  

The engineered soybean mutant ascorbate peroxidase (APEX2) fused to a protein of interest (POI) or 

targeted to a subcellular region of interest enables biotin labeling of proteins or RNAs located within a 

20 nm radius. The enzyme utilizes supplemented hydrogen peroxide as an oxidant to catalyze the one-

electron oxidation of biotin-phenol. The reactive biotin-phenoxyl radical covalently biotinylates electron-

rich amino acids of proximate proteins. Biotinylated proteins or RNAs are subsequently enriched through 

affinity purification using streptavidin-coated beads. Bound proteins are identified by mass spectrometry, 

whereas bound RNAs are detected by next generation sequencing.  

1.6 RNA binding proteins are key players in membraneless organelles 

RNA-binding proteins (RBPs) serve as key components of RNP granules and play a pivotal 

role in various steps in RNA metabolism, such as splicing, transport, stability, and translation 

of mRNAs. RBPs comprise a large class of over 2,000 proteins that interact with all types of 

RNAs through one or more RNA-binding domains (RBDs), including the widely studied RNA 

recognition motif (RRM), K homology (KH) domain, zinc finger, Pumilio (Puf), and DEAD box 

helicase domains (Corley et al., 2020). In recent years, extensive research has explored the 

role of RBPs in cardiac function, revealing nearly 400 cardiomyocyte-specific RBPs, 

predominantly of the RRM-type, many of which have been implicated in the pathogenesis of 

heart failure (Liao et al., 2016). Notably, the loss of abundant alternative splicing factors, 

including RBM20 (Guo et al., 2012; Maatz et al., 2014), RBM24 (Yang et al., 2014; Liu et al., 

2019; Lu et al., 2022), Muscleblind-like splicing regulator (MBNL1) (Dixon et al., 2015; Kalsotra 

et al., 2008), RNA Binding Fox-1 Homolog (RBFOX1) and RNA Binding Fox-2 Homolog 

(RBFOX2) (Wei et al., 2015; Gao et al., 2016), compromises cardiomyocyte function. RBPs 

can bind to single- or double-stranded RNA and facilitate the assembly of RNP granules. Their 

ability to drive RNP granule assembly largely depends on encoded IDRs and RBDs, which 
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enable multivalent interactions. Dysregulation of RBPs or aberrations in phase separation 

processes have been associated with diseases, such as cancer and most importantly with 

neurodegenerative disorders, highlighting the critical role of RBPs in maintaining cellular 

organization and function through biomolecular condensates (Cookson, 2017). 

Previously, dysregulated RNP granules have been linked to myocardial pathobiology and heart 

failure in patients with DCM caused by a mutation in the gene encoding the striated muscle 

specific RBM20, which results in the accumulation of RBM20 containing sarcoplasmic 

condensates (Schneider et al., 2021). However, in-depth analysis of RNP formation processes 

mediated by mutations in additional RBPs within cardiomyocytes is required to gain deeper 

insights into the molecular mechanisms driving pathogenic RNP granule accumulation that 

leads to heart failure.  

1.6.1 RNA binding protein with multiple splicing is a multifunctional RNA-

binding protein 

RNA-binding protein with multiple splicing (RBPMS), also known as hermes in frog and 

chicken, is a member of the RRM family, characterized by its ability to bind to specific RNA 

sequences (tandem CAC motif), including messenger RNAs (mRNAs), microRNAs (miRNAs), 

and long non-coding RNAs (lncRNAs) (Gerber et al., 1999; Akerberg et al., 2019). The RBPMS 

family encodes 2 members, RBPMS and RBPMS2, which contain a single RRM of ~80 amino 

acids that is responsible for both RNA binding and dimerization. The C-terminal region of 

RBPMS contains an IDR characterized long proline stretches without homology to other 

proteins (Farazi et al., 2014). The Rbpms gene, located on chromosome 8 at position p12, 

spans over 230 kb in the human genome. In mouse, alternative splicing (AS) generates 

multiple RBPMS protein isoforms (5 according to UniProt, 4 according to RefSeq, NCBI and 

at least 19 transcript variants according to AceView), whereas the paralog RBPMS2 is 

exclusively expressed as a single isoform (Shimamoto et al., 1996). Most commonly expressed 

isoforms are Rbpms-203/-213, which both encode a 197 amino acids (aa) variant 1 (Rbpmsa), 

Rbpms-201, encoding a 191 aa variant 2 (Rbpmsc) and Rbpms-202, which encodes a 220 aa 

variant 3 (Rbpmsb). All reported splicing variants share the same first 5 exons, suggesting a 

common core promotor for transcriptional regulation. However, the isoforms differ in their C-

terminus, encoded by exon 8 in variant 1, exons 8-10 in variant 2 and exon 7 in variant 3 

(Figure 5). These variations in sequence correspond to functional diversification; the RNA 

recognition element (RRE) of RBPMS which consists of tandem CAC motifs separated by a 

spacer of approximately 1–12 nucleotides, is conserved among various species including 

Drosophila and Caenorhabditis elegans (Farazi et al., 2014; Ray et al., 2013; Soufari and 

Mackereth, 2017). RBPMS is broadly expressed across multiple tissues, with particularly high 

levels in retinal ganglion cells (RGCs), smooth muscle cells and in the vertebrate heart, where 

it plays a crucial role in RNA splicing, stability and transport (Gerber et al.,1999; Piri et al., 
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2006). Its paralog, RBPMS2, shares 67% amino acid identity with RBPMS, varying mostly in 

their N- and C-terminal regions. Functionally, RBPMS predominantly localizes to the nucleus, 

whereas RBPMS2 is primarily found in the cytoplasm (Shimamoto et al., 1996). 

 

Figure 5 Schematic view of RNA-Binding Protein with Multiple Splicing (RBPMS) 

isoforms A, B and C.    

RBPMS encodes multiple splicing variants by alternative splicing at the 3’ end. Schematic illustration of 

the exon organization of the three previously described RBPMS isoforms (A, B and C), highlighting the 

positioning of the RNA recognition motif (RRM) domain within each isoform.  

1.6.2 Biological roles of RBPMS  

RBPMS is an RNA-binding proteins that play critical roles in several aspects of RNA 

metabolism and gene regulation, including transcription, degradation, transport, stability and 

splicing (Rabelo-Fernández et al., 2022). Similar to other nucleocytoplasmic or cytoplasmic 

mRNA-binding proteins, RBPMS re-localizes to cytoplasmic SGs under oxidative stress 

conditions suggesting a supporting function of RBPMS for mRNA localization in large and/or 

multinucleated cells where it is preferentially expressed (Farazi et al., 2014). Within these 

complexes, RBPMS regulates the stability, localization, and translation of RNAs by modulating 

interactions with other RNP components, such as RBPs, ribonucleases, and RNA helicases. 

Furthermore, RBPMS is recruited to P-bodies, where it facilitates mRNA decay by binding to 

CCR4-NOT transcription complex subunit 2 (CNOT2), a component of the CCR4-NOT 

deadenylation complex (Rambout et al., 2016).  

Manipulations of RBPMS levels during embryogenesis suggested functions in Xenopus laevis 

oocyte maturation (Zearfoss et al., 2004), heart and kidney development (Gerber et al., 2002) 

as well as retinal ganglion cell development (Hörnberg at al., 2013).  

Moreover, RBPMS has been identified as a critical splicing regulator in differentiated vascular 

smooth muscle cells (SMCs) by directly regulating AS of numerous components of the actin 
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cytoskeleton and focal adhesion machinery, which are important for SMC phenotype-specific 

function. In addition, RBPMS modulates the splicing of various regulators involved in 

transcription and splicing, including myocardin, a key transcription factor in SMCs (Nakagaki-

Silva et al., 2019; Jacob et al., 2024).  

A recent study reported that Rbpms is required for normal heart development in mice and 

constitutive loss-of function mutants result in a premature onset of cardiomyocyte binucleation, 

ultimately leading to non-compaction cardiomyopathy. Intriguingly, RBPMS-deficient human 

cardiomyocytes exhibit comparable defects in cytokinesis by mediating isoform switching of 

the heart-enriched LIM domain protein Pdlim5 (Gan et al., 2023).  

1.6.3 RBPMS dysregulation and cancer  

Pathology expression data from the Human Protein Atlas indicate that RBPMS exhibits 

moderate to strong nuclear staining in the majority of endometrial, ovarian, testicular, renal, 

and pancreatic carcinomas, with occasional cases observed in melanomas and cervical, 

breast, and lung cancers. Only a limited number of studies support these findings by examining 

the role of RBPMS dysregulation in cancer. Increased levels of RBPMS suppress cell 

proliferation, migration and invasion ability of ovarian cancer cells (Rabelo-Fernández et al., 

2022). Furthermore, in both cultured cells and mouse xenograft models, RBPMS inhibits the 

growth and migratory capacity of breast cancer cells through its interaction with the 

transcription factors c-Fos or Smad3 (Sun et al., 2006).  

1.7 Pathophysiological mechanisms of doxorubicin-induced cardiotoxicity  

Anthracyclines represent one of the most effective chemotherapy agents employed in the 

treatment of sarcomas, lymphoma, leukemia and breast cancer. Doxorubicin, a widely used 

anthracycline, is a potent antitumor drug, however it has been associated with the onset of 

cardiomyopathy, a severe and often irreversible complication (Rochette et al., 2015). 

Doxorubicin-induced cardiomyopathy is characterized by the loss of cardiomyocytes, leading 

to impaired cardiac function and potentially life-threatening consequences. Notably, both 

children under 4 years and adults over 65 are at increased risk of developing cardiotoxicity 

(Henriksen, 2018; Bhagat and Kleinerman, 2020).  

The mechanisms underlying doxorubicin-induced cardiomyopathy remain incompletely 

understood. Proposed mechanisms include oxidative stress, mitochondrial dysfunction, 

cardiomyocyte apoptosis, and inflammation (Van der Zanden et al., 2012; Rawat et al., 2021). 

Moreover, the enzyme topoisomerase II beta (Top2b), which prevents DNA double-strand 

breaks (DSBs) induced by cellular stress, has been directly implicated in this process. Top2b 

is the predominant isoform expressed in cardiomyocytes, whereas the alpha isoform (Top2a) 

is mainly found in proliferating cells. Doxorubicin primarily targets Top2b by intercalating into 

DNA, thereby inhibiting its binding and catalytic activity. This interaction stabilizes a ternary 
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Top2b-doxorubicin-DNA cleavage complex, which leads to the formation of DSBs and 

ultimately results in cell death (Zhang et al., 2012). Doxorubicin-treated cardiomyocytes exhibit 

ultrastructural alterations including mitochondrial damage and vacuolization, increased DSBs, 

and heightened apoptosis (Chatterjee at al., 2010). The absence of Top2b has been shown to 

attenuate the cardiotoxic effects associated with doxorubicin treatment, displaying reduced 

levels of DSBs and apoptosis. Intriguingly, the Top2b mediates doxorubicin-induced reduction 

of the ejection fraction, a clinical hallmark of cardiomyopathy caused by the drug. These 

findings highlight a mechanistic link between Top2b activity and the progression of 

doxorubicin-induced cardiac dysfunction (Zhang et al., 2012). At the cellular and molecular 

levels, these effects manifest clinically as symptoms such as heart failure, arrhythmias, and 

reduced cardiac function, which may emerge acutely during treatment or years later. The 

morphological and functional cardiac abnormalities associated with this condition closely 

resemble those observed in dilated cardiomyopathy, including ventricular and atrial 

enlargement, reduced left ventricular ejection fraction, and impaired contractile function. 

Strategies for the prevention and treatment of doxorubicin-induced cardiomyopathy remain 

limited, thereby underscoring the need for the development of novel therapeutic approaches 

with the objective of mitigating the risk of cardiotoxicity in patients undergoing chemotherapy.  

Dexrazoxane (Zinecard, also known as ICRF-187) is a clinically approved cardioprotective 

agent used to reduce or prevent the development of doxorubicin-induced cardiotoxicity 

(Hasinoff, 1998). Its proposed mechanisms of action include acting as a potent iron chelator, 

which inhibits the formation of anthracycline-iron complexes and, in turn, reduces the 

subsequent generation of reactive oxygen species (ROS). In addition, dexrazoxane interferes 

with the formation of anthracycline-Top2 DNA cleavage complexes, thereby reducing DNA 

damage in cardiac cells (Hasinoff et al., 1995; Lyu et al., 2007). Multiple clinical trials have 

demonstrated the efficacy of the agent in reducing the incidence of cardiotoxicity, including left 

ventricular dysfunction, heart failure, and cardiac death, in patients receiving anthracycline-

based chemotherapy. Importantly, dexrazoxane does not compromise the antitumor efficacy 

or increase the non-cardiac toxicity of chemotherapy regimens (Speyer et al., 1988; Wexler et 

al., 1996; Swain et al., 1997; Lipshultz et al., 2004; Hensley et al., 2009).  

1.8 Cardiomyopathy  

Cardiomyopathies represent a diverse group of myocardial diseases with heterogeneous 

etiologies. These conditions are broadly categorized into two main groups: primary (intrinsic) 

and secondary (extrinsic) cardiomyopathies. Primary cardiomyopathies are confined to the 

cardiac muscle and result from genetic mutations or acquired abnormalities. In contrast, 

secondary cardiomyopathies arise due to myocardial damage caused by systemic disorders, 

including myocardial ischemia, inflammation, infections, or heightened drug toxicity. The most 
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common types of primary cardiomyopathies comprise dilated cardiomyopathy and myocarditis 

(Maron et al., 2006).  

1.8.1 Dilated cardiomyopathy  

Dilated cardiomyopathy (DCM) represents the second most prevalent form of primary 

cardiomyopathy. Clinically, it is characterized by dilation and enlargement of the left or both 

ventricles, accompanied by ventricular wall thinning and increased left ventricular mass 

(Weintraub et al., 2017; McNally et al., 2017). This structural remodeling leads to impaired 

cardiac function, manifesting as reduced stroke volume and cardiac output, as well as 

abnormalities in ventricular filling. Additionally, elevated end-diastolic pressure, increased 

cardiac preload and afterload are clinical characteristics of DCM (Holubarsch et al., 1996; Saks 

et al., 2006). Unlike myocarditis, which is primarily an inflammatory disorder, DCM is typically 

a heterogenous, often idiopathic condition. The primary etiology of DCM involves genetic 

mutations affecting cytoskeletal and sarcomeric proteins. Recent research has identified 

defective AS mechanisms as contributory factors, particularly missense mutations in splicing 

regulators RBM20 (Guo et al., 2012), RBM24 (Liu et al., 2019) and RBFOX1 (Gao et al., 2016), 

which induce pathological mis-splicing of numerous myocardial transcripts in familial DCM 

cases. In addition to genetic causes, environmental factors, infectious agents, and exposure 

to cardiotoxic substances contribute to the development of secondary DCM. 

1.8.2 Myocarditis   

Myocarditis is an acute or chronic inflammatory response of the myocardium mostly triggered 

by viral infection, although bacterial, protozoal or fungal pathogens, as well as exposure to 

toxic substances, have also been implicated as causative factors (Lampejo et al., 2021; 

Tschöpe et al., 2021). Pathologically, myocarditis is characterized by focal or diffuse infiltration 

of mononuclear cells within the myocardial tissue and is typically categorized into 3 stages: an 

acute phase caused by viral entry and replication, a subacute phase defined by inflammatory 

cell infiltration and a chronic phase associated with cardiac dysfunction and structural 

remodeling. The clinical manifestations are heterogeneous, ranging from asymptomatic or mild 

symptoms to severe cardiac damage, potentially resulting in cardiogenic shock and life-

threatening arrhythmias (Maron et al., 2006; Taqueti et al., 2006; Caforio et al., 2013). Notably, 

myocarditis can be manifest as acute heart failure and, in some cases, progress to the 

development of DCM (Fabre et al., 2006). 

1.9 Aim of the study 

The RNA-binding protein RBPMS contributes to various fundamental RNA metabolism-based 

functions, including mRNA splicing, transport and stability. In addition to these functions, 

RBPMS has been observed to relocalize to cytoplasmic SGs in response to oxidative stress. 

SGs are membraneless RNP assemblies composed of RNA and proteins that form during 

translational repression and have been implicated in pathological aggregates observed in 
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neurodegenerative diseases. However, in the context of the cardiovascular system, the 

turnover, composition and (patho)physiological role of RNP granules remain poorly 

characterized. A detailed study of RNP granule-mediated disease progression caused by 

RBPs in cardiomyocytes, may uncover underlying molecular and cellular mechanisms. Such 

insights might facilitate the development of novel therapeutic strategies to counteract or 

neutralize these persistently evolving biomolecular condensates. The main aim of this study 

was to examine the (patho)physiological role of RBPMS-positive RNP granules in the heart, 

with particular focus on their function under both physiological and cardiac stress conditions. 

In this context, particular attention was focused on stress induced by the anthracycline 

chemotherapeutic agent doxorubicin, owing to its well-documented cardiotoxic effects. 

Doxorubicin-induced cardiomyopathy remains a major clinical challenge, especially among 

pediatric and young adult cancer patients, due to the current lack of effective preventive 

strategies, thereby significantly limiting the broader therapeutic use of this drug. To address 

this aspect, proximity-dependent biotinylation combined with affinity purification assay 

(APEX2) was employed to visualize and characterize the composition of RBPMS-associated 

RNPs in cardiomyocytes under baseline and stress conditions. Additionally, mouse models 

with cardiac-specific knockout and overexpression of RBPMS (isoform A and B) were used to 

assess isoform-specific contributions to granule biogenesis and turnover. Furthermore, 

interaction partners of RBPMSA and RBPMSB were identified in cardiomyocytes to better 

understand the distinct functions and subcellular localization dynamics of each isoform. Finally, 

molecular biological analysis tools were exploited to determine transcriptomic changes 

induced by doxorubicin treatment.  
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2. Material and Methods 

2.1 Material 

Table 1 Cell lines 

Cell line Company Catalog no. 

Human embryonic kidney cell line 

(293T-HEK) 

ATCC CRL-11268TM 

HL-1 Cardiac Muscle Cell Line Sigma-Aldrich SCC065 

 

Table 2 Chemicals and Reagents 

Enzyme Company Catalog no. 

Agar 100 Resin Kit Agar Scientific Ltd AGR1031 

Agarose Carl Roth 2267 

Ammonium persulfate Sigma-Aldrich A3678 

Aprotinin Sigma-Aldrich 10820 

Benzamidine Acros-organics 401790050 

Biotin (≥99%) Sigma-Aldrich B4501-100MG 

Biotinyl tyramide Merck SML2135 

Bis-Tris AppliChem A1025,0500 

Bovine serum albumin (BSA) Thermo Fisher Scientific BP 1605 

Bovine serum albumin 
solution (BSA) 

Sigma-Aldrich A7284-500ML 

Bromphenol blue Merck 1081220005 

Calcium chloride x 2H2O Carl Roth 5239.2 

Cisplatin  Merck 232120 

Claycomb medium Sigma-Aldrich 51800C 

DAPI (4’, 6-diamidino-2-
phenylindole) 

Thermo Fisher Scientific D1306 

Deoxycholic acid Fluka 30970 

Dexrazoxane Santa Cruz Biotechnology SC-252669 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D-4540 

Disodium hydrogen 
phosphate (Na2HPO4) 

Merck 6580.0500 

Doxorubicin hydrochloride Santa Cruz Biotechnology                 SC-200923 

1,4-Dithiothreit (DTT) Carl Roth 6908.2 

Dulbecco’s modified eagle’s 
medium high glucose 

Sigma-Aldrich D5796 

Dulbecco’s Modified Eagle’s 
Medium-high 
glucose + GlutaMAX 

Gibco 42430-025 

EDTA Carl Roth 8040.3 

EGTA Sigma-Aldrich E3889 

Ethanol (100%)  Carl Roth K928.3 

Ethanol denatured Carl Roth 9065.4 

Ethidium bromide solution (1 
%) 

AppliChem A1152,0100 

FSC 22 Frozen Section 
Compound 

Leica 75806-668 

Fetal bovine serum  Sigma-Aldrich F2442 

Fetal calf serum  Sigma-Aldrich F2442 
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Fibronectin (HL-1 cells) Sigma-Aldrich F1141 

Fibronectin  PromoCell C-43050 

Formaldehyd 37% Sigma-Aldrich F1635 

Gelatin from porcine skin Sigma-Aldrich G1890 

Glucose Carl Roth X997.2 

L-Glutamine Sigma-Aldrich G7513 

L-Glutamine-penicillin-
streptomycin solution 

Sigma-Aldrich G6784-100ML 

Glutaraldehyde Sigma-Aldrich G5882 

Glycerin (87%) Merck 1.04094.2500 

Glycine Sigma-Aldrich 15527 

HEPES Carl Roth 9105.3 

Hydrochloric acid (37%) Carl Roth 4625.1 

Hydrogen peroxide solution 
30% (w/w) 

Sigma-Aldrich H1009-100ML 

Isopropanol Carl Roth 6752.4 

Leukemia inhibitory factor Merck LIF1050 

Leupeptin Thermo Fisher Scientific 78435 

Liberase™ Roche 05401151001 

Lipofectamine 2000 reagent Thermo Fisher Scientific 11668019 

Lithium chloride Carl Roth P007.1 

Magnesium chloride x 6H2O Carl Roth 2189.1 

2-Mercaptoethanol Sigma-Aldrich 97622 

Methanol Carl Roth 4627.5 

Mitomycin-C Sigma-Aldrich M4287 

Mowiol 4-88 Merck 3186101 

100x non-essential amino 
acid 

Gibco 11140050 

Nonidet P40 Fluka 74385 

Norepinephrine Sigma-Aldrich A0937 

4 x NuPAGE™ LDS Sample 
Buffer 

Thermo Fisher Scientific NP0008 

Paraformaldehyde Carl Roth 0335.4 

Penicillin-Streptomycin 
(10,000 U/mL) 

Thermo Fisher Scientific 15140122 

Phenylmethylsulfonyl fluoride 
(PMSF) 

Sigma-Aldrich P7626 

Potassium chloride (KCl) Carl Roth 6781.3 

Potassium bicarbonate 
(KHCO3) 

Merck 1.04854.0500 

Potassium dihydrogen 
phosphate (KH2PO4) 

Carl Roth P018.1 

Puromycin dihydrochloride Sigma-Aldrich 9620 

Red Alert™ 10x Merck 71078-3 

RNaseZAP™ Sigma-Aldrich SLBQ7780V 

RNasin Plus Promega A515.1 

Rotiphorese® Gel 40 (29:1) Carl Roth K015.2 

Roti® Quant Carl Roth 2326.3 

Skim milk powder Fluka K305.1 

Sodium azide (NaN3) Carl Roth 1.06329.0500 

Sodium bicarbonate 
(NaHCO3) 

Merck 3957.2 

Sodium chloride (NaCl) Carl Roth 1.06504.0100 

Sodium dodecyl sulfate 
(SDS) 

Carl Roth 70166 
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Sodium deoxycholate Merck 9097.1 

Sodium L-ascorbate  Sigma-Aldrich A4034 

Streptavidin magnetic beads  Pierce 88817 
Sucrose Carl Roth 9097.1 

TEMED 
(Tetramethylethylenediamine) 

Carl Roth 5429.2 

Tris Carl Roth 6683.1 

Triton-X 100 Carl Roth R0531 

TRIzol Reagent Invitrogen 15596026 

Trolox ((+/−)-6-Hydroxy-
2,5,7,8-tetramethylchromane-
2-carboxylic acid) 

Sigma-Aldrich 238813 

Trypsin Inhibitor  Sigma-Aldrich T6522 

TurboFect transfection 
reagent 

Thermo Fisher Scientific 822184.0500 

Tween-20 Merck 9713.3 

 

Table 3 Buffer Solutions 

Buffer Composition 

10% APS  Dilute 10 g APS in 100 mL Aqua dest.  

5% BSA  Dilute 5 g BSA in 100 mL 1 x TBS-T  

Cardiomyocyte isolation calcium-free buffer  113 mM NaCl; 4.7 mM KCl; 0.6 mM 
KH2PO4; mM Na2HPO4; 1.2 mM MgSO4 x 
7H2O; 12 mM NaHCO3; 10 mM KHCOS; 10 
mM HEPES; 30 mM taurine; 10 mM 1 2,3-
butanedionemonoxime; 5.5 mM glucose  

Cardiomyocyte isolation enzyme buffer  0.25 mg/ml Liberase™ DH; 0.14 mg/ml 
trypsin; 12.5 μmol CaCl2 in calcium-free 
buffer  

Cardiomyocyte isolation stop buffer 1  10% FCS; 12.5 μM CaCl2 in enzyme buffer  

Cardiomyocyte isolation stop buffer 2  5% FCS; 12.5 μM CaCl2 in enzyme buffer  

Cardiomyocyte cell culture medium  M199 cell culture medium supplemented 
with 5 mM creatinine x H2O; 2 mM L-
carnitine x HCl; 5 mM taurine; 25 mM 
HEPES; 1% penicillin/streptavidin; 10% 
fetal calf serum; 1% insulin-transferrin-
sodium selenite media supplement, pH 7.3.  

Extraction buffer  100 mM Tris-HCl, pH 8.0; 10 mM EDTA; 
10% SDS  

Immunofluorescence blocking buffer  0.1% BSA in 1x PBS  

Mass Spec Buffer A  0.1% formic acid  

Mass Spec Buffer B  80% acetonitrile; 0.1% formic acid  

5% Immunoblot blocking solution  Dilute 5 g skim milk/ BSA in 100 mL 1 x 
TBS-T  

10x Phosphate buffered saline (PBS), pH 
7.4  

Dilute 80 g NaCl; 2 g KCl; 14.4 g 
Na2HPO4; 2.4 g KH2PO4 in 800 mL Aqua 
dest.; adjust pH to 7.4; refill to 1000 mL with 
Aqua dest.  

1x Phosphate buffered saline (PBS), pH 7.4  100 mL 10x PBS + 900 mL Aqua dest.; 
adjust pH to 7.4  

Radio-Immunoprecipitation assay 
buffer (RIPA) lysis buffer, pH 8.0  

50 mM Tris, pH 7,4; 150 mM NaCl; 1% NP-
40; 0.5% sodium deoxycholate; 0.1% SDS 

10% SDS  Dilute 10 g SDS in 100 mL Aqua dest.  
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50x Tris-acetat-EDTA (TAE)  Dilute 242 g Tris Base; 57.1 mL acetic acid; 
100 mL 0.5 M EDTA, pH 8.0 in 1000 mL 
Aqua dest.  

10x Tris-buffered saline (TBS), pH 7.6  0.2 M Tris, 1.4 M NaCl  

1x Tris-buffered saline (TBS) 100 mL 10 x TBS + 900 mL Aqua dest.  

1x Tris-buffered saline + Tween 20 (TBS/T)  100 mL 10 x TBS + 900 mL Aqua dest. + 
0.1% Tween®20  

TENS lysis buffer  1 M Tris/HCl, pH 8.0; 0.5 M EDTA, pH 8.0; 
4 M NaCl; 20% SDS  

10x Tris-EDTA (TE)  100 mM Tris-Cl; 10 mM EDTA, pH 8.0  

1x Tris-EDTA (TE) 100 mL 10x TE + 900 mL Aqua dest.  

20x Transfer buffer  Dilute 163.2 g Bicine; 209.6 g Bis-Tris; 12 g 
EDTA in 1000 mL Aqua dest.  

1x Transfer buffer  250 mL 20 x transfer buffer; 1000 mL 
methanol; 3750 mL Aqua dest.  

1 M Tris, pH 8.0  Dilute 12.1 g Tris in 80 mL MilliQ H2O.; 
adjust pH to 8.0; refill to 100 mL with Aqua 
dest.  

 
Table 4 Solutions and buffers for proximity labeling  

Solution/ buffer Stock concentration/ components 

Biotin 10 mM in DMSO 

Biotin-phenol 500 mM in DMSO 

Hydrogen peroxide (H2O2) 100 mM in PBS 

Sodium azide 1 M in dH2O 

Sodium l-ascorbate 1 M in dH2O 

Trolox 500 mM in DMSO 

Quencher solution 10 mM sodium ascorbate; 5 mM Trolox; 10 
mM sodium azide in DPBS 

Lysis buffer  10 mM sodium azide, 10 mM sodium 
ascorbate, 5 mM 
Trolox in RIPA lysis buffer supplemented 
with 1x protease 
Inhibitors and 1 mM PMSF 

 
Biotin, biotin-phenol and sodium azide stock solutions were prepared and stored at -20 °C or 

-80 °C. The H2O2 solution was freshly prepared from a 30% (w/w) solution. Sodium ascorbate, 

Trolox, quencher solution and supplemented lysis buffers were prepared freshly. 

 

Table 5 Kits 

Kit Company Catalog No. 

CloneExpress Ultra One 
Step Cloning Kit  

Vazyme Biotech Co., Ltd  C115 

Direct-zol™ RNA-Kit  
 

Zymo Research R2052  
 

Mouse Neonatal 
Cardiomyocyte Isolation Kit  

Miltenyi Biotec 130-100-825 

Neonatal Heart Dissociation 
Kit 

Miltenyi Biotec 130-098-373 

Super SignalTM West Pico 
Chemiluminescent 
Substrate kit 

Thermo Fisher Scientific PI34080  
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Table 6 Ready-to-use Buffer Solutions 

 

Table 7 Composition of gel electrophoresis 9% Bis-Tris Polyacrylamid gel (PAA) 

Reagent  Separation gel (9%) Stacking gel (5%) 

Aqua dest. 2.9 mL 0.96 mL 

3.5x Bis-Tris (pH 6.5-6.8) 2.0 mL 0.5 mL 

PAA 30% (37.5:1) 2.1 mL  0.29 mL 

10% APS  25 µl  8 µl  

TEMED (> 99%)  7 µl   3 µl   

 

Table 8 Marker 

Marker  Company/Composition 

Protein Marker VI (10 - 245) prestained BC  PanReac AppliChem  

PUC Marker  Homemade  

 

Primary antibodies 

Table 9 Primary antibodies for immunoblotting 

Primary antibody Dilution Company Catalog no. 

anti-GAPDH  1:1000 Cell  

Signaling   

2118  

anti-RBPMS  1:1000 Sigma-Aldrich HPA056999  

anti-(CGY)FP 1:1000 Evrogen AB121 

anti-TurboGFP 1:1000 Evrogen AB513 

anti-V5 1:1000 Abcam ab9116 

anti-α-Tubulin 1:1000 Sigma-Aldrich T6074 

  

Table 10 Primary antibodies for immunofluorescence staining  

Primary antibody Dilution Company Catalog no. 

anti-G3BP 1:1000 Abcam ab56574 

anti-RBPMS  1:1000  Sigma-Aldrich HPA056999  

anti-DCP1A 1:1000  Sigma-Aldrich WH0055802M6  

anti-PABP 1:1000 Proteintech 10970-1-AP 

anti-SFPQ 1:1000 Proteintech 67129-1-Ig 

Buffer Company Catalog no. 

2x Taq Master mix  Vazyme biotech P111/P112 

NuPAGE™ MES SDS 
Running Buffer  

Thermo Fisher Scientific  NP000202  

NuPAGE™ MOPS SDS 
Running Buffer  

Thermo Fisher Scientific  NP000102  

TaqMan™ Gene Expression 
Master Mix  

Applied Biosystems™  10525395  
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anti-TDP-43 1:1000 Thermo Fisher 
Scientific 

MA5-27828 

anti-α-sarcomeric-

Actinin 

1:1000 Sigma-Aldrich A7811 

anti-V5 1:500 Abcam ab9116 

anti-TurboGFP 1:250  Evrogen AB513 

anti-(CGY)FP 1:250  Evrogen AB121 

anti-Phalloidin-FITC  1:250  Sigma-Aldrich  P5282  

anti-Phalloidin-TRITC  1:300  Sigma-Aldrich  P1951  

anti-SQSTM1/p62  1:250  Abcam  ab56416  

DAPI 1:1000 Thermo Fisher 
Scientific 

D1306 

 

Secondary antibodies 

Table 11 Secondary antibodies for immunoblotting 

Secondary antibody Dilution Company Catalog no. 

Goat-anti-mouse IgG, 

HRP  

1:1000  Thermo Fisher 
Scientific 

31430 

Goat-anti-rabbit IgG, 

HRP 

1:1000  Thermo Fisher 
Scientific 

31460 

 

Table 12 Secondary antibodies for immunofluorescence staining  

Secondary antibody Dilution Company Catalog no. 

anti-mouse Alexa 488  1:1000  Invitrogen A11001 

anti-mouse Alexa 594 1:1000  Invitrogen A11005 

anti-rabbit Alexa 594 1:1000 Invitrogen A11012 

anti-mouse Alexa 633 1:1000 Thermo Fisher 
Scientific 

A21126 

anti-rabbit Alexa 647 1:1000 Thermo Fisher 
Scientific 

A21246 

anti-rabbit Cy3 1:400 Dianova 711-165-152 

anti-mouse Cy5 1:500 Dianova 715-175-150 

 

Table 13 TaqmMan assay qRT-PCR probes 

 

Table 14 Enzymes 

Enzyme Company Catalog no. 

Proteinase K  Carl Roth  7528.2  

SuperScript™ II Reverse 
Transcriptase including 5 x 

Thermo Fisher Scientific  18064014  

Name Assay ID Species 

Rbpms Mm00803908_m1 mouse  

Gapdh Mm99999915_g1 mouse 
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First strand buffer, 0.1 M 
DTT  

Trypsin-EDTA  Thermo Fisher Scientific  R001100  

Trypsin  Sigma-Aldrich T0303  

TrypsinL Thermo Fisher Scientific 12604013 

 

Table 15 Protease Inhibitors 

Inhibitor Company Catalog no. 

Aprotinin  Sigma-Aldrich  10820  

Leupeptin  Sigma-Aldrich L8511-5MG  

Sodium fluoride (NaF)  Sigma-Aldrich S7920-100G  

Sodium orthovanadate 
(Na3Vo4)  

Sigma-Aldrich 450243  

Phenylmethylsulfonyl 
fluoride (PMSF)  

Sigma-Aldrich P7626  

 

Table 16 Primers for genotyping 

PCR Primer 
Description 

Sequence 

Rosa-CAG  
 

Rosa-CAG-for 
Rosa-CAG-rev 
Rosa-WT-rev 

CTT GCT CTC CCA AAG TCG CTC TGA G 
ACC GTA AGT TAT GTA ACG CGG AAC TCC  
CTT TAA GCC TGC CCA GAA GAC TCC C 

Cre  
 

Cre-for 
Cre-rev 

CGA CCA GGT TCG TT CAC TCA TGG 
CAG GCT AAG TGC CTT CTC TAC ACC 

RBPMSB-
APEX2 

RosaPA-5-
homology-for 
Rosa26-CAG-
geno-rev2 

TCT GCT GCC TCC TGG CTT CT 
 
GCG GAA CTC CAT ATA TGG GCT ATG A 
 

APEX2 RosaPA-5-
homology-for 
Rosa26-CAG-
geno-rev2 

TCT GCT GCC TCC TGG CTT CT 
 
GCG GAA CTC CAT ATA TGG GCT ATG A 

Rbpmsb-KO R1V3KO-r1 
R1V3KO-f2 
R1V3-intern-R2 

TACTAAAGCACAGGCTGGCTAGGCG 
ATCTTGGCCGTGTGCCTCACTGG 
TCCCAGCCTGGACCAATACATTCGACA 

RBPMSA-GFP Rosa-CAG-for 
Rosa-CAG-rev 
Rosa-WT-rev 

CTT GCT CTC CCA AAG TCG CTC TGA G 
ACC GTA AGT TAT GTA ACG CGG AAC TCC  
CTT TAA GCC TGC CCA GAA GAC TCC C 

RBPMSB-GFP Rosa-CAG-for 
Rosa-CAG-rev 
Rosa-WT-rev 

CTT GCT CTC CCA AAG TCG CTC TGA G 
ACC GTA AGT TAT GTA ACG CGG AAC TCC  
CTT TAA GCC TGC CCA GAA GAC TCC C 

 

Table 17 Genotyping protocols 

PCR Primer Program Fragment size 

XMLC2-Cre Cre-for 
Cre-rev 

94°C 4:00  
94°C 0:30  
66°C 0:30  
72°C 0:45  
Go to 2, repeat 35x  
72°C 5:00  

Transgene 244 bp  
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12°C ∞  

ROSA-CAG ROSA-CAG-for  
ROSA-CAG-rev  
ROSA-wt-rev  

94°C 3:00  
94°C 0:30  
57°C 0:30  
72°C 0:30  
Go to 2, repeat 35x  
72°C 5:00  
12°C ∞ 

Wildtype 249 bp  
Transgene 325 bp  

RBPMSB-APEX2 RosaPA-5-
homology-for: 
Rosa26-CAG-geno-
rev2 

94°C 3:00  
94°C 0:30  
57°C 0:30  
72°C 0:30  
Go to 2, repeat 35x  
72°C 5:00  
12°C ∞ 

Wildtype 249 bp  
Transgene 325 bp 

APEX2 RosaPA-5-
homology-for: 
Rosa26-CAG-geno-
rev2 

94°C 3:00  
94°C 0:30  
57°C 0:30  
72°C 0:30  
Go to 2, repeat 35x  
72°C 5:00  
12°C ∞ 

Wildtype 249 bp  
Transgene 325 bp 

Rbpmsb-KO R1V3KO-r1 
R1V3KO-f2 
R1V3-intern 

94°C 3:00  
94°C 0:30  
57°C 0:30  
72°C 0:30  
Go to 2, repeat 32x  
72°C 5:00  
12°C ∞ 

Wildtype 354bp 
Transgene 170-230 
bp 
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Table 18 Equipment 

Equipment Company  

Agarose gel electrophoresis chamber  Peqlab  

BioDoc analyzer  Bio-Rad  

BioAnalyzer 2100  Agilent 

Centrifuges Eppendorf  

Cell culture plates/ dishes Greiner Bio-one 

ChemiDoc™ MP Imaging System  Bio-Rad 

Cold Plate for Tissue Embedding System  Leica  

Coverslips Carl Roth 

Cryostat  Leica  

Eppendorftubes, 0.5 mL, 1.0 mL, 2.0 mL  Eppendorf  

Filter tips (10 μL, 20 μL, 100 μL, 1000 μL)  Thermo Fisher Scientific  

Fridge/Freezer  Bosch  

Gelsystems (Mini, Maxi)  VWR  

GentleMACS Octo Dissociator with Heaters  Miltenyi Biotec 

Greiner 96 well plates, polystyrene  Thermo Fisher Scientific 

Greiner centrifuge tubes, 15 mL, 50mL Sigma-Aldrich  

Heating block  IKA Labortechnik  

LabChip Gx Touch 24 Nucleic Acid 
Analyzer 

Perkin Elmer 

Micro centrifuge  Carl Roth  

Mini centrifuge  Carl Roth  

Multimode Microplate Reader  BERTHOLD Technologies  

Nanodrop 2000/2000c 
spectrophotometer 

Thermo Fisher Scientific 

Nitrocellulose membranes  Invitrogen 

PCR Cycler Bio-Rad 

PCR strips Star Lab Group 

pH meter HANNA instruments 

Pipettes Rainin 

Prescision cover glasses (High Prescision 
Cover Glasses 170+-5µm. No. 1.5H) 18 x 
18 mm 

Paul Marienfeld GmbH & Co. KG 

Protein LoBind Tubes Eppendorf 

Power Supply  Carl Roth, Bio-Rad 

RNaseZap Sigma-Aldrich 

Scales / Precision Balances  KERN, Sartorius  

Sonicator  BANDELIN SONOPLUS  

StepOnePlus™ Real-Time PCR System  Thermo Fisher Scientific 

SuperFrost Plus slides  Menzel-Glaeser  

Swing mill  Retsch  

Thermocyclers for PCR  Bio-Rad  

Thermomixer comfort  Eppendorf  

ThermoMixer  Eppendorf  

Tips (10 μL, 20 μL, 100 μL, 1000 μL)  Greiner Bio-One  

Tissue cell culture plate  VWR  

Tissue homogenizer  POLYTRON  

Universal Oven  Memmert  

UV-Transilluminator  INTAS  

Vibrating mill Retsch, MM301 

Vortex mixer  Scientific Industries, Inc.  
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Waterbath  Leica  

XCell SureLock™ Mini-Cell and XCell II™ 
Blot Module  

Thermo Fisher Scientific 
 

 

Table 19 Software 

Software Company  

Adobe Illustrator 2022 Adobe Systems Incorporated 

BLAST NCBI 

CAT Computer Administriertes Tierhaus (MPG) 

Ensembl Genome Browser European Molecular Biology Laboratory's 
European Bioinformatics Institute (EMBL-
EBI) 

Excel, PowerPoint, Word Microsoft 

Gimp-2.8  GIMP  

Graph Pad Prism 9.0  Graph Pad Software, Inc. 

Image J / Fiji  Wayne Rasband 

Image Lab  Bio-Rad Laboratories 

Integrated Genome Browser (IGV) Broad Institute 

Leica confocal software 2.61 LAS X Leica microsystems 

MaxQuant (1.5.3.12)  MPG  

Seqbuilder 17.3 DNASTAR Lasergene 

StepOne Software v2.3 Thermo Fisher Scientific 
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2.2 Methods 

2.2.1 Animal experimentation 

Experiments involving animal health care and treatments were performed in agreement with 

institutional guidelines and the German animal welfare law. Each experiment was approved by 

the local governmental animal protection committee (Regierungspräsidium Darmstadt, 

B2/1125). All mice used in this study were housed in individually ventilated cages (Aero Cage 

– mM) accompanied with environmental enrichment under specific pathogen-free conditions 

in the Animal House Facility of the Max Planck Institute for Heart and Lung Research, Bad 

Nauheim, Germany. Circadian rhythm was maintained by keeping the animals in the dark from 

6 pm to 7 am including 1 h of dawn. Age-matched littermates were used for individual 

experiments. The number of mice used in each experiment is indicated in the corresponding 

figure legend. 

2.2.2 Engineering of genetically modified mice 

2.2.2.1 Generation of knock-in mice by targeting the ROSA26 locus in mouse 

ES cells  

Constitutive overexpression mouse strains were generated using ROSA site-specific gene 

knock-in (Figure 6). Therefore, cDNA for each gene of interest (GOI) was inserted downstream 

of the loxP-flanked STOP cassette in the modified ROSA26 targeting locus by which the SA-

site of pBigT was replaced by a synthetic CAG promotor (Srinivas et al., 2001). The genes of 

interest were PCR-amplified to introduce NheI and NotI sites and cloned into pBigT-CAG 

vector. The generated pBigT-CAG-GOI cassette was subcloned in PacI and AscI site of the 

pRosa26-PA construct. The final construct, containing an antibiotic neomycin resistance 

selection cassette, a lacZ cassette, and two loxP sites, was electroporated into V6.5 F1 hybrid 

ES cells (gift from Rudi Jaenisch, RRID:CVCL_C865) and targeted stem cell clones were 

selected by G418 treatment and screened by PCR, with 5’ genotyping performed using EcoRV 

digestion. Positive ES cell clones were injected into C57BL/6 blastocysts to obtain chimeric 

mice, which were backcrossed to the C57BL/6 background to generate transgenic mice 

harboring a single mutant allele. Conditional Cre-mediated overexpression of GOI in the 

myocardium was achieved by crossbreeding with XMLC2-Cre transgenic mice. Aged-matched 

wildtype littermates with Cre-recombinase expression were used as appropriate control mice 

in all experiment. The GOIs to be inserted into the ROSA26 locus are either RBPMSA-GFP, 

RBPMSB-GFP, GFP or RBPMSB-V5-APEX2-NES-GFP, RBPMSB-HA-T2A-V5-APEX2-NES-

GFP. ESC cell culture and transgenic service were performed by Sonja Krüger and Susanne 

Kreutzer (MPI-HLR, Bad Nauheim, Germany). 
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Figure 6 Schematic illustration of targeting the ROSA26 locus in mouse ES cells.  

The targeting vector contains the CAG promoter, a loxP-flanked STOP sequence and cDNA for the GOI, 

which is inserted via homologous recombination into the ROSA26 locus. Overexpression is achieved 

upon Cre recombinase-mediated excision of the STOP cassette. CAG: enhancer promoter; PGK: 

phosphoglycerate kinase promoter, Neo: neomycin resistance gene as positive selection marker; GOI: 

gene of interest; pA: polyadenylation sites. 

2.2.2.2 Generation of constitutive Rbpmsb knockout mice 

Constitutive Rbpmsb knockout mice were generated using the CRISPR-Cas9 genome editing 

system. Therefore, two guide RNAs (gRNAs) targeting the last exon of Rbpmsb 

(ENSMUST00000033995) were cloned into the pSpCas9(BB)-2A-Puro (PX459) plasmid using 

BbsI restriction sites. Both gRNA plasmids were co-transfected into V6.5 F1 hybrid ES cells 

using Lipofectamine 3000, followed by puromycin selection to enrich for transfected cells. 

Candidate mutant ES cell clones were screened by PCR amplification of the target region 

using primers flanking the gRNA target sites. Deletion of exon 6 was confirmed by Sanger 

sequencing, which revealed frameshift mutations and premature stop codons resulting from 

non-homologous end joining (NHEJ) repair. Positive ES cell clones were injected into C57BL/6 

blastocysts to obtain chimeric mice, which were backcrossed to the C57BL/6 background to 

generate transgenic mice harboring a single mutant allele. 

2.2.3 Organ isolation 

Animals were either sacrificed by combined carbon dioxide anesthesia and cervical dislocation 

or cervical dislocation following isoflurane exposure. Immediately post-euthanasia, a midline 
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thoracotomy was performed to rapidly excise the heart. The left ventricular of the heart was 

perfused with 1x PBS to clear residual blood components prior to downstream analyses. 

2.2.4 Extraction of genomic DNA for genotyping from murine ear punches and 

tail biopsies 

For genotyping, ear or tail biopsies of transgenic mice were first digested in 500 μL tail lysis 

buffer, supplemented with 5 μL Proteinase K (20 mg/mL), at 56°C overnight. The next day, 

digested ear/tail pieces were centrifuged at 14,000 rpm for 10 min and decanted into a new 

tube containing 500 μL isopropanol. Genomic DNA was precipitated by inverting the tubes. 

Following centrifugation at 14,000 rpm for 20 min, supernatants were removed, and the 

genomic DNA-containing pellets washed in 500 μL 70% ethanol, followed by centrifugation at 

14,000 rpm for 5 min. Finally, genomic DNA was air-dried at RT for 1h, resuspended in 300 μL 

1x TE buffer, and dissolved by incubation at 56°C overnight.  

2.2.5 Genotyping of transgenic mice 

Genotyping PCRs were performed with self-designed primers purchased from Merck/Sigma-

Aldrich, as indicated in Table 16 using appropriate cycling conditions (Table 17). The master 

mix for one PCR reaction was prepared as followed: 

Reagent  Volume (µl) 

2x Taq Master 10 

Primer 1 (for) 0.5 

Primer 2 (rev) 0.5 

Primer 3 (wt) 0.5 

Genomic DNA 1.5 

ddH2O 10 

Total 23 

 

PCR products were loaded on a 2% agarose gel, dissolved in 1x TAE buffer, supplemented 

with ready-to-use ethidium bromide solution and ran for 30-45 min at 150-200 V, depending 

on the size of the gel. Double-stranded DNA was visualized under UV light and documented 

with a BioDoc analyzer. 

2.2.6 RNA isolation from cells for qRT-PCR and RNA-Seq 

Cells were homogenized by adding 1 mL of Trizol along with an autoclaved metal bead to an 

Eppendorf tube, followed by processing in a vibrating mill at maximum intensity for 5 min. RNA 

was then extracted from cells using the Direct-zol RNA Miniprep Kit according to the 

manufacturer’s instructions, diluted in RNase-free TE and stored at -80°C until further usage.  
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2.2.7 cDNA synthesis and qRT-PCR 

Complementary DNA (cDNA) was reverse transcribed from 1 μg of total RNA using 

the PrimeScript™ RT reagent Kit according to manufacturer’s instructions.  

 

Following cDNA synthesis RT-qPCR, was used for qualitative and quantitative analysis of the 

expression of specific genes. qPCR was performed with TaqMan Gene Expression Master Mix 

and fluorophore-labeled (FAM) TaqMan probes (TaqMan Gene Expression Assays) 

purchased from Applied Biosystems. qPCR reactions were processed on a StepOnePlus real-

time PCR instrument and relative expressions were calculated using the ΔΔCt method. Each 

sample set was performed in technical triplicates and normalized to VIC-labeled Gapdh or 

ACTB as internal housekeeping gene controls. The master mix for one 10 μl qRT-PCR reaction 

was prepared as followed: 

Reagents Volume 

TaqMan™ Gene expression master mix 5.0 μL 

TaqMan™ gene specific probe (FAM-dye) 0.5 μL 

TaqMan™ housekeeping gene probe (VIC-

dye) 

0.5 μL 

 

cDNA (diluted 1:100 in ddH2O) 4.0 μL 

Total 10 μL 

 

2.2.8 RNA seq 

RNA sequencing and related bioinformatic analysis was performed by Dr. Stefan Günther 

(MPI-HLR, Bad Nauheim, Germany). RNA and library preparation integrity was verified with a 

BioAnalyzer 2100 or LabChip Gx Touch 24 Nucleic Acid Analyzer. 0,8 – 1 μg of total RNA was 

used as input for SMARTer Stranded Total RNA Sample Prep Kit - HI Mammalian (Clontech). 

Trimmomatic version 0.39 was employed to trim reads after a quality drop below a mean of 

Q15 in a window of 5 nucleotides and keeping only filtered reads longer than 15 nucleotides 

(Bolger et al., 2014). Trimmed and filtered reads were aligned versus mouse genome version 

mm10 (Ensembl release 101) using STAR 2.7.9a (Dobin et al., 2013). Following alignment, 

BAM files were processed to remove duplicates using Picard 3.0.0 (Picard: A set of tools (in 

Java) for working with next-generation sequencing data in the BAM format). Additionally, multi-

mapping, ribosomal, and mitochondrial reads were filtered out. Gene-level read counts were 

determined using featureCounts 2.0.4 by aggregating reads mapping to exons while excluding 

those overlapping multiple genes (Liao et al., 2014, featureCounts: an efficient general-

purpose program for assigning sequence reads to genomic features). Alignments were filtered 

to remove: duplicates with Picard 3.0.0 (Picard: A set of tools (in Java) for working with next 
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generation sequencing data in the BAM format), multi-mapping, ribosomal, or mitochondrial 

reads. Gene counts were established with featureCounts 2.0.4 by aggregating reads 

overlapping exons excluding those overlapping multiple genes (Liao et al.,2014). The raw 

count matrix was normalized with DESeq2 version 1.36.0 (Love et al.,2014). Contrasts were 

created with DESeq2 based on the raw count matrix. Genes were classified as significantly 

differentially expressed at average count > 5, multiple testing adjusted p-value < 0.05, and -

0.585 < log2FC > 0.585. The Ensemble annotation was enriched with UniProt data (Activities 

at the Universal Protein Resource (UniProt)). 

2.2.9 Cell culture experiments 

2.2.9.1 Human Embryonic Kidney Cells (HEK293T)  

HEK293T cells were cultured in high glucose DMEM containing 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin/glutamine (PSG) at 37°C in humified atmosphere with 10% CO2 

and passaged at 70-80% confluency. Therefore, cells were washed 3 times with 1x PBS and 

incubated with 1x Trypsin-EDTA in 1x PBS at 37°C for 3-5 min. After complete detachment of 

the cell layer, trypsin was inactivated with 2 volumes of pre-warmed complete growth media 

and cell suspension was transferred to the 15 mL tubes and gently centrifuged at 300g for 5 

min. After removing the supernatant, cell pellet was gently resuspended in appropriate amount 

pre-warmed complete growth medium and seeded to a culture dish.  

2.2.9.2 HL-1 cells 

HL-1 cells were cultured on gelatin/fibronectin-coated plates and maintained in Claycomb 

medium supplemented with 10% HL-1 cell screened FBS, 100 μg/ml PS, 0.1 mM 

Norepinephrine and 2 mM L-Glutamine. The medium was changed every 24-48 h. HL-1 cells 

were grown at 37°C in an atmosphere of 5% CO2 and 95% air. Once the cells reached 

confluence, they were split 1:2 or 1:3, using Trypsin-EDTA and Trypsin Inhibitor which is 

designated as a passage. Cells were used for a maximum of 15 passages.  

2.2.9.3 Murine embryonic stem cells 

V6.5 mouse embryonic stem cells (ESC) were maintained on mouse embryonic fibroblast 

feeder layer at 37°C, 5% CO2 with daily media exchange. Media contained Dulbecco’s 

Modified Eagle’s Medium-high glucose + GlutaMAX, supplemented with 10% PSG, 15% FBS, 

0.1 mM 2-Mercaptoethanol, 0.1 mM non-essential amino acids and 1000 U/ml Leukemia 

inhibitory factor (LIF). Slides were coated with 0.1% Gelatin when seeded for IF staining. 

2.2.10 Plasmid transfection 

Subconfluent HEK293 cells or HL-1 cells were transiently transfected with 6 µg individual 

plasmid DNA using either TurboFect or Lipofectamine2000 transfection reagent according to 

the manufacturer’s protocol. The medium was substituted approximately 24 h post-

transfection, and cells were harvested for downstream analyses 48 h post-transfection. 
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2.2.11 Drug treatment  

To study the effects of different stressors ex vivo, neonatal and adult cardiomyocytes were 

treated for different time points (1 h-24 h) with doxorubicin (0.1 µM, 1 µM), hydrogen peroxide 

(H2O2; 350 µM), cisplatin (100 µM) and tumor necrosis factor-alpha (TNF-α; 5 ng/ml). DMSO 

treated cells served as an appropriate control for doxorubicin-treated cells.  

2.2.12 Protein extraction and immunoblot analysis 

Immunoblot analysis was performed accordingly to standard protocols. In brief, cells or tissue 

were collected, lysed by homogenization in RIPA buffer, supplemented with protease inhibitors 

and PMSF, followed by sonication for 20 sec at cycle 3, power 30%. Next, cell or tissue 

homogenates were clarified by centrifugation at 14,000 rpm for 10 min at 4 °C. Supernatant, 

representing the cytoplasmic protein fraction, was transferred to a fresh Eppendorf tube and 

protein concentration was determined using Biorad® DC protein assay kit following 

manufacturer´s instructions. 10 – 20 μg of proteins in 4x Laemmli buffer were boiled at 95°C 

for 5 min and separated by SDS-PAGE. The separated proteins were blotted onto 

nitrocellulose membranes, followed by RedAlert™ staining to verify successful protein transfer. 

Nitrocellulose membranes were blocked in either 5% skim milk / TBS-T or 5% BSA/TBS-T for 

30 min shaking at RT and probed with specific primary antibodies shaking overnight at 4°C. 

The following day, the membrane was washed by shaking 5 times for 5 min each using 1x 

TBS-T at RT, followed by incubation with peroxidase-conjugated secondary antibodies for at 

least 1 h shaking at RT. The membrane was then subsequently washed through shaking at 

RT 5 times for 5 min each using 1x TBS-T. Finally, proteins were visualized by 

chemiluminescence using the Super Signal West Pico Chemiluminescent Substrate kit on a 

ChemiDoc™ MP Imaging System. Densitometric analysis of the chemiluminescence signals 

was carried out using the ImageLab software to quantify the relative protein expression. 

Absolute protein expressions were calculated by normalization to loading control.  

2.2.13 Generation of RBPMSB-APEX2 and APEX2 constructs 

The RBPMSB-APEX2-V5-NES-copGFP expression construct was generated through a multi-

step molecular cloning strategy. First, the murine Rbpmsb open reading frame (ORF) was 

amplified via PCR using primers RBPMSB-fusion-for and RBPMSB-fusion-rev. Concurrently, 

the V5-APEX2-NES fusion plasmid was PCR-amplified from the pcDNA3.1_V5-APEX2-NES 

plasmid (Addgene # 49386) with primers V5-APEX2-for and V5-APEX2-rev. These two PCR 

products were fused through overlap extension PCR using primers RBPMS-APEX-for and 

RBPMS-APEX-fusion-rev to generate the RBPMSB-V5-APEX2-NES fragment. This 

intermediate product was subsequently fused to copGFP through a second round of overlap 

extension PCR using RBPMS-APEX-for and APEX-GFP-rev primers. The final amplicon, 

encoding RBPMSB-APEX2-V5-NES-copGFP, was ligated into the modified pCAG-IRES-puro 



32 
 

backbone vector (restriction sites: PacI and AscI) using the ClonExpress Ultra One Step 

Cloning. To generate the RBPMSB-HA-T2A-APEX2-NES-copGFP construct, a synthetic T2A 

peptide sequence was inserted via overlap extension PCR. The HA-tagged RBPMSB-T2A was 

amplified using RBPMS-APEX-for and RBPMS-T2A-rev, while the downstream APEX2-NES-

copGFP region was amplified using primers RBPMS-T2A-for and APEX-GFP-rev for 

RBPMSB-T2A-APEX2-NES-copGFP. These two fragments were subsequently fused to 

produce the final RBPMSB-HA-T2A-APEX2-NES-copGFP construct. 

2.2.14 APEX2 proximity labeling 

HEK293 cells were seeded in 6-well plates one day prior to labeling to reach ~80–90% 

confluency. Cells were either left untreated or subjected to heat stress at 46°C for 30 min. 

Biotin-phenol (BP) was added to the culture medium at a final concentration of 500 µM for 30 

min at 37°C, concurrently with stress induction. APEX2-mediated labeling was initiated by 

adding 1 mM hydrogen peroxide for 1 min at RT. Cells were washed 5x with a quencher 

solution and collected using cell scrapers, pelleted by centrifugation at 300 x g for 10 min, and 

either resuspended in cold lysis buffer or stored at -80°C for further processing.  

Protein levels were determined with the Pierce 660 nm Protein Assay following manufacturer’s 

instruction. Prior to pull down, magnetic beads coated with streptavidin were equilibrated with 

lysis buffer containing 10 mM sodium ascorbate, 5 mM Trolox, 10mM sodium azide and 

protease inhibitors for a total of three washes. Proximity dependent biotin affinity capture was 

performed by incubating 1 mg/mL of clarified cell lysate with 50 μL beads on a rotating wheel 

overnight at 4°C. Beads were washed twice with lysis buffer, once with 1 M KCL, once with 0.1 

M Na2CO3, once with 2 M Urea in 10 mM Tris-HCL (pH 8.0) and twice with lysis buffer. 

Biotinylated proteins were eluted by boiling streptavidin coated beads in 1 x NuPAGE® LDS 

sample buffer supplemented with 2 mM biotin and 20 mM dithiodreithol (DTT) and boiled at 

95°C for 5 min, followed by SDS-PAGE, and in-gel digestion coupled to LC-MS/MS to identify 

protein interaction partners in close proximity to the fusion construct. APEX2 analysis was 

performed using technical triplicates for each condition. 

2.2.15 Identification of protein interaction partners of RBPMSA and RBPMSB 

GFP-tagged RBPMS variants were generated as C-terminally tagged versions (RBPMSA-

GFP& RBPMSB-GFP) using the pCAG-IRES-Puro vector, which also served to produce the 

GFP control construct. Stable polyclonal mouse ES cell clones were generated by 

electroporation in murine V6.5 ES cells and puromycin selection. Stable expression of GFP-

fusion constructs was tested by western blot analysis using an anti-GFP antibody. For GFP 

pulldown experiments, mESCs were cultured on feeder cells and trypsinized for harvesting. To 

deplete feeder cells, mESC and feeder cells were pre-plated for 1 h on a 10 cm cell culture 

dish. Supernatant mESCs were lysed for the mass spectrometry based interactome screen 
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using GFP-Trap® (Chromotek) according to the manufactor´s protocol. Collected magnetic 

agarose beads, which bind fusion protein and the corresponding interactome, were analyzed 

by liquid chromatography-mass spectrometry.  

2.2.16 Liquid chromatography/tandem mass spectrometry (LC-MS/MS) analysis 

Beads were processed using off bead digest, followed by using reductive dimethylation and 

liquid chromatography/tandem mass spectrometry (LC/MS2) analysis as described 

(Deutschmeyer et al., 2019), but used version 1.6.0.1 of the MaxQuant suite of algorithms (Cox 

and Mann, 2008; Cox et al., 2011) and a murine canonical and isoforms uniprot database (The 

UniProt Consortium, 2007; downloaded 2017/08/17; 90200 entries) (Bairoch et al., 2007). 

Downstream data analysis and plotting was performed using an R (R Core Team, 2020) and 

limma (Ritchie et al., 2015) based analysis pipeline 

(https://github.com/bhagwataditya/autonomics), including a Fisher exact test against the 

detectome for over-representation with respect to GO (Ashburner et al., 2000) and KEGG 

(Kanehisa et al., 2012) categories. 

2.2.17 Isolation of mouse embryonic fibroblasts 

Mouse embryonic fibroblasts (MEFs) were isolated from RBPMSB-APEX2+/-Creneg and 

RBPMSB-APEX2+/-Crepos mice and the corresponding controls APEX2+/-Creneg and APEX2+/-

Crepos at embryonic day (E) 13.5 as described by Jozefczuk et al., 2012. Briefly, pregnant mice 

were sacrificed by cervical dislocation, embryos isolated and placed separately into a fresh 

petri dish containing ice-cold 1x PBS. The umbilical cord and the hematopoietic tissue together 

with the tubular intestine were removed from each embryo and the bulk of the CNS was 

trimmed off by dissecting away the head above the level of the oral cavity. A small piece of the 

tail was saved for DNA extraction and genotyping. Each remaining embryo was transferred to 

a tissue culture hood, placed in a 100 mm dish containing 5 mL of 0.25% trypsin-EDTA, and 

minced with a sterile scalpel for 2 min. After incubation for 10 min at 37°C, individual cells were 

separated by extensive pipetting and further incubation at 37°C for 10 min. After adding 5 mL 

of DMEM, supplemented with 10% FCS and 1% L-glutamine-penicillin-streptomycin, MEFs 

were spin down at 1,000 rpm for 5 min, and the supernatant was carefully aspirated off. The 

cell pellets were re-suspended in 10 mL DMEM supplemented with 10% FCS and 1% L-

glutamine- penicillin-streptomycin, and plated to a new 100 mm dish. MEFs were maintained 

at 37°C and 5 % CO2 and considered to be at passage at this stage.  

2.2.18 Isolation of mouse neonatal cardiomyocytes  

Timed matings were set up to collect mouse hearts from pups at postnatal days P0-P2 for 

cardiomyocytes isolation. Pups were decapitated using sterile scissors, after which the thoracic 

cavity was accessed by opening the sternum. The hearts were carefully excised and 

immediately transferred to a bacterial dish containing ice-cold 1x PBS. Subsequently, lung 
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tissue, major blood vessels, and atrial structures were removed to obtain purified ventricular 

tissue. Cardiomyocyte dissociation was performed using the Neonatal Heart Dissociation Kit 

in combination with the gentleMACS Octo Dissociator with Heaters, following the 

manufacturer’s instructions. After dissociation, the cardiomyocyte fraction was then isolated 

using the Mouse Neonatal Cardiomyocyte Isolation Kit according to the manufacturer’s 

protocol. The freshly isolated cardiomyocytes were either processed for RNA and protein 

extraction or used for cell culture experiments. For culturing, cells were gently resuspended in 

DMEM supplemented with 5% FCS and 1% P/S/G. The cells were then seeded onto 

fibronectin-precoated culture dishes or chamber slides (coated with 10% fibronectin in DPBS) 

and maintained at 37°C in a humidified incubator with 5% CO2. 

2.2.19 Isolation of adult cardiomyocytes 

Cardiomyocytes were isolated from murine hearts by enzymatic digestion using a Langendorf 

system as previously described by O’Connell et al., 2007. In brief, dissected hearts were 

cannulated via the aorta and arrested by retrograde perfusion with calcium-free buffer. 

Cannulated hearts were enzymatically digested by perfusion with enzyme buffer solution and 

cut off from the cannula. Atria were separated, and ventricles were minced in stop buffer 1. 

After gentle pipetting, myocytes were at 500 rpm centrifuged for 1 min and cell pellets, 

containing the cardiomyocyte fraction, were resuspended in stop buffer 2. The calcium content 

of the cell suspension was then stepwise adjusted to 1 mM and cardiomyocyte-containing cell 

pellets were re-suspended in M199 cell culture medium, supplemented with 5 mM creatinine 

x H2O, 2 mM L-carnitine x HCl, 25 mM HEPES, 1% penicillin/streptavidin, 10% FCS, and 1% 

insulin-transferrin-sodium selenite media supplement, adjusted to pH 7.3. Isolated 

cardiomyocytes were seeded on cell culture dishes or chamber slides pre-coated with laminin 

(10 μg/μL laminin in MEM media) and cultured at 37°C and 5% CO2. 

2.2.20 Immunofluorescence staining of cells and tissues 

Cells were seeded and processed on Nunc Lab-Tek Chamber slides. Cells were fixed in 4% 

PFA / 1x PBS for 15 min at RT. After three washing steps in 1x PBS, samples were 

permeabilized in 0.05% Triton X-100 / 1x PBS for 15 min. Another three times washing steps 

with 1x PBS were performed before incubating the samples in a blocking solution containing 

0.1% BSA in 1x PBS for 30 min to reduce non-specific antibody binding. Afterwards, cells were 

incubated overnight at 4°C with primary antibodies, which were diluted in a blocking solution. 

The next day, samples were washed 3 times in 1x PBS for 5 min each at RT, followed by 

incubation with the respective secondary antibodies diluted in the blocking solution, for 2 h at 

RT. After three washing steps in 1x PBS for 5 min each, nuclei were counterstained with 4’,6-

diamidino-2-phenylindole (DAPI), diluted 1:1000 in blocking solution, for 5-10 min. Finally, cells 
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were again washed for another 3 times with 1x PBS, mounted in Mowiol 4-88, covered with 

glass slides and analyzed using a fluorescence microscope. 

2.2.21 Human myocardial biopsies 

Human myocardial tissue samples were obtained from left ventricular biopsies of 

transplanted hearts. Immediately after tissue procurement, cardiac biopsies were shock frozen 

in liquid nitrogen, stored at - 80°C and processed for molecular analysis and 

immunohistochemistry. All patients delivered a prospective written informed consent for 

research use of cardiac tissues to comply with the requirements of the Medical Council in 

Hesse, Germany, and the institutional ethics guidelines of the Kerckhoff-Klinik, Bad Nauheim, 

Germany. The study was approved by the ethics committee of the Medical Council in Hesse, 

Germany. The responsible person at the clinic is Dr. Manfred Richter.  

2.2.22 Image acquisition and processing 

Stained cells and cardiac tissue sections were analyzed using a confocal microscope Leica 

TCS SP8 Confocal or a Leica TCS SP8 Multiphoton. All settings for laser excitation, scanning 

speed and amplification settings were kept constant during each experiment. Sequential scans 

were stacked and are shown as maximum projection. Images were processed using 

ImageJ/Fiji software.  

2.2.23 Statistical analysis 

Number of samples of the certain genotypes is indicated as “n” in figure legends. Every 

statistical analysis depicted in this work was completed using the Graph Pad Prism software 

(version 6 or version 9). All data are presented as mean ± SD (standard deviation) and P-

values less than 0.05 were considered statistically significant. Unless otherwise stated, 

statistical significance between groups was assessed using a two-tailed Student’s t-test (2 

groups) or ANOVA analysis (> 2 groups). All analyses were based on neither randomization 

or blinding. No animals were excluded from statistical analysis. All calculations and bar 

diagrams were done using GraphPad Prism 9.2.0. Venn diagrams were generated using 

Venny v2.1.0 to examine the overlap among conditions. The Integrative Genomics Viewer 

(IGV) 2.3.91 was used for the visual exploration of sequencing data and WIlsON R package 

was used for plotting feature-based sequencing data. 
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3. Results 

 

3.1 Biomolecular condensate formation in diseased human myocardium 

Biomolecular condensates have emerged as critical players in human diseases, particularly in 

neurodegeneration and cancer. While SGs and their dysregulation are well-characterized in 

neurodegenerative disorders, their turnover kinetics, composition and (patho)physiological 

roles in cardiovascular system remain poorly understood. Consequently, we investigated 

whether RNP condensates in human cardiac tissue possess a distinct composition, aiming to 

uncover the molecular mechanisms driving pathogenic RNP granule accumulation and its 

potential role in heart failure. Cardiac biopsies of explanted hearts were obtained from 

randomly selected human patients suffering from myocarditis or late-end stage dilated 

cardiomyopathy (DCM). Human heart tissue from patients undergoing surgical correction of 

aortic stenosis were used as non-heart failure controls.  

TDP-43 is the major disease-associated protein involved in the pathogenesis and progression 

of amyotrophic lateral sclerosis (ALS). In affected neurons, TDP-43 shows a transition from 

reversible dynamic state to an irreversible, phosphorylated aggregated state, which is strongly 

associated with neuronal dysfunction and degeneration of ALS patients (Zbinden et al., 2020; 

Patel et al., 2015). Previous studies reported the presence of abnormal TDP-43 deposition in 

the myocardium of ALS patients (Mori et al., 2019). Notably, cardiomyocytes of DCM and 

myocarditis patients were characterized by a rounded morphology and an increased nuclear 

volume, whereas cardiomyocytes from control tissue showed well-preserved sarcomere 

structure. Immunostaining with an antibody specifically recognizing the phosphorylated form 

of TDP-43 revealed short, linear TDP-43 inclusions in cardiomyocytes from aortic stenosis 

control patients (Figure 7A), whereas large, dense filamentous inclusions of TDP-43 

aggregates were found in cardiomyocytes from patients with DCM or myocarditis (Figure 7B, 

C). In addition to the increased incidence of phosphorylated TDP-43 (pTDP-43) aggregates 

observed in heart tissue from patients with DCM or myocarditis compared to control samples, 

the mean density of these aggregates was also found to be significantly higher (Figure 7D).  
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Figure 7 Presence of large, dense, filamentous TDP-43 inclusions in human cardiac 

biopsies from patients with late-end stage dilated cardiomyopathy and myocarditis. 

A-C Representative confocal images of human cardiac biopsies from patients with aortic stenosis (A), 

late-end stage dilated cardiomyopathy (DCM) (B) and myocarditis (MYD) (C) stained for TDP-43 (cyan), 

F-actin (yellow) and nuclear marker DAPI (blue). Scale bar, 20 µm. D Quantification of TDP-43 plaque 

area per longitudinal section area (%) of samples from DCM and myocarditis patients compared to 

controls.  

Next, to investigate the potential role of RNPs in cardiovascular disease, we performed 

immunofluorescence staining for established SG marker proteins. In particular, G3BP1 and 

PABPC1 were analyzed in heart tissue from diseased and control samples. In human cardiac 

tissue, biomolecular condensate analysis demonstrated lower G3BP1 levels in controls (Figure 

8A), whereas failing hearts displayed a marked accumulation (Figure 8B, C). Cardiomyocytes 

of late end-stage DCM patients exhibited a higher number of SGs, which were also notably 

larger in size (Figure 8B). These enlarged SGs invariably contained both key SG components, 

G3BP1 and PABPC1. In addition to cytoplasmic SGs, large G3BP1-positive puncta were also 
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observed within the nuclei of cardiomyocytes enriched for SGs (Figure 8B, C), suggesting a 

potential nuclear involvement in SG-associated pathology.  

 

Figure 8 Enhanced stress granules formation in late-end stage dilated cardiomyopathy 

and myocarditis patients.  

A-C Immunofluorescence staining of PABPC1 (magenta), G3BP1 (cyan), F-actin (yellow) and nuclear 

marker DAPI (blue) in cross-sectioned hearts from control individuals (A) and patients with late-end 

stage dilated cardiomyopathy (DCM) (B) or myocarditis (MYD) (C). Arrows indicate colocalization of 

PABPC1 and G3BP1. Scale bar, 20 µm. 

 

Furthermore, colocalization studies of G3BP1 and the aggregate marker p62 indicate that 

persistent SG accumulation may lead to the formation of aggregate-like structures in stressed 

cardiomyocytes (Figure 9B, C). These results suggest altered dynamics of SGs and an 

associated accumulation of misfolded proteins, which may drive their transition from a dynamic 

to an aberrant, solid-like state. Importantly, in DCM samples, p62 staining exhibited a 

filamentous pattern with punctate aggregates predominantly localized in the perinuclear 



39 
 

region, corresponding to lysosome-rich areas (Figure 9B, C). Additionally, fat deposits present 

in cardiac tissue can be detected by their high autofluorescence, especially in the green 

channel. However, these fat deposits can be clearly distinguished from SGs and p62-positive 

aggregates by their characteristic structure and generally larger size. This analysis reveals, for 

the first time, that RNP assemblies are present and altered in diseased human hearts. 

 

 

Figure 9 P62 accumulation and colocalization with G3BP1 in cardiomyocytes from 

patients with late-end stage dilated cardiomyopathy and myocarditis.  

A-C Human cardiac biopsies from (A) control individuals and patients with (B) late-end stage dilated 

cardiomyopathy (DCM) or (C) myocarditis (MYD) were stained for p62 (magenta), G3BP1 (cyan), F-

actin (yellow) and nuclear marker DAPI (blue). Arrows indicate colocalization of G3BP1 and p62, 

arrowhead indicate filamentous aggregation of p62. Scale bar, 20 µm. 
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3.2 RBPMS abundance and localization is altered in human diseases and 

animal model 

RBPMS is involved in various cellular processes and recent studies have demonstrated that 

in response to cellular stress, RBPMS undergoes a subcellular localization shift from the 

nucleus to the cytosol, reflecting its dynamic role in stress-regulated RNA metabolism and 

cellular adaptation. Under these conditions, RBPMS is recruited to SGs and P-bodies 

(Rambout et al., 2016). This redistribution suggests a potential role for RBPMS in modulating 

RNP complex assembly and dynamics. The Mammalian Stress Granules Proteome (MSGP) 

database is a comprehensive repository detailing experimentally validated proteins localized 

to mammalian SGs. Based on this database, we extracted and analyzed SG protein expression 

levels, comparing patients with different neurodegenerative diseases to healthy controls. In 

particular, this study identified a marked up-regulation of RBPMS expression in the motor 

cortex of ALS patients, prompting the hypothesis that comparable changes in its expression 

and subcellular localization may also occur in the heart under pathological conditions. To 

directly assess a potential correlation between RBPMS protein dynamics and human heart 

disease, left ventricular biopsies were analyzed for subcellular localization. Interestingly, in the 

healthy myocardium, RBPMS was predominantly localized to the nuclei of cardiomyocytes 

(Figure 10A). However, in various subtypes of human heart disease, including DCM and 

myocarditis, RBPMS subcellular localization switched to the cytoplasm, potentially associating 

with the actin cytoskeleton and intercalated discs (Figure 10B, C).  
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Figure 10 RBPMS mislocalization in cardiomyocytes from patients with late-end stage 

dilated cardiomyopathy and myocarditis.  

A-C Immunofluorescence staining of RBPMS (magenta), F-actin (yellow) and nuclear marker DAPI 

(blue) in cross-sectioned hearts from control individuals (A) and patients with late-end stage dilated 

cardiomyopathy (DCM) (B) or myocarditis (MYD) (C). Scale bar, 20 µm.  

To further verify this hypothesis, we used a mouse disease model driven by doxycycline-

induced overexpression of the inflammatory cytokine Oncostatin M (OSM) in cardiomyocytes 

(OSM+/-). OSM has been demonstrated to promote dedifferentiation of cardiomyocytes and to 

exacerbate cardiac failure, leading to reduced ejection fraction and reduced fractional 

shortening. Moreover, RNA sequencing of heart tissue showed increased expression of genes 

linked to inflammation and fibrotic processes (Jengelley et al., 2022). For this reason, this 

disease model represents a reasonable model for inflammation. Indeed, studies from our 

laboratory demonstrated that doxycycline-inducible cardiomyocyte-specific overexpression of 

OSM in mice resulted in the development of DCM characterized by decreased myocardial wall 

thickness and dilated ventricles. The observed upregulation of the JAK/STAT3 (P-Stat3) and 
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Ras/Raf/MEK/Erk (P-Erk1/2) signaling pathways provides evidence of their activation in 

response to cardiac stress or injury, such as myocardial infarction or inflammation. These 

pathways play crucial roles in mediating cardioprotective and reparative mechanisms, 

including the regulation of cell growth, proliferation, differentiation, and adaptive responses, 

thereby contributing to the maintenance of cardiac function under pathophysiological 

conditions (Figure 11A). In addition, the protein level of α-tubulin was altered following OSM 

overexpression, demonstrating a destabilization of microtubule structure as a hallmark of 

different cardiac pathologies, including cardiac hypertrophy and heart failure (Figure 11B, C). 

In this context, we investigated the protein levels of RBPMSA and RBPMSB in our OSM 

disease model and the corresponding littermate controls. Immunoblot analysis of OSM 

overexpression hearts revealed a significant upregulation of both, RBPMSA and RBPMSB, 

protein isoforms in comparison to control hearts. This upregulation may indicate attempts to 

preserve cardiac function through modulation of AS, suggesting a potential role in cardiac 

pathology. However, RBPMS can also be expressed by immune cells infiltrating the heart 

tissue during disease. Therefore, the increased protein levels might partially arise from these 

immune cells rather than cardiomyocytes exclusively. To conclusively determine cell-specific 

expression, further studies focusing on isolated cardiomyocytes are needed, although efficient 

isolation from these hearts remains challenging.   
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Figure 11 Upregulation of RBPMS in a cardiac inflammation model induced by 

Oncostatin M overexpression.  

A Images of dissected hearts and H&E-stained cross-sections from Oncostatin M (OSM) 

overexpressing and control hearts and immunoblot analysis of JAK/Stat3 (P-Stat3) und 

Ras/Raf/MEK/Erk (P-Erk1/2) levels. Mice were analyzed 7 days after doxycycline 

administration. B RBPMSA, RBPMSB and α-Tubulin protein levels in OSM overexpression (n 

= 4) and control mouse hearts (n = 3). C Quantification of RBPMSA, RBPMSB and α-Tubulin 

protein levels relative to GAPDH expression. Data represent the mean ± SD. Two-tailed 

unpaired t-test. *P < 0.05. ns = not significant. 

3.3 RBPMS localizes to stress granules in cardiomyocytes upon heat shock 

Given that RBPMS alters its subcellular localization under cardiac disease conditions, we 

hypothesized that RBPMS may also contribute to the formation of cytoplasmic granules in 

isolated cardiomyocytes subjected to stress conditions. To explore the subcellular localization 

of RBPMS and a potential recruitment to SGs, isolated neonatal cardiomyocytes were 

subjected to heat shock (46° C for 30 min). Colocalization of RBPMS and the well-known SG 

marker protein G3BP1 was visualized by immunofluorescence staining and further validated 

by quantitative colocalization analysis using JACoP. The Pearson correlation coefficient (PCC) 

confirmed a strong correlation (r = 0.786) compared to controls (r = 0.684). Notably, larger SGs 

were concentrated in the perinuclear region, suggesting a close interaction with the nucleus to 

facilitate signaling processes (Figure 12A, B). To gain insight into the composition and 

dynamics of RNPs in the cardiovascular system, we employed a selected RBPMS isoform as 

a bait protein to visualize and characterize RNPs. More specifically, the RBPMS isoform B 

(RBPMSB) which is predominantly localized to the cytoplasm, implying a critical  role in SG 

formation and function.  
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Figure 12 Subcellular localization shift of RBPMS to stress granules in heat-shock 

treated primary neonatal cardiomyocytes.  

A Representative images of murine neonatal cardiomyocytes (P0) under normal and heat 

shock stress conditions (46°C, 1 h), co-stained with G3BP1 (cyan), RBPMS (magenta), 

nuclei (DAPI, blue) and F-Actin (yellow). Arrows indicate individual stress granules in which 

both G3BP1 and RBPMS overlap. Scale bar, 10 µm. B Scatter plots of cyan [channel 1 

(Ch1)] and magenta [channel 2 (Ch2)] pixel intensities and Pearson’s correlation coefficients 

showing colocalization of the images in A. 

3.4 APEX2-based proximity labeling in HEK293T cells identified colocalization 

of RBPMSB with nuclear chromatin remodelers in stress granules under stress 

conditions  

Recent advanced in methods for determining the composition of membraneless assemblies, 

including biochemical affinity purification, sorting, and proximity labeling, now make it possible 

to characterize the protein content of cytoplasmic RNP granules such as SGs and P-bodies 

(Hubstenberger et al., 2017; Jain et al., 2016; Markmiller et al., 2018). In this study, we 

combined a proximity labeling approach with quantitative mass spectrometry and RBP-focused 
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immunofluorescence approach to comprehensively expand our knowledge of the protein 

composition and dynamics of SGs in the heart. The previously described optimized biotin 

ligases TurboID or miniTurbo (Branon et al., 2018) and engineered ascorbate peroxidase 

APEX2 (Hung et al., 2014; Lam et al., 2015; Martell et al., 2012; Rhee et al., 2013) enable the 

identification of proteins in close proximity to a protein of interest. A comparative analysis was 

performed between the two optimized biotin ligases and APEX2. Unexpectedly, only a limited 

subset of proteins biotinylated by TurboID or miniTurbo had been previously identified as SG 

components (see Appendix Figure 43-45). In conclusion, the latest-generation biotin ligases, 

TurboID and miniTurbo, enable rapid and efficient biotinylation; however, their excessively high 

basal activity makes them unsuitable for studying highly dynamic structures such as SGs. 

In contrast, APEX2's combination of short labeling time, spatial precision, and compatibility 

with native environments makes it particularly effective for studying transient interactions in 

dynamic changing structures like the formation of SGs. To demonstrate the feasibility of 

APEX2-mediated proximity labeling in mammalian cells, a proof-of-principle experiment was 

conducted in HEK293T cells. This involved stable transfection with APEX2 fusion construct 

encoding RBPMSB, which was fused in frame to a carboxyl-terminal V5-tagged engineered 

variant of soybean ascorbate peroxidase APEX2, hereafter referred to as RBPMSB-APEX2. 

This construct encodes an additional nuclear export signal (NES) to ensure cytoplasmic 

localization and a copGFP for visualization (Figure 13A). Previous analysis identified a 

conserved NES (VFCPLLQQIRF) motif within the mouse and human RBPMSB protein 

sequences, which potentially mediates the differential subcellular localization of the this 

RBPMS isoform (Shan et al., 2025). As a control for APEX2-mediated labeling in the entire 

cytoplasm, a self-cleaving T2A peptide sequence was introduced between the open reading 

frame of RBPMSB and V5-APEX2-NES-copGFP (hereafter referred to as APEX2). Stable 

HEK293T lines expressing either RBPMSB-APEX2 or control APEX2 were subsequently 

established for the proximity labeling studies. In order to validate correct subcellular 

localization and to ensure that the tagged RBPMSB recapitulates the endogenous distribution, 

immunofluorescence analysis was performed. Detection of tagged RBPMSB using both the 

anti‑V5 antibody and the copGFP-tag demonstrated exclusive cytoplasmic localization 

(Figures 13B and 14B). Consistently, the APEX2 fusion protein displayed a diffuse cytoplasmic 

signal that remained unchanged upon heat shock (Figure 14B). The strategy enables 

nonspecific labeling of cytoplasmic protein, thereby minimizing the risk of detecting false-

positive RBPMSB interaction partners arising from unspecific complex formation, and provides 

a suitable control for subsequent experiments. Furthermore, immunoblot analysis of total 

protein extracts corroborated equal protein levels of the respective constructs at the expected 

molecular size (Figure 13C). 
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Figure 13 Schematic view and validation of RBPMSB-APEX2 and APEX2 constructs in 

HEK293T cells for proximity labeling.  

A Schematic representation of RBPMSB-V5-APEX2-NES-copGFP (RBPMSB-APEX2) and RBPMSB-

T2A-V5-APEX2-NES-copGFP (APEX2). B HEK293T cells were stably transfected with fusion plasmids 

encoding for RBPMSB-APEX2 or APEX2 as indicated. The subcellular localization of the overexpressed 

proteins was analyzed by direct detection of the copGFP signal by light microscopy. Scale bar, 20 µm. 

C The protein abundances and efficient cleavage of the RBPMSB-APEX2 precursors were confirmed 

by immunoblotting analysis probed with anti-V5 and anti-T2A antibodies. GAPDH was used as a loading 

control. Mock= empty vector, untransf. = untransfected control cells.  
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Figure 14 Proximity dependent biotinylation and affinity purification approach to 

identify the interactome of RBPMSB.  

A Schematic view of experimental workflow for APEX2 proximity labeling of proteins with biotin-phenol. 

HEK293T cells were stably transfected with plasmids encoding RBPMSB-APEX2 and APEX2, 
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unstressed and heat shock-treated cells were subjected to APEX2-mediated biotinylation. Biotinylated 

endogenous proteins in close proximity to the fusion protein were isolated by affinity capture on 

streptavidin-coated beads and identified by LC-MS/MS. B Confocal fluorescence imaging of unstressed 

and heat shocked cells with anti-streptavidin antibody (magenta) to detect biotinylation, anti-V5 antibody 

(green) and nuclei (DAPI, blue). Scale bar, 10 µm. C RedAlert staining (right), streptavidin-HRP analysis 

of induced protein biotinylation (left) in whole cell lysates displays a broad range of protein bands across 

various molecular weights and immunoblot analysis probed with anti-V5 antibody. GAPDH served as a 

loading control.  

To identify stress-dependent interactors of RBPMS, we performed a comparative analysis of 

biotinylated proteins in RBPMSB-APEX2 cells subjected to stress and unstressed conditions. 

In addition, specificity was achieved by comparing lysates from stressed RBPMSB-APEX2-

expressing cells and cells expressing APEX2 alone, which served as a control for 

normalization. The qualitative control of the APEX2 approach by principal component analysis 

(PCA) revealed a distinct separation of the different experimental groups (RBPMSB-APEX2, 

RBPMSB-APEX2 with stress and APEX2 control) (Figure 15A). Mass spectrometry identified 

putative granule components that included numerous proteins associated with RNA 

metabolism, along with a substantial proportion of nuclear proteins (Figure 15B). The latter 

were involved in biological processes such as histone modification, chromatin remodeling, and 

chromosome organization (Figure 15C, D). These findings are in line with previous studies 

indicating that numerous molecular components exhibit dual localization and are shuttling 

between nucleoli and SGs in response to endogenous and environmental signals, thereby 

controlling cell survival (Mahboubi et al., 2014).   
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Figure 15 APEX2-mediated proximity labeling of cytoplasmically localized RBPMSB in 

HEK293T cells identified a subset of nuclear proteins.  

A Principal Component Analysis (PCA) of APEX2-mediated proximity labeling indicate the separation 

of the individual biological replicates (1-3) and different experimental subgroups (RBPMSB-APEX2, 

RBPMSB-APEX2_stressed and APEX2 control) after streptavidin-pulldown and mass spectrometry 

(MS) analysis. Scatter within groups is depicted as a percentage in two dimensions (X1, X2). B Volcano 

plot showing proteins biotinylated by RBPMSB-APEX2 in comparison to APEX2. Nuclear proteins are 

depicted in red. C, D Box plots showing the top 10 enriched GO terms for proteins preferentially labeled 

by RBPMSB-APEX2 upon heat stress. GO terms refer to biological process (C) or cellular component 

(D). GO terms related to nuclear events are depicted in red.  

Among the identified nuclear proteins, SMARCC2 and DNMT3B were selected for 

experimental validation, as these proteins have not previously been described as components 

of SGs. SMARCC2 is one of the three core subunits of the large ATP-dependent SWI/SNF 

chromatin remodeling complex, along with SMARCA2 and SMARCB1. Acting as a DNA-

binding protein, it helps recruit the complex to specific genomic regions, thereby promoting 

chromatin remodeling and regulating gene expression (Li et al., 2022). DNMT3B is a member 

of the DNA methyltransferase (DNMT) family and plays a critical role in maintaining genomic 

stability and mediating tissue-specific gene expression patterns (Gao et al., 2022). Upon heat 

shock exposure, a fraction of SMARCC2 and DNMT3B undergoes a subcellular redistribution, 
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translocating to the cytosol and assembling into SGs, as evidenced by their colocalization with 

the SG marker G3BP1 (Figure 16A, B). This observation prompted us to investigate whether 

stress withdrawal reverts the subcellular switch. Remarkably, upon recovery from heat stress 

and SG disassembly, SMARCC2 shuttles back into the nucleus (Figure 17). Collectively, these 

data confirm the reliability of APEX2-mediated proximity labeling and demonstrate its potential 

as a robust tool for investigating RNP composition. 

 

Figure 16 Nuclear proteins SMARCC2 and DNMT3B are recruited to SGs upon heat 

shock.  

A, B Co-staining of untreated and heat-shocked (46°C, 1 h) HEK293T cells with G3BP1 (magenta), 

SMARCC2 (A) or DNMT3B (B) (yellow) and nuclei (DAPI, blue). Scale bar, 10 µm.  
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Figure 17 SMARCC2 shuttles between nucleus and cytoplasm in response to heat 

stress.  

Immunofluorescence staining of G3BP1 (cyan), SMARCC2 (magenta) and nuclei (DAPI, blue) in non-

treated and heat-shocked (46°C, 30 min) HEK293T cells. After stress exposure, cells were cultured for 

1 h at 37°C to initiate the recovery phase. Scale bar, 20 µm.  

3.5 Establishing APEX2-mediated proximity labeling in murine HL-1 cell line 

In a next step, APEX2-mediated proximity labeling was established in cardiac muscle cell line 

HL-1 using transient transfection of the (RBPMSB)-APEX2 expression constructs as described 

above (3.4). Cytoplasmic localization of the APEX-fusion proteins was detected by the copGFP 

signal. Western blot analysis using an antibody against V5 epitope tag verified comparable 

expression levels of the fusion and control constructs and calculated molecular weights (Figure 

18A, B). In addition, RBPMSB-APEX2 was recruited to SGs in response to heat stress (Figure 

18C).  

Previous studies demonstrated that HL-1 cells exhibit a relatively low permeability to biotin-

phenol (data not shown), necessitating the establishment of a modified labeling protocol to 

adapt BP and H2O2 concentrations. The optimized protocol employs elevated BP (5 mM) and 

reduced exogenous H2O2 (0.5 mM) concentrations, resulting in enhanced biotinylation 

efficiency and enabling APEX2 labeling in HL-1 cells (Figure 18D, E). Notably, the reduction 
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in H2O2 concentration minimizes cytotoxicity while preserving labeling efficiency, representing 

a significant methodological advancement.  

 

 

 

Figure 18 Optimized conditions for APEX2-mediated proximity biotinylation in cardiac 

HL-1 cells.  

A Fluorescence microscopy images detecting copGFP signal of HL-1 cells transiently transfected with 

RBPMSB-APEX2 and APEX2 fusion constructs. Scale bar, 20 µm. B Western blot validation of APEX2 

and RBPMSB-APEX2 fusion proteins at calculated molecular weights in transiently transfected Hl-1 

cells. C Representative images of heat-shocked HL-1 cells expressing RBPMSB-APEX2 stained with 

V5 (cyan), G3BP1 (magenta) and DAPI (blue). Scale bar, 15 µm. D HL-1 cells expressing RBPMSB-

APEX2 or APEX2 were preincubated with the indicated concentrations of biotin-phenol for 30 min, 
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followed by the addition of indicated concentration H2O2 for 1 min. Whole cell lysates were probed with 

streptavidin-HRP and E the relative biotinylation activity was quantified. RedAlert staining was used for 

normalization.  

In the next step, the optimized protocol was applied to HL-1 cells for proximity-labeling of 

proteins by RBPMSB-APEX2 or APEX2 control, followed by combined affinity purification and 

LC-MS/MS. To identify stress-dependent interactors of RBPMS in cardiomyocytes, we 

performed a comparative analysis of biotinylated proteins in RBPMS-APEX2 cells subjected 

to stress (heat shock) and those maintained under unstressed conditions. To account for non-

specific background labeling, comparative proteomic analysis was performed between lysates 

derived from stressed RBPMSB-APEX2-expressing cells and APEX2 controls. PCA of the 

mass spectrometry data revealed distinct variability within the dataset, demonstrating clear 

separation among the three experimental groups (RBPMSB, RBPMSB_stress and APEX2 

control). This analysis clearly indicates that all groups displayed distinct proteomic profiles, 

with the most pronounced difference observed between APEX2 and RBPMSB-APEX2 in the 

presence of stress (Figure 19A). Notably, comparison of significantly enriched proteins under 

heat stress with the Mammalian Stress Granules Proteome (MSGP) database revealed that 

23% (27 out of 120) of the RBPMSB-APEX2 interactors under stress conditions are 

established SG markers/components (Figure 19B, C). Although the majority of biotinylated 

proteins are enriched for GO terms linked to nuclear functions, including spliceosomal 

complexes, mRNA processing, and DNA replication, some are also associated with 

cytoplasmic SGs (Figure 19E, F). Furthermore, RBPMS-APEX2 interactors encompass a 

minor proportion of known paraspeckle (PS) proteins, representing approximately 15% 

(18/120) of all enriched proteins (Figure 19B, D). These data indicate a potential link between 

SGs and the nucleus, through the exchange of proteins, which supports cellular adaptation 

during stress. 

 



54 
 

 

Figure 19 APEX2-mediated proximity labeling of RBPMSB in cardiac HL-1 cells 

identified stress granules and paraspeckles components.  

A Principal component analysis (PCA) depicting separation of the individual biological replicates (1-3) 

and different experimental groups (RBPMSB-APEX2, RBPMSB-APEX2_stressed and APEX2 control) 

after streptavidin-pulldown and mass spectrometry (MS) analysis. B Venn diagram merging stress-

dependent proteins biotinylated by RBPMSB-APEX2 with known stress granule (SG) and paraspeckle 

(PS) proteins. C, D Volcano plot showing proteins biotinylated by RBPMSB-APEX2 upon heat stress 

(black). Proteins labeled by APEX2 are shown in grey. SG proteins are depicted in red and PS proteins 

in blue. Adjusted P-values based on the -log10 ratio (y-axis) are plotted against changes based on the 

log2 ratio (x-axis). E, F Box plots showing enriched GO terms of proteins biotinylated by RBPMSB-
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APEX2 upon heat stress. GO terms referring to molecular function (E) and cellular component (F) are 

shown. Only the top 10 GO terms are depicted. Significance was calculated based on the -log10 p-value.  

3.6 Establishing a transgenic RBPMSB-APEX2 mouse model to identify SG 

proteins by ex vivo proximity labeling in primary MEFs 

To further examine the RBPMSB interactome and SG composition in primary cells, two 

transgenic APEX2 and RBPMSB-APEX2 mouse lines were generated by introducing the 

respective APEX2 fusion constructs (as described in 3.4) into the ROSA26 genomic locus. In 

a first step, these mice were crossbred with CMV-CRE deleter mice to ubiquitously express 

APEX2 and RBPMSB-APEX2. Crossbreeding with cardiomyocyte-specific Xenopus laevis 

myosin light-chain 2 (XMLC2)-Cre resulted in conditional activation of APEX2 and RBPMS-

APEX2 in cardiomyocytes from embryonic stage onwards (Figure 20A). Both mouse strains 

were born according to expected mendelian ratios and were viable, indicating that 

overexpression of the fusion proteins in cardiomyocytes does not cause any adverse effects 

(data not shown). R26-APEX2 and R26-RBPMSB-APEX2 transgenic mice robustly express 

APEX2 or RBPMSB-APEX2, as validated by fluorescence microscopy detecting endogenous 

copGFP signal in whole hearts (Figure 20B) and immunoblotting analysis of isolated mouse 

embryonic fibroblasts (MEFs) and primary fetal cardiomyocytes using V5 antibody (Figure 

20C, D). Notably, our transgenic ex vivo APEX2 approach efficiently and robustly biotinylated 

proteins in MEFs and primary fetal cardiomyocytes under standard labeling conditions (Figure 

20E + Figure 21A).  
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Figure 20 Validation of transgenic (RBPMSB)-APEX2 mouse models.  

A Scheme of RBPMSB-V5-APEX2-NES-copGFP (RBPMSB-APEX2) and RBPMSB-T2A-V5-APEX2-

NES-copGFP (APEX2) transgenic mouse line, harboring a loxP-flanked Neomycin-(Neo) STOP 

cassette in the ROSA26 locus, which enables cardiomyocyte-specific expression of the fusion protein 

after Cre-mediated recombination. Fusion proteins containing V5-tag, the nuclear export signal (NES) 

and the copGFP-tag. APEX2 mouse line serves as a control for normalization. B Images of whole hearts 

isolated from APEX2+/-Creneg, APEX2+/-Crepos, RBPMSB-APEX2+/-Creneg and RBPMSB-APEX2+/-Crepos 

adult mice. Scale bar, 1000 µm. C, D Representative Western blot using V5 antibody to detect fusion 

protein abundance in mouse embryonic fibroblasts (MEFs) (C) and isolated neonatal cardiomyocytes 

(CMs) (D). GAPDH was used as a loading control. E Immunoblot of biotinylated proteins from isolated 

neonatal cardiomyocytes of APEX2+/-Crepos and RBPMSB-APEX2+/-Crepos mice.  
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Proximity labeling was performed as previously described for other cell types (3.4), using 

isolated MEFs from APEX2+/-Crepos and RBPMSB-APEX2+/-Crepos embryos  The system was 

validated by Western blot and immunofluorescence staining to confirm expression, activity and 

correct localization of the fusion proteins (Figure 21A, B). In order to identify heat stress-

dependent interactors of RBPMS, we conducted a comparative analysis using the previously 

reported pipeline (3.4). Heat map analysis of the proteomics profiles indicates variables in this 

data set, revealing two discrete clusters. The first cluster includes APEX2 and RBPMSB-

APEX2 in unstressed cells, while the second cluster encompasses RBPMSB-APEX2 under 

heat stress. This suggests that under unstressed conditions, APEX2 or RBPMSB-APEX2 

share similar protein sets, most likely due to the random distribution of APEX2 or RBPMSB-

APEX2 within the cytoplasm. In contrast, significant alterations in candidate protein profiles 

were detected when comparing non-stress and heat shock conditions (Figure 21C). Mass 

spectrometry analysis revealed increased number of biotinylated proteins specifically under 

stress conditions, indicative of enhanced protein density in proximity to RBPMSB, likely due 

SG assembly (Figure 21D). Furthermore, proteins highly enriched in proximity to RBPMSB-

positive granules showed consistent patterns under both experimental conditions - comparing 

heat-stressed RBPMSB-APEX2 with either APEX2 alone or untreated RBPMSB-APEX2. This 

consistency further reduces false-positive interactions (background/off-target labeling) and 

confirms high-confidence, heat stress-dependent interactors (Figure 22A, B).Gene Ontology 

(GO) term analysis revealed that cytoplasmic SGs was the most significantly enriched term 

upon heat shock stress. Furthermore, gene set enrichment analysis demonstrated that the 

majority of the identified proteins were involved in key cellular processes, including the 

regulation of gene expression, metabolic processes, and translation (Figure 22C, D). 

Interestingly, comparison and integration of the biotinylated proteins following heat shock 

treatment from HEK293 cells, HL1 cells and primary MEFs revealed that the majority of 

identified proteins were unique to each cell type. This is likely due to incomplete capture of low 

or differential abundant proteins within these cell types (Figure 22E). In summary, these data 

illustrate that the RBPMSB interactome comprises numerous well-characterized SG 

components in response to heat stress, while also highlighting substantial cell-type-specific 

diversity in SG composition.  
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Figure 21 Ex vivo APEX2 proximity labeling of RBPMSB in mouse embryonic 

fibroblasts.  

A Representative streptavidin-HRP blot of biotinylated proteins in cultured primary mouse embryonic 

fibroblasts (MEFs) isolated from RBPMSB-APEX2+/-Creneg and RBPMSB-APEX2+/-Crepos mouse 

embryos at embryonic day (E) 13.5 and the corresponding controls APEX2+/-Creneg and APEX2+/-Crepos. 

Primary MEFs were incubated with 500 µM biotin-phenol and labeling was initiated with 1 mM H2O2. B 

Confocal images of MEFs isolated from APEX2+/-Crepos and RBPMSB-APEX2+/-Crepos mouse embryos 

at embryonic day (E) 13.5. MEFs were cultured at 37°C (control) or treated with heat stress (46°C/ 1 h) 

to induce SG formation. Immunofluorescence labeling using V5 (cyan), G3BP1 (magenta) antibodies 

and counterstaining with nuclear marker (DAPI, blue). Scale bar, 20 µm. C Heat map depicting all 

identified proteins labeled either by APEX2 and RBPMSB-APEX2 under normal condition or by 

RBPMSB-APEX2 under stress conditions. D Abundance of identified proteins in the different 

experimental settings APEX2, RBPMSB-APEX2 under basal conditions and RBPMSB-APEX2 upon 

stress.  
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Figure 22 Analysis of APEX2-mediated proximity labeling of RBPMSB in heat stressed 

mouse embryonic fibroblasts.  

A, B Volcano plots depicting detected biotinylated proteins by APEX2 and RBPMSB-APEX2 labeling 

upon heat stress (A) (n=3) or RBPMSB-APEX2 under basal conditions versus RBPMSB-APEX2 upon 

heat stress (B) (n=3). C, D Box plots showing GO term enrichment for proteins preferentially labeled in 

RBPMSB-APEX2 expressing mouse embryonic fibroblasts (MEFs) under heat shock in comparison to 

untreated control cells. GO terms refer to biological process (C) or cellular component (D). Only the top 

10 GO terms are shown. Significance was calculated based on the –log10 p-value. E Venn diagram 

comparing APEX2 hits identified in HEK293T cells, HL-1 cells and MEFs treated with heat shock. 
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3.7 Different cellular stressors result in altered subcellular localization of 

RBPMS 

Several cytotoxic drugs are known to induce cardiotoxic effects, leading to long-term morbidity. 

Doxorubicin is a highly effective anti-cancer drug widely used to treat a broad spectrum of adult 

and pediatric malignancies, including a variety of solid tumors, breast cancer, Hodgkin's 

disease, Kaposi's sarcoma, neuroblastoma, and soft tissue sarcomas. However, doxorubicin 

administration causes cumulative dose-dependent cardiotoxicity in many patients ranging from 

changes in myocardial structure and function to severe cardiomyopathy and congestive heart 

failure, which can lead to heart transplantation or death (Chatterjee et al., 2010). At high doses, 

cardiotoxicity often occurs within a few months, whereas low doses rarely cause deterioration 

of ventricular function in the first year after therapy (Von Hoff et al., 1979). Notably, different 

doses of doxorubicin activate different regulatory mechanisms in hepatoma cells, specifically 

chronic exposure to high doses induces apoptosis, whereas lower doses lead to senescence 

and late death by mitotic catastrophe (Eom et al., 2005). Given the dose- and time-dependent 

effects of doxorubicin, we first examined the subcellular localization of RBPMS over time in 

HEK293T cells treated with low (0.1 µM) or high (1 µM) concentrations of doxorubicin. In 

untreated cells, RBPMS predominantly localized to the nucleus (Figure 23A). A low 

doxorubicin concentration induced the assembly of SGs and the recruitment of RBPMS after 

6 h and 24 h of stress exposure (Figure 23B, D). Remarkably, elevated doses of doxorubicin 

triggered a distinct redistribution of RBPMS, with pronounced nuclear accumulation evidenced 

by its colocalization with the nuclear DNA marker DAPI (Figure 23C, D). High-dose treatment 

also induced morphological alterations, including cell shrinkage and rounding-features 

consistent with apoptotic progression. In conclusion, doxorubicin treatment led to a switch in 

the subcellular localization of RBPMS but not G3BP1 in a dose-dependent manner, 

underscoring the specificity of RBPMS redistribution in response to differential drug exposure.  
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Figure 23 Doxorubicin dosage-dependent localization of RBPMS in HEK293T cells. 

A-C Counterstaining of HEK293T cells with G3BP1 (yellow), RBPMS (magenta) and nuclei (DAPI, blue) 

following low (0.1 µM) or high (1 µM) dosage of doxorubicin (DOX) at different time points. Untreated 

cells were used as controls (ctrl). Scale bar, 20 µm. D Fluorescence intensity of RBPMS staining in the 

nucleus and cytoplasm of HEK293T cells with and without doxorubicin treatment.  

Doxorubicin imposes substantial stress on cardiac tissue, making it an important model for 

investigating underlying pathophysiological mechanisms. Therefore, I explored the potential 

role of RBPMS in response to cytotoxic drug treatment in isolated wild-type neonatal 

cardiomyocytes. First, the spatiotemporal dynamics and subcellular localization of doxorubicin 

within cells were assessed at various time points by monitoring its intrinsic autofluorescence 

as a readout in fixed primary cells. Within 3 h of treatment, doxorubicin exhibited a fine punctate 

distribution within the cell nuclei (Figure 24A, B). By 24 h, it reorganized into larger, condensed 
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aggregates that overlapped with chromatin-dense nuclear regions (Figure 24C). This 

redistribution coincided with the appearance of cytoplasmic SGs, suggesting a temporal link 

between nuclear drug accumulation and cellular stress responses. 

Figure 24 Dynamics of doxorubicin accumulation in neonatal cardiomyocytes.   

A-C Representative fluorescence microscopy images showing the intrinsic fluorescence of doxorubicin 

(magenta) and G3BP1 (yellow) in P0/P1 neonatal isolated cardiomyocytes from wild-type mice treated 

with and without doxorubicin (DOX; 1 µM) at different time points. Cardiomyocytes were counterstained 

with F-Actin (green) and nuclear stain DAPI (blue). Scale bar, 20 µm.  

Semi-quantitative RT-PCR and Western blot analysis indicate that RBPMSA and RBPMSB 

represent the two most abundant Rbpms isoforms. The fact that RBPMSA is primarily localized 

in the nucleus whereas RBPMSB is predominantly enriched in the cytoplasm prompted us to 

examine whether the two isoforms contribute to the same or distinct types of RNP granules. 

To monitor RBPMS localization and function in cardiomyocytes, murine GFP-tagged RBPMSA 

or RBPMSB was conditionally overexpressed from the ROSA26 locus using the 

cardiomyocyte-specific XMLC2-Cre. Mice with cardiomyocyte-specific overexpression of 

RBPMSA-GFP or RBPMSB-GFP survived until advanced age without any severe phenotype 

(data not shown). Surprisingly, immunofluorescence staining revealed a recruitment of both, 

RBPMSA and RBPMSB to nuclear and cytoplasmic speckles in response to various stress 

stimuli. Specifically, in response to heat shock, RBPMSB forms foci exclusively in the cytosol, 

whereas doxorubicin treatment leads to the formation of speckles in both compartments, the 

nucleus and the cytosol. In contrast, RBPMSA exhibited distinct localization patterns in 

response to different stress stimuli. Upon heat shock, RBPMSA showed a rather moderate 
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accumulation of foci in the cytoplasm, in contrast to doxorubicin treatment, which resulted in a 

restricted recruitment to nuclear speckles (Figure 25A, B). This observation suggests that 

RBPMS might alter subcellular localization in a context-dependent manner such as cellular 

stress conditions, thereby adapting its function to cellular demands, with the two isoforms 

fulfilling distinct functional roles. 

 

Figure 25 RBPMSA and RBPMSB form distinct cytoplasmic and nuclear speckles in 

response to various stress stimuli.  

A, B Scheme of RBPMSA-GFP (A) and RBPMSB-GFP (B) transgenic overexpression mouse lines, 

harboring a loxP-flanked Neo-STOP cassette and a GFP-tagged murine RBPMSA or RBPMSB in the 

ROSA26 locus. C, D Immunofluorescence staining of GFP (cyan), F-actin (yellow) and nuclei (DAPI, 

blue) in isolated mouse neonatal cardiomyocytes (P0) overexpressing GFP-tagged RBPMSA (C) or 

RBPMSB (D). Cells were treated with either heat shock (1 h, 46°C) or doxorubicin (DOX) (1 µM, 24 h). 

Untreated neonatal cardiomyocytes were used as a negative control. Both isoforms are components of 

both, nuclear (arrowheads) and cytosolic (arrows) RNP granules, under different stress conditions. 

Scale bar, 20µm. 

To gain deeper insights into the dynamics of RBPMSA and RBPMSB granule formation, we 

performed a time-course analysis by treating primary neonatal cardiomyocytes with 

doxorubicin for various time periods. Since RBPMSB is involved in two different RNP granule 

types, we proposed that an initial cytoplasmic granule formation may be followed by a 
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subsequent formation of nuclear foci. To test this hypothesis, we made use of isolated primary 

neonatal cardiomyocytes which overexpress GFP-tagged RBPMSB. Neonatal cardiomyocytes 

employed oscillating RBPMSB-containing RNP granules during doxorubicin treatment, 

initiating first in cytoplasmic SG formation, as indicated by the colocalization of the fusion 

protein with G3BP1. Subsequently RBPMSB displayed dual localization in both SGs and the 

nucleus, characterized by a punctate distribution within the interchromatin space (Figure 26A, 

B). Interestingly, extended exposure to doxorubicin led to a predominant nuclear accumulation 

of RBPMSB-GFP, while a minor fraction remained in the cytosol (Figure 26B, C). RBPMSB-

GFP-positive foci partially overlapped with doxorubicin, indicating that both are associated with 

DNA damage and nuclear remodeling, suggesting a potential functional connection between 

them. This colocalization with doxorubicin may facilitate the self-assembly of RBPMSB-GFP 

into phase-separated condensates.  
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Figure 26 Dynamics of RBPMSB speckle formation upon doxorubicin treatment in 

neonatal cardiomyocytes.  

A, B Representative confocal images of GFP (cyan), doxorubicin autofluorescence (magenta) and 

G3BP1 (yellow) in P0/P1 neonatal cardiomyocytes isolated from RBPMSB-GFP overexpressing mice. 

Cells treated with or without doxorubicin (DOX; 1 µM) at different time points. Cardiomyocyte nuclei 

were counterstained with DAPI (blue). Scale bar, 20 µm. C Quantitative analysis of the nuclear-to-

cytoplasmic fluorescence intensity ratio in P0/P1 neonatal cardiomyocytes overexpressing RBPMSB-

GFP. (n=6; 20 cells per group).  
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Dexrazoxane (Zinecard, also known as ICRF-187) is a clinically approved cardioprotective 

agent used to mitigate doxorubicin-induced cardiotoxicity by preventing the formation of Top2 

cleavable complexes and promoting the degradation of Top2b (Andoh, 1998; Hellmann, 1998). 

To assess whether dexrazoxane can attenuate doxorubicin-induced biomolecular condensate 

formation in neonatal cardiomyocytes and to elucidate the underlying molecular mechanisms, 

primary neonatal cardiomyocytes were pretreated with dexrazoxane prior to doxorubicin 

exposure. Surprisingly, dexrazoxane pretreatment failed to inhibit the formation of doxorubicin-

induced condensates. Intriguingly, RBPMS and G3BP1 were found to colocalize within both 

cytoplasmic and nuclear foci following treatment (Figure 27). These findings suggest that 

nuclear condensate formation is primarily driven by doxorubicin’s ability to intercalate into DNA 

and/or its induction of ROS, which in turn causes oxidative DNA lesions and strand breaks.  
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Figure 27 Doxorubicin-induced condensates are independent of Top2b in neonatal 

cardiomyocytes.  

Representative confocal microscopy images showing RBPMSB-GFP fusion protein (cyan), intracellular 

autofluorescence of doxorubicin (magenta) and G3BP1 (yellow) in P0/P1 neonatal isolated 

cardiomyocytes from RBPMSB-GFP overexpressing mice. Primary cells were pre-treated with 

dexrazoxane (DEX) for 3 h prior to doxorubicin (DOX) treatment (1 µM) for 24 h. Cardiomyocytes were 

counterstained with nuclear stain DAPI (blue). Arrowheads indicate nuclear foci and arrows mark 

cytoplasmic SGs. Arrows Scale bar, 20 µm.  

To exclude the possibility that the nuclear localization of RBPMS fusion proteins arises from 

GFP dimerization or from non-physiological protein abundance due to overexpression, we 

utilized an endogenously C-terminal-tagged transgenic mouse reporter strain. The V5-tagged 

RBPMSB allows us to monitor the localization of one of the two most abundant isoforms under 

different stress conditions. In line with our previous findings from GFP-tagged RBPMS fusion 

proteins, the V5-tagged endogenous RBPMSB isoform exhibits a dynamic relocalization upon 

doxorubicin exposure. Specifically, after 3 h of treatment, RBPMSB assembles into 

cytoplasmic granules, while at 24 h, a pronounced nuclear accumulation occurs, characterized 

by the formation of granular foci within interchromatin (DNA-depleted regions) (Figure 28).This 

congruence between the endogenous reporter line and the GFP-tagged results underscores 

the physiological relevance of RBPMSB’s stress-induced redistribution. 
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Figure 28 V5-tagged RBPMSB expressed from the endogenous locus forms speckles in 

the cytoplasm and nucleus upon doxorubicin treatment.  

Representative immunofluorescent images of P0/P1 isolated neonatal cardiomyocytes treated with 

doxorubicin (DOX; 1 µM) for different time periods and untreated control. Primary cells were stained 

with V5 antibody to detect tagged RBPMSB (yellow), F-Actin (green) and nuclear stain DAPI (blue). 

Scale bar, 10 µm.  

Doxorubicin is a genotoxic reagent that induces DNA damage primarily through the generation 

of DNA double-strand breaks (DSBs) (Renu et al., 2018). This mechanism raised the question 

of whether the nuclear localization of RBPMS observed during doxorubicin treatment reflects 

a general response to genotoxic stress or arises from properties specific to doxorubicin. Given 

that doxorubicin was the first stressor shown to induce RBPMS recruitment to nuclear 

speckles, we subsequently investigated speckle formation in cardiomyocytes under exposure 

to additional ROS-inducing agents, including hydrogen peroxide (H2O2), cisplatin and tumor 

necrosis factor-alpha (TNF-α) - all of which are known to cause DSBs and activate apoptosis 

signaling pathways. This approach allowed examination of whether RBPMS speckle formation 

represents a generalized response to diverse oxidative stressors in cardiomyocytes. Short-

term exposure (2 h) to all stressors induced transient cytosolic granule formation (Figure 29A, 

B), while prolonged treatment (24 h) led to nuclear speckle assembly (Figure 29A, C). 

Unexpectedly, G3BP1 exhibited nuclear translocation following extended exposure to cisplatin, 

H2O2 or TNF-α. SG assembly occurred universally within 2 h of treatment but dissipated as 

RBPMS and G3BP1 redistributed to nuclear foci (Figure 29A-C). In conclusion, RBPMS 

consistently undergoes subcellular relocalization in response to various stressors, suggesting 

a fundamental role in regulating the dynamics of RNP complexes. This function appears to be 

integral to cellular adaptation under oxidative stress or genotoxic stress preceding apoptosis, 

rather than representing a response specific to doxorubicin. Furthermore, stressor dose-

dependent effects bifurcate cellular signal pathways: at low stress levels, distinct biochemical 

mechanisms may be activated that support cellular adaptation and survival, while elevated 

oxidative stress likely initiate signaling cascades shifting the cellular response toward damage, 

inflammation, and cell death. This duality suggests that the specific outcome depends on both 

the intensity and duration of the stress experienced by the cell. 
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Figure 29 RBPMS exhibits dynamic subcellular redistribution under stress conditions. 

A-C Representative confocal microscopy images of RBPMS (cyan), G3BP1 (magenta) and nuclei 

(DAPI, blue) in P0/P1 isolated neonatal cardiomyocytes. Cells were treated with 350 µM H2O2 (A) 100 

µM Cisplatin (B) or 5 ng/ml TNF-α (C) for 2 h or 24 h and compared with untreated cells (control). Arrows 

indicate cytoplasmic granules; arrowheads mark nuclear granules. Scale bar, 20 µm. 

3.8 Identification of a novel Rbpms isoform in cardiomyocytes upon 

doxorubicin treatment 

The RBPMS gene is expressed in multiple alternatively spliced transcript variants encoding 

distinct protein isoforms. This isoform diversity likely confers functional versatility, thereby 

enabling RBPMS proteins to engage in a wide range of cellular processes and to adapt 

dynamically to distinct cellular signals. The most commonly expressed isoforms encompass 

RBPMSA and RBPMSB. Both share an identical N-terminal region of 176 amino acids encoded 

by six common exons, but differ in their C-terminal sequences, which are encoded by exon 8 

in RBPMSA and by exon 7 in RBPMSB (Shimamoto et al., 1996). To resolve how RBPMS 

dynamics relate to the relative abundance of its isoforms, we analyzed the distribution of 

Rbpms mRNA variants in neonatal wild-type cardiomyocytes under basal and following 

doxorubicin treatment. Semi-quantitative RT-PCR using two primer pairs targeting the 

alternatively spliced exons across all predicted transcripts revealed six distinct splicing events 

that give rise to the Rbpms isoforms (Figure 30A-C). Among these, Rbpmsa (Rbpms-203/-

213), encoding a 197aa variant, and Rbpmsb (Rbpms-202) encoding a 220aa variant, were 

the most abundantly expressed isoforms, while Rbpmsc (Rbpms-201) represents a distinct 

isoform characterized by the skipping of exon 6. Interestingly, doxorubicin treatment 

significantly altered the relative abundance of Rbpms isoforms, resulting in marked 

downregulation of Rbpmsa and Rbpmsb (Figure 30D). In contrast, doxorubicin treatment led 

to the upregulation of a novel isoform, Rbpmsd, which has not yet been annotated. RT-PCR 

combined with Sanger sequencing revealed the inclusion of a putative poison exon X, which 

has not been annotated in in the mouse genome so far. This novel exon X locates within the 

canonic intronic region flanked by exon 7 and exon 8. Cross-species transcriptome analysis 

demonstrated that the poison exon is highly conserved across different species, although it is 

still not annotated, suggesting that its inclusion may serve specific regulatory functions under 

stress conditions.  
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Figure 30 Doxorubicin alters the ratio of Rbpms splice events and results in the 

enhanced expression of a novel Rbpmsd isoform.  

A, B Splice variants of mouse Rbpms in isolated neonatal cardiomyocytes treated with or without 

doxorubicin (DOX; 1 µM for 24 h) assessed by semi-quantitative RT-PCR. Gapdh served as a loading 

control. C Schematic representation of Rbpms transcripts generated by alternative splicing at the 3’end. 

Arrows indicate the position of primers used for semi-quantitative RT-PCR. D Quantitative analysis of 

the relative expression levels among distinct Rbpms isoforms. Data represent the mean ± SD. Two-way 

ANOVA with Bonferroni's multiple comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001. ns = not 

significant. 
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In order to selectively amplify the full-length open reading frame (ORF) of Rbpmsd, specific 

primers were designed to span the start and stop codon of Rbpmsd (Figure 31A). Semi-

quantitative RT-PCR amplified a single 627 bp fragment, consistent with the predicted ORF 

length. As expected, Rbpmsd transcript levels were significantly elevated in doxorubicin-

treated cells compared to untreated controls (Figure 31B, C), and the novel Rbpms isoform 

was confirmed by Sanger sequencing. To ascertain whether Rbpmsd levels are solely 

regulated at the transcriptional level or also at translational level, immunoblot analysis will be 

performed in the future.  

 

 

Figure 31 Validation of a de novo identified Rbpmsd isoform in neonatal 

cardiomyocytes.   

A Scheme depicting the novel identified isoform of RBPMS. Arrows indicate the position of the primers 

used for B validation of Rbpmsd isoform by semi-quantitative RT-PCR in wild-type neonatal 

cardiomyocytes and C corresponding quantification. Gapdh served as a loading control. Data represent 

the mean ± SD. Unpaired t-test with Welch’s correction. *P < 0.05. 

Next, to assess and compare the mRNA expression profile of Rbpms isoforms in the adult 

stage, we employed semi-quantitative RT-PCR on primary adult cardiomyocytes from wild-

type mice under basal conditions and under doxorubicin treatment. Consistent with 

observations in neonatal cardiomyocytes, Rbpmsa and Rbpmsb expression was markedly 
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decreased in response to doxorubicin (Figure 32A-C). In contrast, the Rbpmsc isoform 

displayed a significant upregulation following doxorubicin treatment, suggesting that distinct 

Rbpms isoforms may differentially influence anthracycline sensitivity in cardiomyocytes (Figure 

32A, C). However, PCR analysis demonstrated amplification of only the Rbpmsa, Rbpmsb and 

Rbpmsc isoforms, while the Rbpmsd isoform was not detected in adult cardiomyocytes (Figure 

32A, B). Taken together, these data demonstrate the existence of a novel Rbpms isoform 

encoding a putative 207aa RBPMS protein variant in neonatal but not in adult cardiomyocytes 

that is highly induced upon doxorubicin treatment. However, the molecular and physiological 

function of this isoform remains unknown. 

Figure 32 Primary adult cardiomyocytes do not express the Rbpmsd isoform.  

A, B Splice variants of mouse Rbpms in isolated adult cardiomyocytes from wild-type mice treated with 

or without doxorubicin (DOX; 1 µM for 24 h) assessed by semi-quantitative RT-PCR. Gapdh served as 
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a loading control. C Quantification of relative expression levels of Rbpmsa, Rbpmsb and Rbpmsc 

isoforms. Data represent the mean ± SD. Two-way ANOVA with Bonferroni's multiple comparisons test. 

*P < 0.05; **P < 0.01.  

Given that RBPMS acts as a splicing factor that may autoregulate its own AS, we asked 

whether increased expression of Rbpmsa and Rbpmsb could affect the relative abundance of 

RBPMS isoform. To this end, we overexpressed GFP-tagged RBPMSA and RBPMSB from 

the ROSA26 locus combined with the embryonic cardiomyocyte-specific XMLC2-Cre. RT-

qPCR analysis using gene-specific TaqMan probes confirmed a significant increase in the 

mRNA levels of Rbpmsa and Rbpmsb, thereby validating their overexpression (Figure 33A, 

B). Notably, overexpression of RBPMSA in adult cardiomyocytes augmented endogenous 

Rbpmsb mRNA levels (Figure 33C). In parallel, elevated RBPMSB protein levels led to 

increased endogenous Rbpmsa mRNA levels, without affecting the expression of other 

isoforms (Figure 33D). These findings suggest that the regulation of isoform equilibrium is 

governed by a complex network of autoregulatory mechanisms.  
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Figure 33 Autoregulation of RBPMS isoforms suggests a feedback network in primary 

adult cardiomyocytes.  

A Quantitative RT-PCR analysis of cardiomyocytes isolated from RBPMSA-GFP overexpressing and 

control mice to assess Rbpmsa expression levels. n = 4 for each group. B Quantitative RT-PCR analysis 

of cardiomyocytes isolated from RBPMSB-GFP overexpressing and control mice to assess Rbpmsb 

expression levels. n = 5 for each group. C, D Splice variants of mouse Rbpms in isolated adult 

cardiomyocytes from RBPMSA (C) or RBPMSB (D) overexpressing mice assessed by semi-quantitative 

RT-PCR. Gapdh served as a loading control. Data represent the mean ± SD. One-tailed unpaired t-test. 

*P < 0.05; **P < 0.01.  

3.9 Transcriptomic and alternative splicing changes in doxorubicin-treated 

cardiomyocytes 

Doxorubicin treatment of neonatal cardiomyocytes led to pronounced changes in subcellular 

localization of RBPMS and is associated with increased inclusion of a poison exon in Rbpms 
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transcripts, suggesting a broader impact on AS, specifically promoting poison or cryptic exon 

inclusion. To explore this, mRNA analysis of doxorubicin-treated and untreated neonatal and 

adult cardiomyocytes was performed. PCA of gene expression data revealed distinct clusters, 

indicating substantial transcriptomic differences between both experimental groups following 

doxorubicin exposure (Figure 34A). This analysis demonstrates pronounced changes in the 

transcriptome profile following doxorubicin treatment compared to control cardiomyocytes. 

Differential expression analysis identified 13,984 differentially expressed genes (DEGs), with 

7,184 genes upregulated and 6,800 downregulated, underscoring the profound impact of 

doxorubicin on gene expression (Figure 34B). Upregulated genes were enriched for biological 

processes such as metabolism and translation, while downregulated genes were primarily 

involved in DNA repair mechanisms and cell cycle regulation. Additionally, genes encoding 

tricarboxylic acid (TCA) cycle enzymes were upregulated, suggesting an early compensatory 

response to reduced intracellular ATP levels (Figure 34C, D). In adult cardiomyocytes, 11.841 

DEGs were detected, comprising 5944 upregulated and 5897 downregulated genes. Among 

these genes, 3778 upregulated and 3993 downregulated genes were commonly expressed in 

neonatal and adult cardiomyocytes, indicating both common and stage-specific transcriptomic 

responses to doxorubicin (Figure 34E, F). Importantly, several essential cardiac splicing 

factors, including RBPMS, displayed altered expression levels upon doxorubicin treatment, 

with distinct patterns observed between neonatal and adult cardiomyocytes. These findings 

suggest distinct developmental stage-specific mechanisms of action in response to 

doxorubicin treatment (Figure 34G, H), reflected by the differential regulation of specific 

splicing factors, and resulting in global changes of alternative splicing networks. This aligns 

with previous reports demonstrating that doxorubicin exposure results in global gene 

expression and AS changes driven by altered expression of RBPs.  
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Figure 34 Doxorubicin treatment of neonatal cardiomyocytes induces massive gene 

expression changes.  

A Principal component analysis (PCA) depicting separation of the individual replicates and clustering of 

untreated and doxorubicin-treated neonatal wild-type cardiomyocytes. B Volcano plot representation of 

differential gene expression analysis between untreated and doxorubicin-treated wild-type neonatal 

cardiomyocytes. Values are blotted for statistical significance (P-value, y-axis) and magnitude of 

expression change (log2 fold change, x-axis). Genes were considered differently expressed if they 

exhibited ≥ 5 counts, log2FC <> ± 0,585 and P-value ≤ 0,05. C Heat map showing the top 50 most 

significantly differentially expressed genes (DEGs) in doxorubicin-treated neonatal cardiomyocytes. D 

Gene ontology (GO) term enrichment analysis of DEGs between control and doxorubicin-treated 

neonatal cardiomyocytes. E, F Venn diagrams merging differential expression sets of two conditions 

[doxorubicin-treated neonatal cardiomyocytes (CMs) and adult CMs] for upregulated (E) and 

downregulated (F) DEGs (DEGs: basemean ≥ 5, log2fc ± 0,585, padj ≤ 0,05). G, H Heat map illustrating 

the differential expression (>log2 fold change) of genes encoding splicing factor proteins in neonatal (G) 

and adult (H) cardiomyocytes treated with and without doxorubicin (1 µM, 24 h).  

Genome-wide AS analysis of RNA-seq data identified exonic splicing events in 8,241 genes, 

each containing one or more significantly regulated altered exon-exon junctions (adjusted p-

value > 0.05) between treated and untreated cardiomyocytes. GO enrichment analysis was 

performed to determine the functional relevance of these genes. The majority of genes with 

altered exon-exon junctions belong to the category splicing factors and are primarily 

associated with pathways critical to cardiac biology, including metabolism, cardiac muscle 

contraction, cytoskeleton organization, cell cycle regulation, DNA damage response, and cell 

death. Additionally, GO term analysis revealed that many of these genes play crucial roles in 

ribonucleoprotein granules and nuclear bodies, including nuclear speckles (Figure 35A, B). 

Evaluation of Rbpms mRNA expression in control and doxorubicin-treated neonatal 

cardiomyocytes revealed elevated sequencing reads mapping to intron 6 of the Rbpms gene 

and the inclusion of exon X, a poison cassette exon (PCE) containing a potential premature 

termination codon (PTC) (Figure 35C). This finding aligns with our previous observations and 

suggests alterations in transcriptional or post-transcriptional regulation of Rbpms. Importantly, 

we observed that doxorubicin treatment induces the inclusion of PCE in several splicing 

factors. To illustrate this phenomenon, we selected two specific examples, Srsf7 and Rbm39. 

Quantitative analysis of exon-exon junction reads demonstrated that doxorubicin treatment 

enhances the inclusion of a previously reported PCE in Srsf7 transcripts. Furthermore, 

elevated read coverage in both PCE-flanking introns (3a and 3b) as well as intron 5, indicate 

an intron retention event upon doxorubicin treatment (Figure 35D). Bioinformatics analysis 

further revealed the inclusion of a PCE in Rbm39 mRNA, resulting in an isoform containing a 

putative PTC potentially targeted for degradation via nonsense-mediated decay (NMD). 
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Additionally, doxorubicin treatment induced the retention of introns 2, 3, and 4 within Rbm39 

transcripts (Figure 35E). This study provides the first evidence that doxorubicin triggers a 

global alternative splicing (AS) response, characterized by widespread inclusion of poison 

cassette exons (PCEs) in neonatal cardiomyocytes. In summary, these splicing alterations 

contribute to the adaptive AS response following doxorubicin treatment. Such modifications 

likely have functional implications for the expression and activity of key splicing regulators, 

including RBPMS. Future research should focus on experimentally validating selected DEGs 

and splicing events to confirm these observations. 
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Figure 35 Doxorubicin treatment promotes aberrant splicing in neonatal 

cardiomyocytes but not in adult cardiomyocytes.  

A, B Gene ontology (GO) term enrichment of genes exhibiting alternative splicing events in control and 

doxorubicin-treated neonatal cardiomyocytes. GO terms are shown for cellular component (A) or 

biological process (B) categories. Significance of GO term enrichment is represented as the -log10 p-

value. C-E Integrative genomics viewer (IGV) snapshots of the RBPMS (C), SRSF7 (D) and RBM39 (E) 

gene loci displaying RNA sequencing data from untreated and doxorubicin (DOX)-treated neonatal and 

adult cardiomyocytes. Increased read coverage for intronic regions is indicated by black boxes. Location 

of poison cassette exons (PCEs) are marked in cyan.  

3.10 Distinct RBPMS isoforms interact with components of different 

membraneless organelles  

In order to identify interaction partners of the two most abundant RBPMS isoforms, RBPMSA 

and RBPMSB, a GFP-based protein interaction screen was conducted. To this end, stable 

integrated mouse embryonic stem (mES) cell lines overexpressing C-terminal GFP-tagged 

RBPMSA and RBPMSB were generated. Pure GFP overexpressing mES cells served as 

control in all related experiments. All experiments were performed in an undifferentiated mESC 

state. Immunoblot analysis of the immunoprecipitated fractions showed that GFP-tagged 

RBPMSA and RBPMSB fusion proteins were enriched in the pulldown, demonstrating the 

efficient and specific immunoprecipitation of both isoforms from cell extracts (Figure 36A).  

Immunoprecipitated proteins were gel extracted, trypsin digested, and identified by LC-MS/MS. 

Although RBPMSA and RBPMSB differ in the corresponding C-terminal regions as well as in 

isoform specific subcellular localizations, the majority of binding partners are shared between 

both isoforms. RBPMSA primarily interacts with cytoplasmic SG and P-body components, 

including G3BP1, G3BP2 and ELAV-like RNA-binding proteins 1 (ELAV1/ HuR) and 2 

(ELAVL2/ HuB). In addition to cytoplasmic proteins, RBPMSA also associates with nuclear PS 

members Non-POU domain-containing octamer-binding protein (NONO), Splicing factor, 

proline- and glutamine-rich (SFPQ) and RNA-binding motif protein 14 (RBM14) (Figure 36B). 

Gene Ontology terms related to ribonucleoprotein granules and P-bodies are enriched in 

RBPMSA overexpressing mES cells, compared to control cells (Figure 36C). In contrast, the 

RBPMSB-interactors are predominantly associated with the mitochondrial matrix, with a 

notable enrichment of cytoskeleton-related proteins (Figure 36D-F). In conclusion, these 

findings indicate that both isoforms are involved in the regulation of cytoplasmic RNP 

assemblies, including SG and P-body formation. Moreover, RBPMSA primarily associates with 

components of nuclear bodies, particularly PS, while RBPMSB is likely involved in 

mitochondrial metabolism or in mediating interaction between membrane-bound organelles 

and membraneless condensates.  
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Figure 36 GFP-based interactome screen of RBPMSA and RBPMSB in undifferentiated 

mouse embryonic stem cells.   

A Immunoblot analysis of GFP-pulldown of RBPMSA, RBPMSB or GFP in overexpressing mouse 

embryonic stem cells probed with anti-GFP antibody. B Volcano plot representation of differentially 

abundant proteins in mouse embryonic stem cells expressing RBPMSA-GFP versus GFP. C Box plots 

showing the top 12 enriched GO terms for proteins enriched for RBPMSA-GFP versus GFP control. GO 

terms refer to cellular component. D, E Volcano plot representation of proteomic analysis in mouse 

embryonic stem cells expressing RBPMSB-GFP versus GFP. Mitochondria-associated proteins are 

depicted in red (D) and microtubule proteins are shown in blue (E). F Box plots display the 12 most 



83 
 

significantly enriched GO terms for proteins that are specifically enriched for RBPMSB-GFP compared 

to GFP control. GO terms refer to cellular component.  

To further elucidate the roles of the individual isoforms in cardiomyocytes, we performed an 

interaction partner screen to identify their specific binding networks. For this purpose, C-

terminal GFP-tagged RBPMSA or RBPMSB isoforms was conditionally overexpressed from 

the ROSA26 locus using a heart-specific Cre-driver. Immunoprecipitation of whole-heart tissue 

lysates from 12-week-old mice using an anti-GFP antibody resulted in efficient target 

enrichment, as verified by subsequent Western blot analysis (Figure 37A). Furthermore, 

qualitative control of the pulldown by PCA demonstrated distinct separation of the different 

experimental groups (RBPMSA, RBPMSB and control) and a low variance across biological 

replicates (Figure 37B). The two isoforms shared approximately 70% of their identified binding 

partners, indicating considerable functional overlap (Figure 37C, D). Analysis of interaction 

partners yielded nearly identical top ten enriched GO terms, primarily associated with RNA 

stability and splicing regulation. In addition, terms related to translation, metabolism and gene 

expression were significantly enriched, underscoring the multifunctional roles of RBPMS 

(Figure 38A, B). Notably, both interactome screens identified multiple RNA-binding proteins 

belonging to the heterogeneous nuclear ribonucleoproteins (hnRNPs) family, along with other 

ubiquitously expressed splicing regulators, including Polypyrimidine tract-binding protein 1 

(PTBP1) and Muscleblind-like protein 1 (MBNL1), which were highly enriched relative to 

control samples. These factors are key components of ribonucleoprotein complexes, which 

further emphasizes a potential role of RBPMS in the assembly of cytoplasmic RNP granules 

by mediating mRNA localization and translational regulation in cardiomyocytes (Figure 38C).  
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Figure 37 RBPMSA and RBPMSB share a common set of interaction partners in the 

murine heart.  

A Immunoblot analysis of GFP-pulldown fractions from heart lysates of adult mice overexpressing 

RBPMSA-GFP, RBPMSB-GFP or GFP, probed with anti-GFP antibody to confirm efficient enrichment 

of the tagged proteins. B Two-dimensional principal component analysis (PCA) of mass spectrometry 

(MS) data from GFP-pulldowns, showing clustering of individual replicates (n=4 per group) and distinct 

separation of the different experimental groups (RBPMSA-GFP, RBPMSB-GFP, GFP). C Heat map 

depicting all proteins identified in RBPMSA-GFP and RBPMSB-GFP pulldown fractions compared to 

GFP controls. D Venn diagram illustrating overlapping and unique interactions identified for RBPMSA 

and RBPMSB isoforms.  
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Mass spectrometry analysis targeting the divergent C-terminal regions of RBPMSA and 

RBPMSB revealed reciprocal interactions between the two isoforms. Specifically, ectopically 

expressed RBPMSA was found to interact with endogenous RBPMSB, and vice versa, ectopic 

RBPMSB interacts with endogenous RBPMSA (Figure 38D). Of note, RBPMS2 was highly 

enriched in both datasets, suggesting that RBPMSA, RBPMSB and RBPMS2 act together to 

accomplish certain functions. Interestingly, RBPMSA predominantly interacted with RBPs that 

are well-established components of PS and are also implicated in DNA repair mechanisms, 

including SFPQ, NONO, Paraspeckle component 1 (PSPC1), RNA-binding protein FUS and 

TATA box-binding protein-associated factor 15 (Taf15) (Figure 38C, E). Analogous to RBPMS, 

these proteins also harbor extensive intrinsically disordered regions (IDRs), which confer 

biophysical properties that facilitate LLPS from the soluble cytoplasmic milieu and 

simultaneously increase their thermodynamic susceptibility to aberrant aggregation under 

pathological contexts. Notably, among RBPMSA interactors, we identified heterogeneous 

nuclear ribonucleoprotein U-like 1 (hnRNPUL1), a multifunctional protein involved in 

nucleocytoplasmic RNA transport and mRNA processing, that has recently emerged as a key 

regulator of DNA damage response pathways. This association points to a potential role of 

RBPMSA in DNA damage signaling and nuclear speckle organization. In contrast, the 

interactome of RBPMSB was enriched in a wide spectrum of RNA-binding proteins, SG 

components, as well as proteins linked to mitochondrial and ribosomal functions, consistent 

with the predominantly cytoplasmic localization of this isoform (Figure 38F). These results 

strengthen our hypothesis that both RBPMS isoforms contribute to cytoplasmic RNP granule 

formation, particularly in the context of SGs. Moreover, the enrichment of SG-associated 

proteins in the RBPMS interactome, even under non-stressed conditions in cardiomyocytes, 

underscores a potential role for these isoforms in the maintenance and regulation of RNP 

granules under basal conditions. 
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Figure 38 Enrichment analysis of RBPMSA and RBPMB interaction partners in the heart. 

A, B Box plots displaying the top 10 enriched GO terms for proteins significantly enriched in RBPMSA-

GFP and RBPMSB-GFP pulldown samples compared to GFP control. C Heat map showing selected 

candidates of the RBPMSA and RBPMSB interactome screen. D Heat map showing interaction of 

RBPMSA and RBPMSB isoforms. E, F Box plots showing the top 10 enriched GO terms for proteins 

enriched for either RBPMSA-GFP (E) or RBPMSB-GFP (F) versus GFP control. GO terms representing 

cellular components (B, E; F) or biological processes (A) are shown. GO terms associated with RNP 

complex formation are depicted in red. Significance was calculated based on the -log10 p-value. 

3.11 Constitutive deletion of Rbpmsb in mice does not cause phenotypic 

alterations under physiological conditions 

To determine the predominant function of Rbpmsb in vivo, constitutive Rbpmsb knockout mice 

were generated via CRISPR/Cas9-mediated deletion of exon 7, which encodes critical 

functional domains of this isoform. Homozygous Rbpms-KO mice (Rbpmsb-KO-/-) were 

obtained from heterozygous (Rbpmsb-KO+/-) intercrosses at Mendelian ratios of 25%, 

confirming no embryonic lethality. Rbpmsb mutant mice were maintained in the inbred 

C57BL/6J genetic background. Immunoblot analysis of isolated cardiomyocytes confirmed a 

complete loss of the RBPMS protein isoform in Rbpmsb-KO hearts, accompanied by a 

significant elevation of RBPMSA protein levels (Figure 39B-D). The increased expression of 

RBPMSA may serve as a compensatory response to preserve functions common to both 

isoforms ,or alternatively, deletion of the final exon of RBPMSB could shift splicing preferences, 

thereby favoring production of Rbpmsa transcripts. Remarkably, homozygous Rbpmsb mutant 

mice are viable and do not display gross cardiac morphological abnormalities under 

physiological conditions. At one year of age, heart-to-body weight (HW/BW), heart weight-to-

tibial length (HW/TL) and body weight-to-tibial length (BW/TL) ratios showed no significant 

differences compared to littermate controls (Rbpms-KO+/+)(Figure 39A, E).  
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Figure 39 Inactivation of Rbpmsb does not affect heart morphology.  

A Images of adult mouse hearts from wild-type (Rbpmsb+/+; WT, n=3), heterozygous (Rbpmsb+/−; Het, 

n=8), and homozygous knockout (Rbpmsb−/−; KO, n=7) animals. B Immunoblot analysis of RBPMSA 

and RBPMSB protein levels in heart tissue and C, D quantification of protein abundance normalized to 
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α-TUBULIN. n = 4 for each group. E Effects of Rbpmsb deletion on heart weight-to-body weight 

(HW:BW), heart weight-to-tibia length (HW:TL) and body weight-to- tibia length (BW:TL) ratios in WT 

(n=3), Het (n=8) and KO (n=7) mice. Data represent the mean ± SD. Statistical significance was 

determined by two-way ANOVA with Bonferroni's multiple comparisons test. ns = not significant, *P < 

0.05; ***P < 0.001; ****P < 0.0001. 

3.12 Constitutive Rbpmsb loss impairs nuclear accumulation of SFPQ in 

doxorubicin-treated mice  

The nucleus is comprised of numerous different nuclear bodies. PSs represent a category of 

nuclear bodies located in the interchromatin space of mammalian nuclei, labeled by SFPQ 

(Fox et al., 2002). Given that Rbpmsb-KO mutants did not exhibit overt abnormalities in cardiac 

morphology, we next investigated functional consequences of Rbpmsb inactivation under 

stress conditions. Considering the interaction between RBPMS and components of PSs, we 

postulated a potential function of RBPMS in these nuclear bodies. To ascertain whether loss 

of the cytoplasmic RBPMSB isoform affects the nuclear accumulation, distribution or 

localization of the remaining RBPMS isoforms, co-immunostaining of RBPMS and PS marker 

SFPQ was performed. These experiments were conducted in isolated adult cardiomyocytes 

from control (Rbpmsb-KO+/+) and knockout (Rbpmsb-KO-/-) mice under both basal conditions 

and following doxorubicin treatment. Immunofluorescence analysis revealed an increased 

nuclear RBPMS signal intensity 5 h after doxorubicin treatment, which persisted at 24 h (Figure 

40A-C). Surprisingly, Rbpmsb deletion significantly attenuated accumulation of SFPQ in the 

nucleus (Figure 38D), suggesting a regulatory role of RBPMS in nuclear phase separation 

processes, potentially influencing the nuclear import of SFPQ and the assembly/maintenance 

of PSs in response to cellular stress.  
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Figure 40 Loss of Rbpmsb attenuate nuclear accumulation of SFPQ upon doxorubicin 
treatment. 

A-C Immunofluorescence staining of RBPMS (magenta), SFPQ (cyan) and nuclei (DAPI, blue) in 

isolated adult cardiomyocytes from Rbpmsb-KO+/+ (control) and Rbpmsb-KO-/- (Rbpmsb-KO) mice. 
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Cardiomyocytes were treated r without (control) (A) or with 1 µM doxorubicin for 5 h (B) or 24 h (C). 

Scale bar, 20 µm. D Quantification of SFPQ staining intensity within the nucleus. Data represent the 

mean ± SD. Two-way ANOVA with Bonferroni's multiple comparisons test. *P < 0.05.  

Given that loss of Rbpmsb affects SFPQ nuclear accumulation, we next investigated whether 

elevated RBPMS protein levels influence nuclear speckle formation under cardiac stress 

conditions. Isolated adult cardiomyocytes overexpressing GFP-tagged RBPMSB showed an 

increased nuclear RBPMS accumulation after doxorubicin treatment compared to controls. 

Remarkably, under standard conditions SFPQ, is diffusely distributed throughout the nucleus 

(Figure 41A), however following doxorubicin treatment it redistributed into nuclear puncta that 

colocalized with RBPMSB-GFP. This reorganization of SFPQ occurred at an earlier time point 

in cardiomyocytes overexpressing RBPMS compared to controls, indicating an accelerated 

recruitment to nuclear puncta (Figure 41B, C). Concomitantly, these cells displayed reduced 

nuclear accumulation of doxorubicin, suggesting decreased intercalation into DNA. In control 

samples, prolonged exposure of doxorubicin resulted in increased nuclear staining intensity in 

the green channel (GFP). Although imaging settings were optimized to minimize bleed-

through, some crosstalk is expected because of the strong intrinsic fluorescence of 

doxorubicin, which is typically detected in the red channel. Based on these findings, we 

propose that RBPMS not only plays a role in cytoplasmic granules, as previously reported, but 

may also contribute to nuclear body formation under stress conditions. 
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Figure 41 Dynamic RBPMSB speckle formation upon doxorubicin treatment in isolated 

adult cardiomyocytes.  

A-C Fluorescence microscopy images of GFP (cyan), RBPMS (magenta), SFPQ (yellow) and nuclei 

(DAPI, blue) in isolated adult cardiomyocytes from control and RBPMSB-GFP mice. Cardiomyocytes 

were treated with or without 1 µM doxorubicin for 5 h or 24 h. Arrow indicates colocalization of SFPQ 

and RBPMSB-GFP. Scale bar, 20 µm.  

3.13 Deletion of Rbpmsb mitigates doxorubicin-induced DNA damage in adult 

cardiomyocytes 

Doxorubicin intercalates into the DNA and inhibits topoisomerase activity, thereby inducing 

DNA double-strand breaks (DSBs) (Austin et al., 1998). These DSBs elicit phosphorylation of 

key regulators  of cell cycle progression and DNA repair, including histone H2AX at Ser139 

(Lavin et al., 2007). Since prolonged, high-dose doxorubicin treatment induces speckle 

formation, we next investigated whether this phenomenon could be attributed to the induction 

of DSBs in cardiomyocytes, potentially driving nuclear speckle assembly. To address this, we 

employed the phosphorylated form of histone H2AX (γ-H2AX), which serves as a well-

established marker of the DNA damage response (DDR) triggered by DNA DSBs, and is widely 

regarded as a reliable indicator of such lesions (Rogakou et al., 1998). Treatment with 
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doxorubicin (1 µM) markedly increased γ-H2AX protein levels in both control and the Rbpmsb-

KO cells. Notably, deletion of RBPMSB substantially attenuated the γ-H2AX response 

observed in control cells, implying more efficient DNA repair and reduced DNA damage in the 

absence of RBPMSB (Figure 42A, B). In line with the observed downregulation of Rbpms 

mRNA levels, RBPMS protein abundance was also diminished following doxorubicin 

treatment. Interestingly, loss of Rbpmsb resulted in a significant upregulation of RBPMSA 

levels (Figure 42C, D). Collectively, these data demonstrate that RBPMS might function in 

DNA repair through direct interaction of RBPMSA with DBHS proteins and via functional 

compensation between RBPMS isoforms. 

  

Figure 42 Doxorubicin treatment causes DNA double-strand breaks in isolated adult 

cardiomyocytes.  

A Immunoblot analysis of phosphorylated histone H2AX (γ-H2AX), RBPMSA and RBPMSB in primary 

isolated adult cardiomyocytes from wild-type and Rbpmsb knockout mutants without or with doxorubicin 

treatment (DOX; 1µM) for 24 h. B, C Quantification of γ-H2AX (B), RBPMSA and RBPMSB (C) protein 

levels relative to GAPDH expression. n = 3 each group. Data represent the mean ± SD. Two-way 

ANOVA with Bonferroni's multiple comparisons test. *P < 0.05; **P < 0.01. 
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4. Discussion 

4.1 Stress granule dysregulation in human heart diseases 

4.1.1 TDP-43 and RBPMS proteinopathies in cardiovascular diseases 

Cytoplasmic aggregation and mislocalization of RBPs have emerged as defining features of 

neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), frontotemporal 

lobar dementia (FTLD) and Alzheimer's disease (AD) (Conlon et al., 2017; Nussbacher et al., 

2019). Two prominent examples are TDP-43 and FUS, both of which have been linked to the 

development and progression of ALS. These ubiquitously expressed RBPs demonstrate 

altered nucleocytoplasmic localization, transitioning from the nucleus to the cytoplasm, where 

they aggregate under pathological conditions. While the presence of TDP-43 aggregates in 

the central nervous system is well established in ALS and FTLD, only a few studies have 

addressed TDP-43 aggregation in skeletal and cardiac muscle of patients with ALS and 

neuromuscular diseases, and there is a paucity of research on TDP-43 aggregates in heart 

diseases (Cykowski et al., 2018; Mori et al., 2019). Two types of phosphorylated TDP-43 

(pTDP-43) aggregates - dense filamentous and short linear inclusions - in skeletal and cardiac 

muscle were identified, both of which share immunohistochemical features with TDP-43 

inclusions found in the central nervous system of ALS patients. Thus, pTDP-43 aggregates in 

skeletal and cardiac muscle serve as a marker of myogenic degeneration in ALS and other 

neuromuscular disorders (Mori et al., 2019). This study demonstrates that TDP-43 undergoes 

disease-specific posttranslational modifications and accumulates on large cytoplasmic 

aggregates, a phenomenon not limited to neurodegenerative diseases, but also occurs in heart 

diseases such as late-end stage dilated cardiomyopathy (DCM) and myocarditis. Thus, while 

neuronal TDP-43 pathology is a hallmark of neurodegenerative disorders, the presence of 

cytoplasmic TDP-43 proteinopathies may also be characteristic of certain cardiomyopathies. 

However, the precise role of cytoplasmic TDP-43 in the pathogenesis of these cardiac 

proteinopathies remains unclear and warrants further investigation.  

Our findings suggest that mislocalization of nuclear RNA-binding proteins may represent a 

shared pathogenic principle in cardiomyopathies. Like TDP-43, RBPMS is predominantly 

nuclear under basal conditions, yet disease-associated cytoplasmic redistribution points to a 

disruption of RNA metabolism and stress adaptation. Whether this reflects a loss of essential 

nuclear functions, a toxic gain-of-function through cytoplasmic aggregation, or some 

combination of both, remains unresolved. The parallels to TDP-43 proteinopathies in 

neurodegeneration raise the intriguing possibility that cardiomyopathies may likewise belong 

to a broader class of “RNA-binding proteinopathies.” In this context, RBPMS mislocalization 

could impair splicing regulation, perturb SG dynamics, and compromise the ability of 

cardiomyocytes to withstand physiological and pathological stress. Importantly, increased 
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RBPMS expression and mislocalization in diseased tissue suggests potential clinical utility as 

a biomarker of disease progression or as a therapeutic target. Elucidating how RBPMS 

localization is regulated, by post-translational modification, interaction partners, or mutations, 

will be key to understanding its contribution to cardiac pathology and to exploring whether 

restoration of RNA-binding protein homeostasis can modify disease outcomes. 

4.1.2 Aberrant stress granule dynamics in cardiovascular diseases 

This study demonstrates that proteinaceous inclusions in the myocardium of DCM and 

myocarditis patients mainly contain SG proteins, suggestive of SG-related pathological 

changes. In cardiomyocytes, constant protein turnover is particularly vital due to high basal 

metabolic and mechanical stress (Jacot et al., 2011). Prolonged cellular stress and disease-

induced mutations in SG-associated RBPs can promote the formation of aberrant SGs and/or 

impair their disassembly, ultimately resulting in pathological protein aggregation. 

Consequently, we hypothesized that SGs may serve as a source of cytoplasmic TDP-43 

aggregates in cardiomyocytes of failing hearts. Our data further support this concept by 

demonstrating increased SG formation in diseased myocardial tissue. This observation implies 

that chronic cardiac stress enhances SG assembly, which in turn may facilitate the aggregation 

of nuclear RBPs such as TDP-43. Indeed, cytoplasmic TDP-43 inclusions colocalizes with SG 

proteins in primary neurons under cellular stress, and mutations in TDP-43 lead to increased 

association with SGs and impaired SG dynamics (Li et al., 2013). Importantly, aberrant SG 

dynamics not only contribute to pathological protein inclusion formation but may also interfere 

with RNA processing, thereby compromising the adaptive capacity of cardiomyocytes under 

stress. In this context, dysregulated SGs could represent a critical nodal point linking 

environmental stress, genetic predisposition, and proteostasis failure in the progression of 

cardiomyopathy. 

Recent studies have shown that SGs may participate in the pathogenesis of 

neurodegenerative diseases such as ALS and Alzheimer disease (Li et al., 2013). We 

hypothesized that SG may similarly be implicated in other chronic pathological conditions 

affecting the cardiovascular system, including myocarditis and DCM. Our study reveals that 

SGs accumulate in cardiomyocytes during myocarditis and DCM. Autophagy is pivotal for 

maintaining SG homeostasis by mediating the degradation of both physiological and 

pathological SGs (Chitiprolu et al., 2018; Guo et al., 2014). The autophagy receptor p62 

(SQSTM1) localizes in close proximity to SGs and interacts with the canonical SG marker 

G3BP1 upon arsenite-induced stress, establishing a direct link between SGs and the 

autophagic pathway. Notably, p62 knockout results in substantial accumulation of SGs during 

the recovery phase following stress exposure (Yang et al., 2023). In human cardiovascular 

disease samples, we observed a marked upregulation of p62 expression that colocalizes with 
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enlarged G3BP1-positive foci, suggesting the pathological conversion of aberrant 

ribonucleoprotein (RNP) granules into cytotoxic aggregate-like inclusions within stressed 

cardiomyocytes. Given the role of autophagy in the clearance of RNP granules (Buchan et al., 

2013), the elevated p62 levels likely reflect defective clearance mechanisms, implying that 

pathological SG accumulation may overwhelm autophagy pathways, leading to cellular 

dysfunction. TDP-43, a known regulator of autophagy, is also implicated in autophagic 

dysfunction when mutated (Bose et al., 2011; Filimonenko et al., 2007). Collectively, our 

findings expand the understanding of pathological SG formation and suggest a potential 

regulatory role for p62 in SG homeostasis within cardiomyopathies. The modulation of SG 

formation and clearance through p62 presents a promising avenue for therapeutic 

interventions in cardiovascular diseases. In summary, our study was the first to characterize 

SGs in the human cardiovascular system. While SGs confer protection under acute stress 

conditions, their persistent activation in heart diseases like DCM and myocarditis emphasizes 

the need for a deeper understanding of their function and the development of targeted 

therapies. 

4.2 Robust APEX2-mediated labeling enables protein proximity mapping in 

murine HL-1 cardiomyocytes  

Previous studies have employed the APEX2 proximity labeling technique to gain novel 

biological insights across various cellular contexts, including membraneless organelles formed 

by phase separation. APEX2 enables high-resolution mapping of protein and RNA 

environments by catalyzing the biotinylation of molecules in close proximity to a protein of 

interest, thereby facilitating the identification of localized and transient interactions within 

specific subcellular compartments. Consequently, this approach has proven particularly 

valuable for investigating the dynamics of SG formation and disassembly across various cell 

lines and primary cells, revealing significant insights into SG composition and identifying 

potential regulatory targets involved in SG biogenesis and function (Markmiller et al., 2018; 

Zhou et al., 2019; Tan et al., 2020). Despite these advances, the SG proteome in 

cardiomyocytes remains uncharacterized. In this study, we established the first optimized 

protocol for APEX2-mediated proximity labeling in the HL-1 cardiac cell line, overcoming 

critical barriers to membrane permeability of biotin-phenol. The refined methodology 

significantly improves biotinylation efficiency, enabling high-resolution mapping of the SG 

proteome and revealing increased interactome complexity.  

The APEX2-proximity labeling uncovered numerous splicing factors as components of 

RBPMS-positive foci that assemble in HL-1 cardiomyocytes following heat shock. In the heart, 

splicing factors regulate the functional properties of cardiomyocytes by modulating AS of 

multiple genes, particularly those encoding sarcomeric proteins (Weeland et al., 2015). This 



97 
 

regulation enables the heart to adapt to changing demands under conditions of stress or 

disease. Several studies have demonstrated that specific serine/arginine-rich (SR) splicing 

factors, including SRSF1, SRSF3, and SRSF7, are recruited to SGs during stress, temporarily 

reducing their nuclear availability and altering splicing patterns (Twyffels et al., 2011; Anil More 

et al., 2020; Jayabalan et al., 2016). This aligns with observations that splicing is globally 

inhibited during mammalian heat stress response (Shalgi et al., 2014). Encoded RNA-binding 

domains in these factors, are essential for their cytoplasmic translocation and SG 

incorporation, facilitating the sequestration of splicing-associated transcripts within these 

structures. An illustrative example of the necessity of RNA-binding for nuclear export is SRSF1, 

which requires intact RRMs (Twyffels et al., 2011). These present findings corroborate earlier 

reports of stress-induced nucleocytoplasmic redistribution of RBPs and their role in 

translational repression.  

Moreover, our APEX2 approach identified numerous previously uncharacterized SG-

associated proteins [76% (93/120)] in the murine HL-1 cardiomyocyte cell line, highlighting the 

cell type-specific complexity of SG composition. Previous studies employing commonly used 

cell lines such as HEK293T or U2OS likely missed certain cardiac-specific proteins due to their 

absence in these non-cardiac cell types. This underscores the tissue-specific adaptations of 

SGs, as the discovery of cardiac-enriched proteins indicates unique SG compositions that may 

contribute to organ-specific vulnerability under stress. The composition of SGs depends on 

both the cell type and the specific stress encountered, with cell type accounting for 

approximately 20% of their variability. Notably, neuronal cells display a particularly complex 

repertoire of proteins within their SGs, reflecting specialized functional demands (Markmiller et 

al., 2019). Different cell types may recruit distinct sets of proteins to SGs, suggesting a 

specialized stress response that supports specific cellular functions and survival mechanisms. 

Furthermore, using a combination of APEX2 proximity labeling and immunoprecipitation 

experiments, we identified several SG-associated proteins as potential interactors or proximal 

partners of RBPMS under non-stress conditions, indicating that SG stability may be supported 

by enhanced basal protein-protein interactions . Recent studies have proposed that certain 

SG-associated proteins can pre-assemble even in the absence of stress, forming complexes 

that locally concentrate RBPs and prime cells for rapid SG formation upon stress exposure 

(Wheeler et al., 2016; Baymiller et al., 2023). For instance, core SG components have been 

shown to interact within the neurites of human iPSC-derived motor neurons prior to arsenic 

exposure. Furthermore, uninjured or growing axons in the peripheral nervous system contain 

interactomes that include HuR, TIA1, and G3BP1, all well-characterized SG constituents 

(Sahoo et al., 2018). Consistent with previous findings, our current data demonstrate 

preexisting and constitutive proximity interactions among core SG components in unstressed 
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cardiomyocytes. Such interactions likely serve as precursors, facilitating the efficient and rapid 

assembly of SGs and enabling dynamic regulation of translation in response to cellular stress. 

The perinuclear localization of SGs may have functional importance in mRNA regulation, given 

their role as dynamic hubs of mRNA metabolism (Kedersha et al., 2002). This positioning 

suggests a close functional interplay with nuclear processes, particularly as several regulatory 

RBPs shuttle between the nucleus and SGs in response to stress conditions (Zhang et al., 

2019; Mahboubi et al., 2014). Proximity localization to the nucleus could enhance signaling 

efficiency by minimizing diffusion distances for proteins that mediate cross-compartment 

communication. Moreover, nuclear transport mechanisms are modulated during stress: 

importin α, a key mediator of nuclear import, accumulates in the nucleus, while importin α/β-

dependent nuclear import is downregulated during heat shock as an adaptive response to 

environmental stress (Furuta et al., 2004; Miyamoto et al., 2004). The modulation of nuclear 

import efficiency may contribute to the dynamic redistribution of proteins between nuclear 

compartment and cytosolic SGs, further underscoring the functional significance of SG 

localization in the perinuclear region. Experimental approaches using export inhibitors such as 

Leptomycin B or Selinexor could clarify whether stress-induced cytoplasmic retention results 

from impaired nuclear import or active cytoplasmic sequestration. 

4.3 RBPMS exhibits a dual role in stress granules and nuclear bodies under 

stress conditions 

4.3.1 RBPMS isoforms mediate stress granule dynamics and DNA damage 

modulation in response to doxorubicin-induced cardiotoxicity 

The subcellular localization of RBPMS isoforms determines their distinct functional roles. 

RBPMSA, which is predominantly nuclear, is primarily involved in the regulation of AS, 

whereas RBPMSB, mainly localized in the cytoplasm, likely contributes to RNA stability and 

trafficking. This functional segregation highlights specialized roles in RNA metabolism and 

cellular stress responses. Intriguingly, RBPMS encodes a putative IDR domain in addition the 

single RRM domain, which facilitates higher-order oligomerization and is essential for its 

splicing regulatory activity and phase separation properties. The IDR enables RBPMS to 

participate in the assembly of RNP granules, including SGs. Indeed, RBPMS has been 

reported to translocate to SGs in response to oxidative stress in HEK293T cells (Farazi et al., 

2014). In accordance with these observations, this study demonstrates that RBPMS 

colocalizes with the SG marker G3BP1 in isolated cardiomyocytes under stress conditions. 

Moreover, treatment with doxorubicin, a topoisomerase II beta (Top2b) inhibitor that induces 

DNA double-strand breaks (DSBs), promotes the formation of discrete nuclear puncta by 

RBPMS. Consistently, increased RBPMSA levels in Rbpmsb isoform-deficient cardiomyocytes 

might indicate functional redundancy of the different RBPMS isoforms, which is accompanied 
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by a reduction in DSB-induced phosphorylated histone H2A (γ-H2AX) and a decreased 

number of SFPQ-positive nuclear granules. These findings point to a potential role for RBPMS 

in PS formation and DDR. Importantly, the transgenic mice used in these studies are viable, 

supporting the compensatory role of RBPMS isoforms in cardiac function. NEAT1 

overexpression promotes DNA damage repair and mitigates doxorubicin-induced 

cardiotoxicity (Adriaens et al., 2016; Liu et al., 2019). To confirm a direct association with PS, 

future studies should employ NEAT1 fluorescent in situ hybridization (FISH) in conjunction with 

RBPMS immunofluorescence microscopy.  

Notably, 24 h post-treatment, we observed a significant overlap between condensed chromatin 

(DNA condensates) and doxorubicin-induced condensates; however, RBPMS exhibited only 

partial colocalization with these structures within the interchromatin space. Consequently, the 

sequestration of doxorubicin into nuclear granules may reduce its local concentration at DNA 

target sites, thereby diminishing DNA damage. Moreover, previous reports have demonstrated 

that doxorubicin promotes LLPS (Garg et al., 2024) and preferentially accumulates within 

heterochromatin, promotes the formation of liquid condensates by heterochromatin protein 1 

(HP1) and induces the formation of doxorubicin-H1 fibrous condensates through its interaction 

with histone H1. (Wang et al., 2023). It is also plausible that doxorubicin may interact with other 

histones or chromatin-associated proteins, further contributing to chromatin reorganization and 

phase separation. 

Doxorubicin triggers a DNA damage response (DDR) and apoptosis, resulting in transcriptomic 

changes that disrupt mitochondrial biogenesis in cardiomyocytes. One of the primary 

mechanisms underlying these effects is the inhibition of Top2, which, together with the 

generation of reactive oxygen species (ROS), substantially contributes to DNA damage and 

cardiotoxicity (Zhang et al., 2012). Consistent with our observations, treatment of 

cardiomyocytes with doxorubicin resulted in increased levels of phosphorylated histone H2A 

(γ-H2AX), a marker of DSBs. Dexrazoxane (Zinecard, ICRF-187), a clinically approved 

cardioprotectant, functions as a Top2 catalytic inhibitor (Andoh, 1998), induces proteasomal 

degradation of Top2b in H9C2 cardiomyocytes and can partially protect doxorubicin-induced 

DNA damage (Andoh, 1998; Lyu et al., 2007). However, the results in this study show that 

dexrazoxane pre-treatment does not prevent the formation of doxorubicin-induced nuclear 

condensates in neonatal cardiomyocytes, indicating that these condensates are not dependent 

on the formation or proteasomal degradation of Top2-DNA complexes but may instead arise 

as a consequence of apoptosis or may represent a protective cellular response. Chromatin 

condensates play a crucial protective roles in cellular physiology, particularly by safeguarding 

genome stability and integrity. A key aspect of their function lies in the regulation of DDR 

signaling. Remarkably, chromatin condensation alone is sufficient to activate DDR pathways, 
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thereby integrating these signals into the broader cellular response to DNA damage (Burgess 

et al., 2014). Chromatin condensates serve as molecular hubs during cellular stress by 

sequestering regulatory molecules and facilitating DNA repair processes. Notably, recent 

studies have highlighted the protective roles of paraspeckles (PS)-a class of nuclear bodies 

involved in gene regulation and stress responses-particularly in neurodegenerative diseases 

such as ALS (Shelkovnikova et al., 2018). These findings underscore the multifaceted roles of 

nuclear condensates in cellular defense mechanisms during genotoxic stress.  

4.3.2 Paraspeckle-associated RBPMS network regulates cardiac DNA damage 

response 

Mass spectrometry profiling of purified PSs in HEK293T cells revealed a substantial and 

unexpected proteomic overlap with SGs components, despite the prior assumption that these 

structures were independent due to their respective confinement to the nucleus and cytoplasm. 

This finding challenges the assumption that these membraneless organelles are functionally 

independent and suggests a structural and functional continuum between nuclear and 

cytoplasmic RNP granules. SGs can sequester several PS-associated proteins that normally 

suppress PS formation when retained in the nucleus, thereby impacting their gene regulatory 

functions (An et al., 2019). In this study, we employed mass spectrometry to identify numerous 

RBPMS interactors in cardiomyocytes, including RBPs with key roles in DDR and PS 

formation, such as RBM14, SFPQ, NONO, HNRNPA1, HNRNPUL and TAF15. Notably, all 

these proteins contain aggregation-promoting prion-like domains. The association of RBPMS 

with these key regulatory proteins suggests a role in modulating cellular responses to 

genotoxic stress, possibly by influencing DDR signaling pathways and the assembly of nuclear 

bodies. These proteins also contain IDRs, a common feature of RBPs implicated in 

neurodegenerative diseases, including ALS (Vance et al., 2009; Couthouis et al., 2011; Chesi 

et al., 2013; Kim et al., 2013). IDRs are essential for higher-order protein oligomerization and 

phase separation, facilitating the assembly of membraneless organelles like SGs and nuclear 

bodies (Yang et al., 2023). Thus, the presence of IDRs is a defining characteristic of many PS-

associated proteins. RBM14, is a central interactor in this process, orchestrating the 

recruitment of additional factors to PS, thereby facilitating their biogenesis. A key function of 

RBM14 is to mediate the interaction between two core Drosophila behavior/human splicing 

(DBHS)-family proteins, NONO and SFPQ, which are essential structural components of PSs 

and are involved in diverse roles in RNA metabolism, DDR, and PS formation (Lim et al., 2020). 

The SFPQ-NONO heterodimer accumulates at the DNA damage sites, where it interacts with 

the Ku70/Ku80 complex, an essential component of the nonhomologous end joining (NHEJ) 

DNA repair pathway and promotes DNA end joining (Alfano et al., 2015). Moreover, under 

neuropathological conditions, SFPQ has been reported to abnormally accumulate in the 



101 
 

cytoplasm, and maintaining its proper nucleocytoplasmic distribution is crucial for cellular 

homeostasis and stress response regulation (Ke et al., 2012; Lu et al., 2018). Our findings 

further support the interaction between RBPMS and SFPQ, as confirmed by proximity-

dependent biotinylation, co-immunoprecipitation and immunofluorescence colocalization 

analysis. Additionally, RBPMS interacts with heterogeneous nuclear ribonucleoprotein U-like 

(hnRNPUL), underscoring its critical role in the DDR. The identification of these RBPs as 

RBPMS interactors points to a complex regulatory network that coordinates phase separation 

and DDR, potentially bridging nuclear and cytoplasmic membraneless organelles during 

cellular stress responses. Notably, APEX2 proximity labeling revealed that several PS-

associated proteins localize near RBPMS in HL-1 cardiomyocytes, but not in HEK293T cells 

or MEFs, supporting a cardiac-specific role of RBPMS in PS formation and related processes. 

Collectively, these results support the hypothesis that RBPMS serves as a molecular hub 

integrating stress signaling, RNA processing, and chromatin organization in the heart. Through 

its interactions with DDR and PS-associated proteins, RBPMS may drive the dynamic 

remodeling of nuclear architecture and promote the formation of phase-separated 

condensates in response to genotoxic stress, thereby enhancing cellular resilience and 

preserving genome stability in cardiomyocytes. 

4.3.3 RBPMS links RNA granule dynamics to mitochondrial function in 

cardiomyocyte stress adaptation and doxorubicin-induced toxicity 

In this study, we observed that doxorubicin treatment initially induces SG formation in the 

cytoplasm, which is subsequently followed by the assembly of granules within the nucleus. 

These findings suggest a temporal sequence of RNP granule formation in response to acute 

stress. Building on this, we propose that SG assembly functions as an immediate adaptive 

response to acute stress, such as doxorubicin exposure, whereas PSs and other nuclear 

bodies coordinate longer-term adjustments of cellular processes needed to cope with 

prolonged stress. Studies have demonstrated that the formation of SGs is essential for initiating 

and sustaining PS assembly under stress conditions and that these cytoplasmic and nuclear 

RNP granules are structurally and functionally interconnected (An et al., 2015). SGs are 

generally regarded as protective structures that support cell survival under diverse stress 

conditions (Arimoto et al., 2008), whereas PSs enhance cell viability during proteasome 

inhibition, heat shock, and exposure to foreign double-stranded RNA (dsRNA) (Hirose at al., 

2014). PSs are particularly important in safeguarding cells from disruptions in RNA 

metabolism, thereby strengthening their resilience to oxidative stress and insults linked to 

neurodegenerative diseases (Shelkovnikova et al., 2018; Wang et al., 2022). The assembly of 

PSs is dynamically regulated and can be triggered by signals originating from SGs, reflecting 

a continuum of RNP granule formation that allows cells to efficiently adapt to changing 



102 
 

environmental conditions. This biphasic response involves an initial cytoplasmic wave of SG 

formation followed by a nuclear wave of PS assembly, enabling both immediate and long-term 

modulation of gene expression and stress responses (Shelkovnikova et al., 2018). RBPMS 

localization changes dramatically in a stress-type-dependent manner, however only a fraction 

of RBPMS relocalizes to nuclear foci. It has been proposed that the core of PSs acts as a site 

for sequestering specific components, while the surrounding shell is more dynamic and 

engages with different nucleoplasmic proteins in a manner that depends on the type and 

function of the PS. Therefore, the different types of PSs may exhibit distinct responses under 

stress conditions (Arnold et al., 2024). RBPMS isoforms likely interact with components of both 

the shell and core of PSs. RBPMSA constitutively associates with core PS components under 

basal conditions, suggesting a fundamental role in maintaining PS structural integrity through 

RNA-protein interactions with key architectural factors. In contrast, RBPMSB exhibits stress-

induced recruitment to PSs and interacts preferentially with stress-responsive elements, 

potentially facilitating the complete assembly and functional regulation of these nuclear bodies 

under stress conditions. 

HuR has been implicated in the early cellular response to doxorubicin, undergoing 

phosphorylation-dependent translocation from the nucleus to the cytoplasm (Latorre et al., 

2012). Comparable to HuR, RBPMS may undergoes phosphorylation at specific residues 

adjacent to its RNA recognition motif, which affect its RNA binding affinity or nuclear 

localization, thereby modulating its dynamics in response to various stress conditions. Publicly 

available phosphoproteomic datasets have identified multiple phosphorylation sites within 

RBPMS. In particular, threonine residues at positions 113 and 118, which are adjacent to the 

RRM domain have been reported as phosphorylation sites (Barnhart et al., 2022). 

Intriguingly, our data suggest a close interplay between SGs and membrane-bound organelles, 

particularly mitochondria. Proteomic analyses indicate that RBPMB may interact with 

mitochondrial proteins, highlighting a potential molecular interface between these structures. 

Notably, pathological disruption of SG dynamics in neurodegenerative diseases appears to be 

tightly linked to mitochondrial dysfunction (Amen et al., 2021), further underscoring the 

potential interplay between these cellular structures. Our transcriptomic analyses revealed a 

marked enrichment of mitochondrial gene expression following doxorubicin treatment, with 

prominent alterations in the tricarboxylic acid (TCA) cycle and electron transport chain - 

hallmarks of doxorubicin-induced cardiotoxicity. These findings underscore the pivotal role of 

mitochondrial function in orchestrating the cellular stress response, wherein SGs serve as key 

regulators of mRNA triage and promoters of cell survival. We propose that mitochondrial 

dynamics are essential for the proper assembly and function of SGs and speculate that DNA 

damage accumulation upon doxorubicin treatment disrupts mitochondrial ultrastructure 
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(Sultana et al., 2006; Valko et al., 2007; Wei et al., 2001), which in turn impair the proper 

assembly of SGs or lead to the disassembly and nuclear translocation of RBPMS. Thus, the 

interplay between mitochondria and SGs is likely a key determinant of cellular resilience during 

stress, and mitochondrial impairment may contribute to the onset of doxorubicin-induced 

cardiac toxicity by alter SG assembly and dynamics and altering the global stress response. 

Further studies will be required to elucidate the precise molecular mechanisms underlying 

these interactions. 

4.4 RBPMS acts as a mediator of cellular stress responses 

4.4.1 Genotoxic stress-induced redistribution of RBPMS highlights its role in 

nuclear speckle remodeling  

Our findings indicate that the recruitment of RBPMSB into nuclear foci is not specific to 

doxorubicin treatment but represents a broader response to genotoxic stress. Treatment with 

agents such as H₂O₂ and cisplatin, which induce oxidative damage and DNA double-strand 

breaks (DSBs), likewise promotes a redistribution of RBPMS. Prolonged exposure or elevated 

doses of these agents promote nuclear accumulation of RBPMS rather than its recruitment to 

cytoplasmic SGs. This redistribution reflects the activation of stress-responsive signaling 

pathways, most notably the p38 MAPK cascade, which reshapes nuclear bodies and facilitates 

the recruitment of splicing and RNA processing factors (Sung et al., 2023). Reports show that 

physiologically relevant H2O2 concentrations (0.01 mM-0.4 mM) elicit dose-dependent effects: 

low concentrations drive senescence, while higher doses induce apoptosis, reflecting the 

degree of DNA damage (Benhusein et al., 2010). Similarly, cisplatin, a widely used 

chemotherapeutic agent, triggers mitochondrial dysfunction, DNA damage, and oxidative 

stress-mediated apoptosis in cardiomyocytes. Its cytotoxicity manifests within 6–24 h, primarily 

through the formation of platinum-DNA adducts that disrupt replication and impair repair 

mechanisms.(Qian et al., 2018; Soliman et al., 2018; Shirmanova et al., 2017). Emerging 

evidence suggests that cisplatin-induced genotoxic stress is not only linked to the regulation 

of PSs but also to the assembly of SGs. Specifically, cisplatin treatment upregulates the long 

non-coding RNA NEAT1, which drives PS formation and promotes sequestration of SFPQ and 

NONO. This, in turn, reprograms the transcription of pro-survival genes while concurrently 

disrupting DDR pathways. The depletion of SFPQ enhances the transcription of pro-apoptotic 

genes, thereby promoting cell death (Ru et al., 2018). Consequently, PS formation is a critical 

determinant of cellular sensitivity to cisplatin. 

Genotoxic stress broadly suppresses transcription through RNA polymerase II (RNAPII) 

degradation, redirecting cellular resources towards stress adaptation and fostering nuclear 

condensates enriched in SFPQ, NONO, FUS, and TAF15 (Kleimann et al., 2005). In this 

context, the distinct redistribution of RBPMS under stress suggests functionally divergent roles, 
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with pro-survival SGs primarily coordinating acute stress responses through repression of non-

essential translation, whereas nuclear accumulation is associated with the regulation of 

apoptosis and DDR. This relocalization represents an adaptive mechanism that promotes 

efficient management of stress-induced transcripts and supports rapid expression of 

immediate early genes. Nuclear speckles, which serve as hubs for the storage and modification 

of splicing factors, are dynamically reorganized during stress to support the processing of 

stress-responsive transcripts (Sung et al., 2023). Given its function as a splicing regulator, 

RBPMS likely contributes to the assembly and organization of nuclear speckles by modulating 

the repertoire and activity of splicing factors within these compartments, thereby orchestrating 

the dynamic nuclear environment required for efficient gene expression and pre-mRNA 

processing.  

4.4.2 Dynamic nuclear-cytoplasmic shuttling of RBPMS and G3BP1 links phase 

separation to DNA damage signaling and apoptotic regulation 

Intriguingly, the nuclear and cytoplasmic localization of both RBPMS and G3BP1 suggest to 

be stress-specific. Under acute oxidative stress, these RNA-binding proteins predominantly 

accumulate in cytoplasmic SGs, facilitating immediate cellular protective responses. In 

contrast, during prolonged oxidative stress, RBPMS and G3BP1 translocate to the nucleus 

where they form distinct nuclear foci. These observations align with previous studies 

demonstrating that the subcellular translocation of G3BP1, particularly its shuttling between 

the cytoplasm and nucleus, plays a decisive role in regulating apoptosis: cytoplasmic G3BP1 

and SG formation generally protect against apoptosis by sequestering pro-apoptotic factors 

and mRNAs (Takahashi et al., 2013), while nuclear translocation modulates apoptotic signaling 

pathways, particularly through interactions with p53 and related factors (Mao et al., 2021). 

Phosphorylation at Ser-149 directs G3BP1 to the nucleus (Tourrière et al., 2003), where it may 

associate with ribonucleoprotein complexes. Functionally, G3BP1 is classified as a non-

canonical helicase and transcription factor, capable of unwinding DNA, RNA, and DNA/RNA 

hybrid structures (Costa et al., 1999). This activity may underlie its potential function in DNA 

damage-related processes or apoptosis.  

Collectively, these findings will offer novel insights into the role of RBPMS in RNA metabolism, 

phase separation, and cellular stress responses. Further research is required to clarify the role 

of RBPMS in the DDR and its potential contributions to disease pathogenesis, particularly in 

cardiomyocytes. Future studies should specifically investigate the effects of RBPMSA 

knockout on DDR efficiency in cardiomyocytes, for instance through comet assays, to elucidate 

its pathophysiological relevance in response to genotoxic stress. 
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4.5 Doxorubicin reshapes splicing factor networks through poison exon 

inclusion and intron splicing 

4.5.1 Phase separation drives hierarchical coordination of splicing regulators 

in cardiomyocytes 

Genotoxic agents such as doxorubicin exert profound effects on the splicing machinery by 

altering the expression levels and posttranslational modifications of several splicing regulators, 

including SR proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) (Haley et al., 

2009; Filippov et al., 2007; Zhou et al., 2013; Martinez-Contreras et al., 2007). These 

modifications influence the intracellular localization and functional activity of these proteins, 

thereby modulating AS events. For instance, phosphorylation-induced relocalization of specific 

kinases can lead to hyperphosphorylation of SR proteins, resulting in alterations in pre-mRNA 

splicing (Gui et al., 1994; Colwill et al., 1996). In vascular smooth muscle cells (VSMCs), 

phosphorylation of RBPMS directly downregulates its splicing activity , providing rapid adaptive 

modulatory mechanism (Barnhardt et al., 2022). RBPMS contains a single RRM and proline-

rich IDR that promotes oligomerization and interaction with other RBPs (Teplova et al., 2016). 

In addition, the IDR facilitates AS regulation, enabling cooperative binding to target RNAs and 

recruitment of ubiquitous expressed splicing factors such as PTBP1, MBNL1, and QKI 

(Nakagaki-Silva et al., 2019). In VSMCs, RBPMS acts as a master splicing regulator, 

controlling the activity of co-regulators such as RBFOX2 and MBNL1 and thereby indirectly 

influencing downstream AS events that shape the VSMC contractile phenotype. Moreover, 

RBPMS influences AS of Mbnl1 and Mbnl2, which encode splicing regulators themselves, 

indicating a hierarchical regulatory network. This regulatory role is not limited to VSMCs but 

also encompasses cardiac muscle and embryonic stem cells, where RBPMS expression is 

governed by super-enhancers (Nakagaki-Silva et al., 2019). Indeed, our data indicate that 

RBPMSA operates as a central hub of AS in the myocardium through interactions with 

ubiquitously expressed splicing factors such as PTBP1 and hnRNPs and cardiomyocyte-

specific splicing factors such as MBNL1 and RBFOX1. By coordinating with other splicing 

regulators within the nuclear environment, RBPMSA likely acts as a master regulator that fine-

tunes cardiac-specific splicing programs critical for myocardial function. Importantly, 

dysregulation of RBPMSA-mediated splicing has been linked to impaired cardiomyocyte 

contractility and dilated cardiomyopathy, underscoring its potential involvement in cardiac 

disease pathogenesis (Gan et al., 2023). Thus, understanding the molecular mechanisms of 

RBPMSA's splicing regulation may open new avenues for therapeutic strategies targeting AS 

to treat or prevent cardiac dysfunction and heart failure. These findings suggest that RBPMSA-

mediated cardiac splicing does not rely solely on heart-restricted RBPs or unique cofactors. 

Rather, RBPMS functions as part of a dynamic AS network that includes both specialized 
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cardiac regulators and core splicing factors broadly expressed across tissues. The IDRs of 

RBPMS promote phase separation, driving the assembly of nuclear condensates such as PSs 

and thereby enhancing access to the splicing machinery. Through this capacity to organize 

nuclear microenvironments, RBPMS not only regulates the splicing of its direct RNA targets 

but also modulates a wider network of splicing events and other post-transcriptional processes 

throughout the nucleus. 

4.5.2. Novel putative Rbpmsd isoform reveals stress-responsive splicing 

regulation in neonatal cardiomyocytes 

Interestingly, we identified previously uncharacterized Rbpms isoform, termed Rbpmsd, that is 

expressed in neonatal but not adult cardiomyocytes. This isoform incorporates a poison exon 

cassette (PCE) and exhibits intron retention, resulting in a transcript harboring a premature 

termination codon (PTC). Since the PTC is positioned more than 50–55 nucleotides upstream 

of the final exon-exon junction, the Rbpmsd transcript is predicted to be targeted for 

degradation by the nonsense-mediated decay (NMD) pathway. Moreover, doxorubicin 

treatment markedly upregulates Rbpmsd expression, accompanied by a concomitant 

reduction in Rbpmsa and Rbpmsb mRNA levels. Given that RBPMSA and RBPMSB regulate 

splicing, it is likely that RBPMS, together with its associated splicing factors, promotes PCE 

skipping under normal conditions to ensure production of functional RBPMS protein. While 

transcripts containing PTC are typically targeted for degradation via NMD, doxorubicin 

suppresses NMD machinery, enabling PTC-containing transcripts to evade degradation (Popp 

et al., 2015). Furthermore, chemotherapeutic stress alters the expression or activity of splicing 

regulators, promoting PCE inclusion and intron retention. This transcriptome-wide AS 

reprogramming may act as a buffering mechanism to adapt the proteome under genotoxic 

stress. Interestingly, alternative splicing coupled with nonsense-mediated decay (AS-NMD) 

events are highly enriched among splicing regulators. Many of these proteins bind their own 

transcripts and promote the splicing of nonproductive NMD isoforms, creating an 

autoregulatory negative feedback loop that maintains protein expression within a self-limiting 

range (Lareau et al., 2007). The coordinated inclusion of PCEs together with intron retention 

constitutes an adaptive AS response to doxorubicin exposure, potentially influencing 

cardiomyocyte survival. This combined perturbation (PCE inclusion plus intron retention) 

reveals a previously unrecognized dimension of doxorubicin cardiotoxicity, directly linking 

genotoxic stress to splicing dysregulation in cardiomyocytes. Understanding how RBPMS 

activity is regulated under genotoxic stress may uncover therapeutic targets to counteract 

cardiotoxicity. 

The minimal size disparity between the protein isoforms (10-13aa), hinders effective resolution 

by standard Western blotting. To overcome this limitation, two-dimensional gel electrophoresis 
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(2DE) - which separates proteins by isoelectric point and molecular weight - provides higher 

resolution for distinguishing these isoforms with minimal mass differences and enables 

quantification of their stress-dependent expression. Functional assays, such as CRISPR-

based isoform-specific knockdowns or knockouts, will clarify the role of Rbpmsd in AS 

regulation and cardiomyocyte survival. These insights may help guide the development of 

strategies to preserve splicing fidelity during chemotherapy, thereby mitigating the risk adverse 

cardiac outcomes. 

4.5.3. Splicing dysregulation as a central mechanism of doxorubicin 

cardiotoxicity 

Doxorubicin induces extensive gene expression remodeling, including AS events that allow 

cardiomyocytes to adapt to environmental stress. The observed reduction in RBPMSA and 

RBPMSB levels is likely arises from PCE inclusion and subsequent degradation of the 

transcript, a mechanism that mirrors the autoregulatory feedback loops reported for other 

splicing regulators such as SRSF7 and RBM39 (Campagne et al., 2023). Transient SRSF7 

overexpression enhances PCE exon inclusion and triggers NMD-dependent transcript 

degradation, while prolonged overexpression causes intron retention and nuclear confinement 

of transcripts, resulting in the formation of regulatory nuclear bodies. (Goenka et al., 2016; Yap 

et al., 2018). Markedly, RBM39 tightly autoregulates its expression through a negative 

feedback loop at the pre-mRNA splicing stage by promoting the inclusion of a PCE. This 

mechanism involves all three RRMs and the arginine-serine-rich domain of RBM39, which 

coordinate interactions with the spliceosome components and the pre-mRNA to control 

alternative 3’-splice site selection, ultimately leading to regulated PCE inclusion and transcript 

degradation. This autoregulatory loop ensures precise control of RBM39 levels in the cell 

(Campagne et al., 2023).  

Strikingly, several essential splicing factors, including SRSF7 and RBM39, exhibit increased 

intron retention in neonatal but not in adult cardiomyocytes, indicating a potential feedback 

mechanism in which components of the AS machinery are either self-regulated or modulated 

by other splicing factors via changes in splicing patterns. This differential regulation may reflect 

developmental stage-specific control of splicing efficiency, allowing neonatal cells to fine-tune 

gene expression during maturation. Doxorubicin-induced intron retention may contribute to the 

loss of specific RBPMS isoforms (Rbpms-203/-213 and Rbpms-202), reinforcing the concept 

that splicing factors promote the adaptation of gene expression and modulate protein levels 

through intron retention during cellular stress. Interestingly, several splicing factors implicated 

in cardiomyopathy exhibit altered expression upon doxorubicin treatment in neonatal 

cardiomyocytes, including RBM20 (Van den Hoogenhof et al., 2018), QKI (Chen et al., 2021), 

CELF1 (Ladd et al., 2015), SRSF1 (Xu et al., 2005), and SRSF5 (Zhang et al., 2021). 
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Specifically, several splicing regulators that promote intron retention, such as Srsf2, Hnrnpl, 

Hnrnpk, Sf3b1, are upregulated following doxorubicin treatment. Furthermore, intron retention 

serves as a key regulatory mechanism during development: global analyses comparing fetal 

and adult human hearts reveal that alternative 3′ and 5′ splice site usage, exon skipping, and 

intron retention account for the majority of AS events, with intron retention and exon skipping 

being more prevalent in fetal hearts (Li et al., 2013; Wang et al., 2016). The shift toward 

noncoding isoforms of splicing regulators under stress conditions reflects a coordinated 

regulatory program rather than a general splicing failure, underscoring the importance of 

identifying AS switching events. Our findings imply that doxorubicin-induced AS changes, 

including PCE inclusion and intron retention, may contribute to cardiotoxicity by altering the 

expression and function of key splicing regulators and their downstream targets.  

In addition to protein abundance, subcellular localization is a pivotal determinant of protein 

function. Under doxorubicin-induced genotoxic stress, RBPMS undergoes relocalization to 

nuclear granules, particularly via its interaction with SFPQ, implicating it in the regulation of 

stress-responsive splicing. The presence of RBPMS-positive nuclear foci adjacent to nuclear 

speckles after doxorubicin treatment further supports the concept of dynamically coordinated 

splicing regulation (data not shown). This is consistent with functional crosstalk between 

nuclear speckles and PS, which collaboratively regulate mRNA splicing (Okuda et al., 2025). 

Stress conditions induce nucleocytoplasmic shuttling of splicing regulators, such as SR 

proteins (e.g., SRSF1, SRSF3, SRSF7), which translocate to cytoplasmic SGs or nuclear 

stress bodies. These subcellular redistribution events drive adaptive AS responses and reduce 

splicing efficiency by sequestering factors into granules, enabling rapid transcriptome and 

proteome remodeling to prioritize stress adaptation (Ibrahim et al., 2005). Intron retention 

further modulates post-transcriptional regulation by retaining pre-mRNAs in the nucleus, as 

observed during heat shock and other stress conditions (Ninomiya et al., 2019; Goenka et al., 

2016; Yap et al., 2018).  

Previous studies collectively highlight the fundamental principle that cellular responses to 

oxidative stress are highly cell-type-dependent, varying between terminally quiescent, fully 

differentiated, and proliferative cells (Cepinskas G., 1994; Flores S. C., 1997; Kaufmann, 1989; 

Kim et al., 2018; Liu, 1989; Walker P. R., 1991). Notably, children under 4 years exhibit 

heightened susceptibility to doxorubicin-induced cardiotoxicity compared to adults, reflecting 

distinct mechanisms of toxicity (Krischke et al., 2016; Lipschultz et al., 1991; Lipschultz et al., 

1996; Pratt et al., 1978). In this line, age-dependent differences in doxorubicin-induced 

apoptosis have been observed. This sensitivity is linked to higher baseline caspase-3 activity 

and proapoptotic protein expression in immature cardiomyocytes, which sharply decline 

postnatally. Specifically, acute doxorubicin treatment induces a strong apoptotic response in 
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neonatal but not mature cardiomyocytes, due to the downregulation of key apoptotic regulators 

(Shi et al., 2012). Our finding that Rbpms isoform expression differs between proliferating 

neonatal cardiomyocytes and postmitotic adult cardiomyocytes may reflect differentiation 

stage-specific variations in oxidative stress responses, which could, in turn, influence cellular 

vulnerability and physiological function. Alternatively,  these differences may stem from cell 

type–specific efficiencies in expressing genes that mediate antioxidant defense (Kim et al., 

2018). Proliferating neonatal cardiomyocytes exhibit distinct splicing factor dynamics (e.g., 

RBM24, QKI, CELF1) under doxorubicin treatment, potentially contributing to their heightened 

vulnerability. These findings highlight the interplay between developmental stage, stress 

adaptation, and splicing regulation in shaping cardiac resilience to genotoxic agents. 

Finally, this study demonstrates that therapy-induced stress responses, such as those 

triggered by doxorubicin, are accompanied with downregulation of splicing factors, thereby 

driving global intron retention and PCE inclusion. These mechanisms enable cardiomyocyte 

stress adaptation by modulating the activity and stability of key proteins involved in cell survival 

and drug resistance. The dynamic regulation of RBPMS localization and expression highlights 

its dual role in autoregulating its own transcripts and modulating AS of mRNA targets. These 

findings position RBPMS as a critical node the transcriptional and post-transcriptional 

response to doxorubicin-induced stress, potentially contributing to the drug’s cardiotoxic 

effects. By generating diverse splice variants and assembling into dynamic RNP complexes, 

RBPMS fine-tunes RNA metabolism and gene expression in a context-dependent fashion, 

emphasizing its central role in maintaining cellular homeostasis. Core functions such as 

splicing regulation, mRNA stability, and transport are essential for normal cellular function, and 

their dysregulation has been implicated in numerous diseases, making them a central focus of 

biomedical research. Understanding the mechanistic links between RBPMS isoform 

expression, doxorubicin-induced cardiotoxicity, and adaptive splicing responses may provide 

novel insights into the pathophysiology of chemotherapy-induced cardiac dysfunction. Future 

research should focus on targeted strategies to modulate AS in cardiomyocytes. Leveraging 

CRISPR-based platforms, such as CRISPR-Cas13 or CasRx, to selectively knock down genes 

and reprogram AS patterns in could help identify key pathological AS targets and clarify their 

impact on cardiovascular health. Such mechanistic insights hold promise for the development 

of novel therapeutic strategies aimed at mitigating chemotherapy-induced cardiotoxicity, with 

important implications for both pediatric and adult oncology patients. 
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4.6 Future Directions  

4.6.1 Identification of SG and PB protein and RNA composition in 

cardiomyocytes using APEX2 proximity labeling 

Given that RBPMS localizes to both SGs and P-bodies, it is crucial to characterize the specific 

molecular composition of the corresponding RBPMS-positive foci in cardiomyocytes. To 

address this, APEX2 proximity labeling will be employed, targeting SGs via G3BP1 and P-

bodies via DCP1A. This approach will enable the identification of unique and overlapping 

protein constituents, providing a comprehensive analysis of both specific and shared 

components between these two granule types. The enzymatic activity of APEX2 fusion 

constructs targeted to SGs and P-bodies was successfully validated in HEK293T cells by 

immunoblotting with a V5 antibody and streptavidin-HRP detection (see Appendix Figure 46). 

Future studies will focus on mapping the stress-dependent interaction partners of RBPMSB 

within SGs and P-bodies, comparing proliferative (MEFs) and postmitotic cells 

(cardiomyocytes). This comparative analysis will facilitate the distinction between closely 

related RNP granules and contribute to a more detailed characterization of cell-type-specific 

assemblies. 

The RNA composition of SGs in cardiomyocytes remains largely unexplored. In addition to 

proteomic mapping, APEX2-mediated proximity labeling enables transcriptomic analysis by 

directly biotinylating RNA (APEX-seq) (Zhou et al., 2019). To achieve higher specificity for 

nucleic acids, a biotin-aniline probe will be utilized to map the transcriptome of SGs, specifically 

in cardiomyocytes. Candidate target RNAs identified through this approach can be further 

validated using single-molecule fluorescence in situ hybridization (smFISH) in both murine and 

human tissues. This integrative strategy will provide a more comprehensive understanding of 

mRNAs sequestered within SGs, elucidate their regulatory mechanisms, and clarify their roles 

in cellular homeostasis and disease. 

4.6.2 Auto- or cross-regulation of Rbpms splicing by additional splicing factors 

The present study demonstrates that doxorubicin treatment induces pronounced alterations in 

AS, including the regulation of RBPMS isoforms. Our findings suggest that RBPMS may 

autoregulate its own splicing, a mechanism modulated by doxorubicin exposure. Specifically, 

we propose that doxorubicin enhances the inclusion of exon X, introducing a PTC and 

triggering NMD, thereby reducing the abundance of functional Rbpms transcripts. To test this 

hypothesis, future studies could employ cycloheximide treatment or UPF1 knockdown to inhibit 

NMD. These approaches would help determine whether Rbpmsd regulation is mediated at the 

transcriptional level or through post-transcriptional mechanisms, thereby clarifying the 
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mechanistic interplay between chemotherapy-induced splicing dysregulation and 

autoregulatory feedback loops in Rbpms expression.  

Further studies could employ individual-nucleotide resolution UV crosslinking and 

immunoprecipitation (iCLIP) to systematically map the genome-wide binding sites of RBPMSA 

and RBPMSB isoforms in mouse cardiomyocytes. Given that RBPMSA is predominantly 

nuclear and RBPMSB resides in the cytosol, iCLIP applied to nuclear and cytoplasmic 

fractions, respectively, would provide valuable insights into their isoform-specific regulatory 

functions. This compartment-specific binding site mapping approach will enable the 

identification of direct RNA targets of each isoform within their respective subcellular 

environments. Integrating iCLIP data with transcriptome-wide analyses of AS changes will 

clarify whether the observed AS events result from direct RBPMS binding to specific motifs 

(such as CAC elements) or are mediated indirectly through broader regulatory networks. 

Additionally, complementary RNA-binding motif enrichment analyses could help identify other 

regulatory factors (e.g., MBNL, PTBP) or stress-responsive RBPs that may cooperate with 

RBPMS isoforms to fine-tune AS outcomes, particularly under chemotherapeutic stress. 

4.6.3 Stress-specific interactome of RBPMSA and RBPMSB  

The interaction between RBPMS and PS components under basal physiological conditions 

warrants further investigation into how the RBPMS protein-protein interaction network adapts 

to chemotherapeutic stressors such as doxorubicin. If the RBPMS interactome remains largely 

conserved during doxorubicin exposure, this would support the presence of a stable PS 

structural core that persists even in the absence of acute cellular stress, thereby positioning 

RBPMS as a constitutive architectural component of PSs. This hypothesis can be addressed 

by performing immunoprecipitation coupled with mass spectrometry under both steady-state 

and doxorubicin-treated conditions. A comparative analysis of the resulting interactomes will 

determine whether RBPMS retains stable associations with core PS proteins or undergoes 

stress-induced remodeling of its interaction network. Such an approach will yield valuable 

insights into the dynamics and functional significance of RBPMS-containing complexes during 

cellular stress adaptation.  
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Appendix 

 

 

Figure 43 Characterization of promiscuous biotinylation activity in HEK293T cells. 

A Scheme of TurboID and miniTurbo analysis in HEK293T cells transfected with either RBPMSB-

TurboID or RBPMSB-miniTurbo and respective TurboID and miniTurbo control expression vectors. 

Biotinylated proteins in close proximity to the fusion protein were isolated by affinity capture on 

streptavidin-coated beads and identified by LC-MS/MS. B Schematic representation of RBPMSB-V5-

TurboID-NES-copGFP (RBPMSB-TurboID)/ miniTurbo-NES-copGFP (RBPMS-miniTurbo) and 

RBPMSB-T2A-V5-TurboID-NES-copGFP (TurboID)/ RBPMSB-T2A-V5-miniTurbo-NES-copGFP 
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(miniTurbo). C The ligases were stably expressed in HEK293T cells and targeted to the cytosol. The 

subcellular localization of the fusion-proteins was analyzed by GFP imaging. Scale bar, 20 µm. D The 

protein levels and precise cleavage of the fusion proteins were confirmed by immunoblotting analysis 

probed with anti-V5 antibody. GAPDH was used as a loading control. Mock= empty vector, non-transf.= 

non-transfected control cells.  
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Figure 44 Comparison of the RBPMSB-TurboID and miniTurbo biotin ligases in 

HEK293T cells.  

A-D HEK293T cells were transfected with expression constructs encoding either RBPMSB-TurboID or 

TurboID (control) and RBPMSB-miniTurbo or miniTurbo (control). Labeling was performed by incubation 

with 500 µM exogenous biotin for the indicated time points and promiscuously biotinylated proteins were 

detected by streptavidin-HRP blotting and relative biotinylation activity was quantified. E, F Non-

transfected cells (mock) served as control. 

 

Figure 45 Enrichment analysis of RBPMSB-TurboID and RBPMSB-miniTurbo 

interactome upon heat stress.  

A Venn diagram merging stress-dependent proteins biotinylated by RBPMSB-TurboID or RBPMSB-

miniTurbo with known stress granule (SG) proteins. B, C Box plots showing GO term enrichment for 

proteins preferentially labeled in RBPMSB-TurboID (A) or RBPMSB-miniTurbo (B) expressing HEK293T 

cells. GO terms refer to biological process. Only the top 10 GO Terms are presented. Significance was 

calculated based on the -log10 p-value. 
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Figure 46 Expanding the knowledge of stress granules and processing bodies 

composition in the heart by using APEX2 proximity labeling.  

A Venn diagram showing the potential overlap of identified proteins by APEX2 proximity labeling of 

RBPMSB with stress granule (SG) and processing bodies (P-body) proteins. B HEK293T cells were 

stably transfected with fusion plasmids encoding for G3BP1-APEX2 or APEX2/ DCP1A-APEX2 or 

APEX2. Whole cell lysates were used to confirm the expression levels and successful cleavage of the 

control APEX2 plasmid by immunoblotting analysis probed with anti-V5 antibody. GAPDH was used as 

a loading control. C HEK293T cells expressing G3BP1-APEX2 or APEX2/ DCP1A-APEX2 or APEX2 

were preincubated with the indicated concentrations of biotin-phenol for 30 min, followed by the addition 

of H2O2 at the indicated concentrations for 1 min. Whole cell lysates were probed with streptavidin-HRP. 

Mock= empty vector, untransf. = untransfected control cells. 
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Figure 47 Peptide sequences of murine RBPMS variants.  

The conserved RNA recognition motif (RRM) domain of the RBPMS family is highlighted in red.  

 

 

Figure 48 Open reading frame and peptide sequence of novel murine Rbpmsd isoform. 

The conserved RNA recognition motif (RRM) domain of the RBPMS family is highlighted in red.  
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