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SUMMARY 

 

Eukaryotic cells have diverse protrusive and contractile actin filament structures, which 

compete with one another for a limited pool of actin monomers. Numerous actin-binding 

proteins regulate the dynamics of actin structures, including tropomodulins (Tmods), which 

cap the pointed end of actin filaments. In striated muscles, Tmods prevent actin filaments from 

overgrowing, whereas in non-muscle cells their function has remained elusive. Here, we 

identify two Tmod isoforms, Tmod1 and Tmod3, as key components of contractile stress fibers 

in non-muscle cells. Individually, Tmod1 and Tmod3 can compensate for one another, but their 

simultaneous depletion results in disassembly of actin-tropomyosin filaments, loss of force-

generating stress fibers, and severe defects in cell morphology. Knockout-rescue experiments 

reveal that Tmod’s interaction with tropomyosin is essential for its role in the stabilization of 

actin-tropomyosin filaments in cells. Thus, in contrast to their role in muscle myofibrils, in non-

muscle cells Tmods bind actin-tropomyosin filaments to protect them from depolymerizing, not 

elongating. Furthermore, loss of Tmods shifts the balance from linear actin-tropomyosin 

filaments to Arp2/3 complex-nucleated branched networks, and this phenotype can be partially 

rescued by inhibiting the Arp2/3 complex. Collectively, the data reveal that Tmods are essential 

for the maintenance of contractile actomyosin bundles, and that Tmod-dependent capping of 

actin-tropomyosin filaments is critical for the regulation of actin homeostasis in non-muscle 

cells. 

 

Keywords: actin cytoskeleton; mechanosensing; stress fiber; tropomodulin; myosin; formin; 

Arp2/3 complex; tropomyosin 

 

 

HIGHLIGHTS 

 Tmods stabilize tropomyosin-decorated actin filaments in non-muscle cells 

 Actin filament capping by Tmods is essential for contractile stress fibers 

 Loss of Tmod-stabilized filaments leads to abnormal cell morphology  

 Tmods control balance between Arp2/3-networks and tropomyosin-actin filaments 
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INTRODUCTION 

Actin filaments assemble into diverse three-dimensional structures that produce force for various vital 

processes in cells. These structures include branched actin networks in lamellipodia, which 

polymerize against the plasma membrane to push the leading edge forward during cell migration. 

Similar branched actin filament networks also provide force for the generation of plasma membrane 

invaginations during endocytosis. Actin filaments, together with myosin II filaments, also assemble 

into contractile structures, where the force is produced by ATP-dependent sliding of bi-polar myosin 

II filaments along the antiparallel array of actin filaments [1, 2]. In order to generate these and other 

functionally distinct actin filament arrays, different actin filament nucleation machineries have 

evolved. These include the Arp2/3 complex, which nucleates new actin filaments from the sides of 

pre-existing ‘mother filaments’ to generate branched actin filament networks that are predominant at 

the leading edge of motile cells and in the sites of endocytosis. The other major class of actin 

nucleators are the formins, family of proteins that bind to filament barbed ends to assemble linear 

arrays of actin filaments that are needed in the contractile actomyosin structures [3, 4].  

 

The protein compositions and dynamic properties of distinct actin filament arrays are markedly 

different. The Arp2/3 complex-nucleated, branched actin networks display rapid turnover, and 

proteins that drive rapid actin filament turnover are enriched in these structures [5, 6]. On the other 

hand, formin-nucleated actin filament arrays are decorated by tropomyosins (Tpm), which stabilize 

actin filaments and recruit myosins to these structures [7, 8]. Importantly, recent studies showed that 

different actin assembly factors compete with each other for a limited pool of assembly-competent 

actin monomers in cells [9, 10]. Consequently, depletion of profilin, a small actin monomer-binding 

protein that delivers actin monomers to formins and Ena/VASP, results in an excessive assembly of 

Arp2/3 complex-nucleated actin structures at the expense of formin- and Ena/VASP-assembled actin 

filament arrays [11, 12]. Thus, a fine balance in actin filament nucleation exists between Arp2/3 

complex, formins, as well as Ena/VASP actin polymerizing proteins. 

 

Compared to protrusive actin filament arrays, the actin filaments in contractile actomyosin structures, 

such as muscle myofibrils and the stress fibers of non-muscle cells, undergo slower turnover [13-15]. 

Both myofibrils and stress fibers are composed of a bipolar array of myosin II and Tpm-decorated 

actin filaments. While myofibrils contribute exclusively to muscle contraction, stress fibers are 

involved in diverse processes, including cell migration, adhesion, morphogenesis, and 

mechanosensing [16]. Actin filaments in myofibrils are stabilized by CapZ and tropomodulins 

(Tmods), which cap the barbed and pointed ends of sarcomeric actin filaments, respectively [17]. 
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However, the mechanisms regulating the turnover of actin filaments in stress fibers of non-muscle 

cells are less well understood.  

 

Tmods interact with the pointed end of an actin filament through their two actin-binding sites. In 

addition, Tmods contain two Tpm-binding sites, and thus they bind tropomyosin-decorated filaments 

with higher affinity (Kd ~20 nM) compared to bare actin filaments (Kd ~0.1 – 0.2 M) [18, 19]. 

Mammals have four Tmod isoforms, Tmod1, expressed in various post-mitotic cells; Tmod2, 

expressed in neurons; Tmod3, expressed ubiquitously in different tissues; and Tmod4, mainly in 

skeletal muscles [20]. All Tmod isoforms cap actin filament pointed ends, but Tmod3 can also bind 

actin monomers [21]. Genetic studies demonstrated that deletion of the two most widely-expressed 

isoforms, Tmod1 and Tmod3, results in embryonic lethality in mice [22, 23].  

 

The functions of Tmods have been thoroughly studied in striated muscles, where they localize to the 

pointed ends of sarcomeric actin filaments. Inactivation of Tmods in fully developed striated muscles 

results in an increase in the length of thin filaments, while the overexpression resulted in shorter 

filaments, indicating that they function as negative regulators of actin filament elongation [24, 13, 25, 

26]. Similar to striated muscles, Tmods control the regular length of actin filaments in the red blood 

cell membrane skeleton [27]. On the other hand, the functions of Tmods in other non-muscle cells 

are less well understood, and whether they prevent actin filaments from overgrowth, stabilize actin 

filaments or control their organization has remained elusive. Tmods have been linked to exocytosis 

[28], assembly of cytoplasmic F-actin network in oocytes [29], as well as maintenance of the actin 

filament network at adherens junctions [30]. Tmod3 also contributes to cell migration and 

lamellipodia formation, with its depletion resulting in faster cell migration and its over-expression in 

decreased cell motility in endothelial cells [31]. However, whether Tmod3 functions as a negative 

regulator of cell migration by sequestering actin monomers, capping the pointed ends of lamellipodial 

actin filaments, or by some other mechanism is unknown. A recent study also revealed that a GFP-

fusion of Tmod3 localizes to the stress fibers in a periodic pattern, similarly to the localization of 

Tmods in muscle myofibrils [32]. It is unknown, however, if endogenous Tmods also localize to 

stress fibers, and whether they contribute to stress fiber assembly, maintenance and contractility. 

  

Here, we examined the role of Tmods in human osteosarcoma (U2OS) cells. We reveal that Tmod1 

and Tmod3 are critical for the maintenance of Tpm-decorated actin filaments in contractile actin 

stress fibers, and hence simultaneous depletion of both isoforms led to a loss of stress fibers, and 

drastic defects in cellular force production. We further show that stabilization of Tpm-decorated actin 
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filaments by Tmods is critical for maintaining the balance between contractile actomyosin structures 

and Arp2/3 complex-nucleated branched actin filament networks in non-muscle cells. 

 

RESULTS 

 

Tmod1 and Tmod3 are components of contractile actin stress fibers 

To identify novel stress fiber components, we performed a proximity-dependent biotin identification 

(BioID) analysis on human U2OS osteosarcoma cells by using a core stress-fiber component, 

tropomyosin-3.1 (Tpm3.1), as a bait. With this approach, we identified pointed end -capping protein 

Tmod3 among the most abundant Tpm3.1-interaction partners (Table S1). Western blot and 

immunofluorescence microscopy analyses revealed that, in addition to Tmod3, also Tmod1 is 

expressed in U2OS cells. We also detected a very weak signal with Tmod4 antibody, whereas Tmod2 

was undetectable (Fig. S1A). Immunofluorescence microscopy demonstrated that endogenous 

Tmod1 and Tmod3 localize to stress fibers in U2OS cells (Fig 1A, and S1B). Tmod3 displayed 

prominent localization to both contractile (ventral stress fibers and transverse arcs) as well as non-

contractile (dorsal stress fibers) actin bundles, whereas endogenous Tmod1 was detected only in 

contractile actin bundles. Moreover, a small fraction of Tmod3 localized to the lamellipodia (Fig. 1A 

and S1B). Please note that the observed nuclear localization with the Tmod3 antibody is likely an 

artifact resulting from unspecific antibody-binding, because similar nuclear staining with this 

antibody was also observed in Tmod3 knockout cells (Fig. 1B).  

 

To examine the functions of Tmod1 and Tmod3 in U2OS cells, we silenced Tmod1 by siRNA (Fig. 

1C) and generated Tmod1 and Tmod3 knockout cell-lines by CRISPR/Cas9 (Fig. 1C, S1G, and S2A-

D). Depletion of either isoform did not lead to drastic defects in the stress fiber networks of cells 

cultured on coverslips or on micro-patterned surfaces (Fig. 1B and S1C-F). Interestingly, Western 

blot analysis revealed elevated Tmod1 protein levels in the Tmod3 knockout cells compared to 

control cells (Fig. 1C,D), as well as upregulation of Tmod3 in Tmod1 knockdown cells (Fig. 1C,E). 

Tmod1 and Tmod3 also localized more prominently to stress fibers in the cells where the other 

isoform was absent (Fig. 1B). Together, these data show that Tmod1 and Tmod3 are integral 

components of stress fibers, and may have at least partially redundant roles in stress fiber 

assembly/maintenance in osteosarcoma cells.  

 

Depletion of Tmods results in the disappearance of stress fibers and in consequent defects in 

force generation  
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To address the functional roles of Tmods in stress fibers, we simultaneously depleted Tmod1 and 

Tmod3 from U2OS cells. This was achieved through acute depletion of Tmod1 by siRNA in the 

background of Tmod3 knockout cells (Tmod3 KO+Tmod1 siRNA). Wild-type cells, as well as the 

cells where Tmod1 or Tmod3 were individually depleted, contained prominent stress fibers and 

mature focal adhesions, but the Tmod3 KO+Tmod1 siRNA cells (lacking both Tmod isoforms) 

displayed almost complete loss of stress fibers and contained only very small focal adhesions (Fig. 

2A). Instead, these cells contained a dense, disorganized meshwork of actin filaments. A similar 

phenotype was observed in cells in which Tmod1 and Tmod3 were simultaneously depleted by 

siRNAs (Fig. S2E-I). Quantification of the numbers of thick actin filament bundles revealed a small 

decrease in the amount of thick stress fibers in Tmod1 and Tmod3 knockout cells (Fig. S1D). 

However, the numbers of thick actin bundles detected by this approach in Tmod3 KO+Tmod1 siRNA 

cells were severely reduced compared to control cells (Fig. 2B). Additionally, the proportion of small 

focal adhesions was much higher in Tmod3 KO+Tmod1 siRNA cells compared to control cells, and 

cells where the Tmod isoforms were depleted individually (Fig. 2C, and S1E).  

 

Because stress fibers are the major generators of contractile forces in many non-muscle cells [33], we 

examined the effects of Tmod-depletion on cellular force generation. Tmod3 KO+Tmod1 siRNA 

cells displayed a significant reduction in traction-force generation compared to wild-type U2OS cells 

(Fig. 2F,G). Together, these results show that Tmods are critical for maintenance of contractile stress 

fibers in U2OS cells. Consequently, their depletion results in severe defects in cell morphogenesis, 

force production, and the maturation of focal adhesions.  

 

Tmods stabilize tropomyosin-decorated actin filaments in non-muscle cells 

In mammals, over 40 different tropomyosin isoforms can be generated from four tropomyosin genes 

through alternative splicing. Actin filaments in stress fibers are largely decorated by tropomyosins, 

which stabilize and functionalize these filaments [7]. Tmods display higher affinity to tropomyosin-

decorated actin filament pointed-ends compared to bare actin filaments [18, 19]. Therefore, we 

compared the localization of tropomyosins in wild-type vs. Tmod3 KO+Tmod1 siRNA cells. 

Immunofluorescence microscopy using LC24 antibody, which detects tropomyosin isoforms Tpm2.1 

and Tpm4.2, revealed that these tropomyosins faithfully localize to stress fibers in wild-type cells, 

but display more diffuse localization in cells lacking Tmods (Fig. 3A). Because earlier studies 

reported that many tropomyosin isoforms are unstable and degraded in the absence of actin filament 

templates [34, 35], we analyzed the protein levels of Tpm1.6/1.7/2.1 with TM311, and Tpm2.1/4.2 

and Tpm3.1/3.2 with LC24 and Ɣ/9d antibodies, respectively. Western blot analysis revealed that 
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depletion of Tmod3 alone resulted in only small decreases in Tpm1.6/1.7/4.2 protein levels, whereas 

the levels of Tpm2.1 and Tmp3.1/3.2 were not significantly affected. When Tmod1 was depleted, the 

levels of Tpm1.6/1.7/2.1 were unaltered, whereas the levels of Tpm2.1/4.2/3.1/3.2 were elevated 

compared to control cells. However, when both Tmod3 and Tmod1 were depleted, cells showed 

drastically lower levels of all the tropomyosin isoforms (Fig. 3B,C).  

 

Quantitative real-time polymerase chain-reaction (qRT-PCR) analysis revealed that the mRNA levels 

of Tpm1.7, Tpm3.1, and Tpm4.2 were not diminished by simultaneous depletion of Tmod1 and 

Tmod3, demonstrating that the decreases in the protein levels of these isoforms do not result from 

lower transcript levels. In contrast, the mRNA levels of Tpm1.6, which is generated through 

alternative splicing from the same gene as Tpm1.7, were drastically reduced in the Tmod3 

KO+Tmod1 siRNA cells (Fig. S3B). However, the Tpm1.6 mRNA levels were similarly diminished 

in Tmod1 siRNA cells and Tmod3 KO cells (Fig. S3C), which do not display a strong stress fiber 

phenotype (Fig. 1B, and S3A). Thus, although the depletion of Tmod1 and Tmod3 (either individually 

or together) affects the alternative splicing of TPM1 gene, the resulting decrease in the Tpm1.6 

mRNA level does not affect the organization of stress fibers.  

 

In addition to the loss of stress fibers, the Tmod–depleted cells typically contained more pronounced 

lamellipodia-like protrusions, as detected by an antibody against the Arp2/3 complex, compared to 

the wild-type U2OS cells (Fig. 2D,E). To further test whether the loss of Tpm-decorated actin 

filaments, and an increase of lamellipodial width result from Tmod depletion, we performed rescue 

experiments using GFP-tagged Tmod3 (GFP-Tmod3). The cells were stained with phalloidin to 

visualize F-actin, with LC24 antibody to visualize Tpm2.1/Tpm4.2, and with cortactin and Arp2/3 

antibodies to visualize Arp2/3-rich lamellipodia-like protrusions. Expression of GFP-Tmod3 in the 

Tmod3 KO+Tmod1 siRNA cells led to a re-appearance of stress fibers that also contained 

tropomyosins (Fig. 4A). Moreover, the total tropomyosin intensities were higher in rescue cells 

compared to the Tmod-depleted cells that did not express GFP-Tmod3 (Fig. 4B). Finally, the 

increased lamellipodial width in Tmod-depleted cells was rescued by expressing GFP-Tmod3 (Fig. 

4A,C).  

 

We also examined the roles of Tmod1 and Tmod3 in human dermal fibroblasts (HDFs). Simultaneous 

depletion of Tmod1 and Tmod3 by siRNA in these cells resulted in a depletion of tropomyosin 

isoforms and a concomitant reduction of stress fibers, similar to what was observed in U2OS cells 

(Fig. S3D-F). However, we did not observe robust lamellipodia formation in Tmod1/Tmod3 siRNA 
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cells compared to wild-type HDF cells. This is most likely due to lack of lamellipodia in HDF cells, 

at least when plated on fibronectin. Together, these results provide evidence that Tmods are critical 

for maintaining the stability of tropomyosin-decorated actin filaments in non-muscle cells. In the 

absence of Tmods, most tropomyosins do not associate with actin filaments and are destined for 

degradation.  

 

The interaction with tropomyosin is essential for Tmod’s function in vitro and in cells  

In addition to an actin-binding site (ABS1), the N-terminal region of Tmods harbors two 

tropomyosin-binding sites (TMBS1 and TMBS2) [19]. The TMBSs are important for capping Tpm-

decorated actin filaments with high-affinity in vitro [20, 18]. However, the functional importance of 

the two TMBSs and Tmod-Tpm interactions in the context of actin dynamics has not been addressed. 

We mutated the TMBS1 and TMBS2 domains of Tmod3. The mutant was generated by replacing 

highly-conserved leucine residues with aspartic acid at four locations in TMBS1 (L29D, L32D, 

L36D, L39D) and TMBS2 (L131D, L134D, L138D, L143D), which should disrupt interactions with 

the Tpm coiled-coil (Fig. 5A). Using the pyrene-actin fluorescence assay, we determined the 

maximum elongation rate of actin in the presence of wild-type and mutant Tmod3, both with and 

without Tpm. Representative experiments illustrate the fluorescence increase upon incorporation of 

actin monomers into Tmod3-capped actin filaments at various concentrations of Tmod3 (Fig. S4A,C). 

Saturating CapZ (25 nM) was added to block monomer incorporation into the barbed end of the 

filaments [18]. Instantaneous slopes were calculated to determine the time intervals corresponding to 

the maximum elongation rate at each Tmod3 concentration (Fig. S4B,D), and normalized to the 

control maximum elongation rate in the absence of Tmod.  In the absence of Tpm, wild-type and 

mutant Tmod3 showed equal capping activities (Fig. 5B), whereas in the presence of Tpm the mutant 

had significantly reduced capping activity (Fig. 5C, S4E,F). These results suggest that the TMBSs of 

Tmod3 are critical for the binding of Tpm and efficient filament pointed end capping in vitro. 

 

Given the reduced capping activity of Tmod3-TMBS mutant in the in vitro assays, we performed 

rescue experiments by expressing wild-type GFP-Tmod3 and the GFP-Tmod3 TMBS mutant in 

Tmod3 KO+Tmod1siRNA cells. Wild-type GFP-Tmod3 was either detected in stress fibers or 

displayed rather diffuse localization, depending on the expression level. Importantly, wild-type GFP-

Tmod3 was able to rescue the disrupted stress fibers in Tmod-depleted cells, but the Tmod3 TMBS 

mutant displayed mainly diffuse cytoplasmic or nuclear localization, and failed to rescue the stress 

fibers phenotype (Fig. 5D,E and S5A,B). Moreover, wild-type Tmod3 rescued the focal adhesion size 

distribution defect close to the control cell level, but the Tmod3 TMBS mutant expression could not 
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rescue this phenotype (Fig. S5C). Finally, expression of wild-type GFP-Tmod3 partially rescued the 

loss of tropomyosins in Tmod3 KO+Tmod1siRNA cells, whereas the Tmod3 TMBS mutant was 

much less efficient in rescuing the diminished levels of tropomyosins in these cells (Fig. 5F, S5D). 

Together, these data uncover a functional role of tropomyosin-binding sites (TMBS) of Tmod in its 

ability to promote efficient pointed end capping of tropomyosin-decorated actin filaments in vitro, 

and in stabilization of tropomyosin-decorated actin filament structures in cells.  

 

Tmods maintain the balance between tropomyosin-actin filaments and Arp2/3 complex-

assembled actin filament structures 

In unicellular yeasts, tropomyosin-decorated actin filaments are nucleated and polymerized by 

formins [36, 37], whereas protrusive branched actin networks do not contain detectable levels of 

tropomyosins, and are mainly nucleated by the Arp2/3 complex [6]. Therefore, we examined the 

possible connections between Tmod-stabilized tropomyosin-actin filaments and the Arp2/3 complex. 

We first inhibited Arp2/3 complex by incubating wild-type U2OS cells in the presence of 100 M 

CK666, a well-established Arp2/3 complex inhibitor [38]. The tropomyosin levels were not 

drastically altered, and stress fibers were still present in CK666-treated cells. However, instead of a 

combination of ventral stress fibers, transverse arcs, and dorsal stress fibers, the Arp2/3 complex-

inhibited cells contained predominantly ventral stress fibers that were anchored to large focal 

adhesions at both the ends (Fig. S6B-F). The efficiency of CK666 treatment was confirmed with an 

antibody against P34, which demonstrated that Arp2/3 complex localized to lamellipodial edges in 

wild-type U2OS cells, but was largely absent from lamellipodia of CK666 treated cells (Fig. S6B).  

 

Importantly, treatment of Tmod1/3-depleted cells with the Arp2/3 complex-inhibitor led to a partial 

rescue of the phenotype. This is because CK666-treated Tmod3 KO+Tmod1 siRNA cells harbored 

more stress fibers compared to the untreated cells (Fig. 6A). They also displayed larger focal 

adhesions, and were less circular (Fig. 6B,C). Moreover, treatment of Tmod3 KO+Tmod1 siRNA 

cells with CK666 led to elevated tropomyosin protein levels, and we could also detect some 

tropomyosin localization to stress fibers in these cells (Fig. 6E, S6A). Similar rescue of the stress 

fiber phenotype and tropomyosin levels was also observed when the ARPC2 subunit of the Arp2/3 

complex was depleted by siRNA in the Tmod3 KO+Tmod1 siRNA cells (Fig. 6A,D,E). 

 

Taken together, these data provide evidence that Tmods stabilize tropomyosin-actin filaments in non-

muscle cells. Depletion of Tmods leads to an unbalance between tropomyosin-actin filaments and 
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Arp2/3-nucleated branched actin filament structures, and this can be partially rescued by inhibition 

of the Arp2/3 complex. 

 

DISCUSSION 

 

The function of Tmods has been best characterized in the context of muscle myofibrils, where they 

prevent actin filaments from overgrowth. Here, we show that in non-muscle cells (U2OS 

osteosarcoma cell-line and human dermal fibroblasts), Tmods do not prevent actin filaments from 

excessive growth, but are instead critical for stabilizing tropomyosin-decorated actin filaments. In the 

absence of Tmods, the tropomyosin-decorated actin filaments disassemble. This also leads to 

degradation of tropomyosins, because most tropomyosins are unstable in the absence of an actin 

filament template [35]. At least in budding yeast, tropomyosin-decorated actin filaments are nucleated 

and elongated by formins [36, 37]. Thus, we propose that depletion of Tmods results in a shift in the 

balance between formin- and Arp2/3 complex-nucleated actin filament networks, and leads to a 

consequent loss of stress fibers and in an excess of Arp2/3 complex-nucleated, branched actin 

filament networks (Fig. 7). Previous studies demonstrated that the Arp2/3 complex-nucleated and 

formin- & Ena/VASP-polymerized actin filament structures compete with each other for a limited 

pool of assembly-competent actin monomers in cells.  Small actin monomer-binding protein, profilin, 

controls the homeostasis between these networks by preferentially delivering actin monomers to 

Ena/VASP and formins [12, 11]. Our results show that, not only regulation of actin filament assembly, 

but also regulation of actin filament disassembly by Tmods is critical for maintenance of the 

homeostasis between these actin filament networks in cells. Our data also suggest that tropomyosin-

decorated actin filaments have a higher need for filament pointed end stabilization compared to the 

branched Arp2/3 complex-nucleated networks. This may be because within the branched actin 

filament networks, majority of filament pointed ends are capped by the Arp2/3 complex, at least until 

the filaments become severed by ADF/cofilins [39]. This may provide an explanation for the 

importance of Tmods in stabilizing tropomyosin-decorated, linear actin filaments in non-muscle cells. 

Moreover, the lamellipodial actin filament networks are more dynamic compared to stress fibers [15, 

5]. Thus, actin filament assembly is probably slower in stress fibers compared to Arp2/3-nucleated 

networks, and thus also filament disassembly must be slower in stress fibers to maintain the balance 

between these actin filament arrays.  

 

Our data suggest that Tmods have different effects on actin dynamics in myofibrils of muscle vs. 

stress fibers of non-muscle cells. Previous studies demonstrated that Tmods are negative regulators 
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of thin filament length in muscle cells [13, 25, 26], while our work demonstrates that loss of Tmods 

leads to disassembly of functionally similar actin filaments in contractile stress fibers. In this context, 

it is important to note that actin filament assembly appears to display differences in muscle vs. non-

muscle cells. This is because actin filaments in muscle sarcomeres can elongate through actin filament 

assembly at both filament barbed and pointed ends [13], whereas actin filament elongation in non-

muscle cells occurs predominantly through filament polymerization at barbed ends. We speculate that 

the sizes of actin monomer pools may differ between muscle and non-muscle cells. A large pool of 

assembly-competent actin monomers in muscle cells would allow filament elongation at both barbed 

and pointed ends, and thus depletion of Tmods results in overgrowth of tropomyosin-decorated actin 

filaments. On the other hand, non-muscle cells may have a limited pool of assembly-competent actin 

monomers [11], and thus depletion of Tmods does not accelerate elongation of tropomyosin-

decorated actin filaments at their pointed ends, but instead leads to their depolymerization. 

Alternatively, the differences in the roles of Tmods in muscle vs. non-muscle cells may result from 

different actin and tropomyosin isoforms expressed in these cells. In a wider context, these data imply 

that the same biochemical activity of an actin-binding protein can have opposite effects in cells 

depending on the cell-type. 

 

Our work provides mechanistic insights into the function of Tmods in non-muscle cells. Previous 

studies linked Tmods to cell migration, insulin-stimulated exocytosis, and formation of adherens 

junctions in epithelial cells [31, 30, 28]. Moreover, actin filament and tropomyosin (Tpm4.2) 

organizations are abnormal in Tmod3(-/-) embryo megakaryocytes during platelet biogenesis [23], 

and mouse lenses lacking Tmod1 were reported to have diminished levels of (Tpm3)-tropomyosin 

[40, 41]. However, the precise mechanism by which Tmods contribute to these processes has 

remained elusive. We propose that Tmods control these processes though stabilization of 

tropomyosin-decorated actin filaments, and by maintaining the homeostasis between the Arp2/3 

complex- and formin-nucleated actin filament networks. For example, Tmod3 was shown to be a 

negative regulator of actin filament assembly at lamellipodia [31].  This can be explained by our work 

demonstrating that inhibition of Tmods increases the amounts of Arp2/3 complex-nucleated actin 

filaments in cells. Because in addition to stress fibers, Tmod3 also localizes to lamellipodia, it 

possible that Tmod3 additionally stabilizes specific tropomyosin-decorated actin filaments within the 

lamellipodium. Indeed, previous studies reported that, in addition to the Arp2/3 complex-nucleated 

actin filament networks, lamellipodia also contain actin filaments decorated by tropomyosins [42]. 

Also adherens junctions are composed of both Arp2/3 complex-nucleated actin filament structures as 

well as tropomyosin-containing contractile actin filament arrays [43, 44]. Thus, depletion of Tmod3 
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may shift the balance between different actin filament structures, like shown here for U2OS cells, and 

result in consequent problems in epithelial morphogenesis. Finally, insulin-stimulated exocytosis was 

shown to involve at least one tropomyosin isoform (Tpm3.1) [28, 45]. Thus, it is possible that also in 

this process Tmod3 stabilizes Tpm3.1-decorated actin filaments that are necessary for exocytosis.  

 

Collectively, our work reveals that Tmods specifically cap tropomyosin-decorated actin filaments in 

cells. Depending on the cell-type, and probably on the size of assembly-competent actin monomer 

pool, Tmods either stabilize tropomyosin-decorated actin filaments or prevent them from excessive 

polymerization. Through their ability to stabilize tropomyosin-decorated actin filaments, Tmods are 

critical for maintaining the homeostasis between protrusive (Arp2/3 complex-nucleated) and 

contractile (formin-nucleated) actin filament networks at least in non-muscle cells. An important 

remaining question concerns the need of several different Tmod isoforms in mammals. Our work 

demonstrates that Tmod1 and Tmod3 have redundant functions in stabilizing the tropomyosin-

decorated actin filament structures in osteosarcoma cells. However, Tmod1 and Tmod3 display minor 

differences in their subcellular localizations, and their individual depletions resulted in slightly 

different phenotypes e.g. concerning the protein levels of tropomyosin isoforms. It is possible that 

different Tmod isoforms exhibit some specificity towards certain tropomyosin isoforms, and may 

thus stabilize partially non-overlapping populations of tropomyosin-decorated actin filaments in cells. 

Moreover, Tmod isoforms display biochemical differences. This is because, in addition to actin 

filament pointed end capping, Tmod3 can bind and sequester actin monomers at least in vitro [21]. 

The possible in vivo importance of this activity of Tmod3 should be examined in the future. Finally, 

Tmods have been associated with various diseases. Elevated levels of Tmod1 and Tmod3 were linked 

to progression of oral and liver cancers, respectively [46, 47]. Tmod3 was also associated to 

chemoresistance of non-small cell lung cancer [48]. In the future, it will be important to uncover the 

precise mechanisms by which Tmods contribute to these human disorders. 
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FIGURE LEGENDS 

Figure 1. Tmod1 and Tmod3 are components of contractile actin stress fibers.  (A) 

Immunofluorescence images of U2OS cells, where the localization of endogenous Tmod3 and Tmod1 

were detected by antibodies, and F-actin by phalloidin. Scale bar, 20 m. (B) Localization of 

endogenous Tmod1 and Tmod3 in Tmod3 knockout cells (top) and Tmod1 siRNA cells (bottom). 

Scale bar, 20 m. (C) Western blot analysis of Tmod3 and Tmod1 levels in lysates of wild-type (WT), 

Tmod3 knockout (Tmod3 KO), and Tmod1 siRNA U2OS cells. GAPDH was probed for equal sample 

loading. (D) Relative protein level of Tmod1, quantified by Western blot from WT and Tmod3 KO 

cell lysates. The Tmod1 level in wild-type cells was set to 1, and the data are presented as 

mean±S.E.M., n = 3 for WT and Tmod3 KO total cell lysates. (E) Relative protein level of Tmod3 in 

WT and Tmod 1 siRNA cell lysates. The Tmod3 level in wild-type was set to 1, and the data are 

presented as mean±S.E.M. n = 3 for wild-type and Tmod1 siRNA total cell lysates. Please note that 

depletion of either Tmod isoform resulted in upregulation of the other one.  

 

Figure 2. Simultaneous depletion of Tmod1 and Tmod3 results in disruption of stress fibers, 

increased lamellipodia width, and impaired force generation. (A) Distribution of F-actin 

structures (detected by phalloidin) and focal adhesions (detected by vinculin antibody) in wild-type 

and Tmod3 KO +Tmod1 siRNA U2OS cells. Scale bar, 20 m. (B) Stress fiber analysis of wild-type 

and Tmod3 KO + Tmod1 siRNA U2OS cells. Data are shown as mean±S.E.M., n (cells) = 78 wild-

type, n = 67 Tmod3 KO + Tmod1 siRNA. The values obtained from Tmod3 KO + Tmod1 siRNA 

cells were compared to the ones from wild-type cells. ***P<0.001 (Student’s t-test). (C) 

Quantification of the size distributions of focal adhesions. Data are shown as mean±S.E.M., n (cells) 

= 76 wild-type, n = 68 Tmod3 KO + Tmod1 siRNA. (D) Representative images of wild-type and 

Tmod3 KO +Tmod1 siRNA U2OS cells, where F-actin was detected by phalloidin and Arp2/3 

complex by p34 antibody. Scale bar, 20 m. Magnified regions of cell edges (corresponding to the 

white boxes) on the right show examples of F-actin and Arp2/3 -rich protrusions in wild-type and 

Tmod3 KO + Tmod1 siRNA cells. Scale bar, 5 m. (E) Quantification of widths of Arp2/3-rich 

lamellipodial protrusions of wild-type and Tmod3 KO +Tmod1 siRNA U2OS cells. Data are shown 

as mean±S.E.M., n (cells) = 80 wild-type, n = 67 Tmod3 KO + Tmod1 siRNA. ***P<0.001 (Student’s 

t-test). (F) Force maps of representative wild-type and Tmod3 KO + Tmod1 siRNA U2OS cells 

grown on 26 kPa polyacrylamide dishes with fluorescent nanobeads. (G) Quantification of traction 

forces in wild-type and Tmod3 KO + Tmod1 siRNA cells. The data are presented as mean±S.E.M., 
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n = 41 for both wild-type and 43 for Tmod3 knockout + Tmod1 siRNA cells. **P<0.02 (Student’s t-

test).  

 

Figure 3. Simultaneous depletion of Tmod1 and Tmod3 leads to a loss of tropomyosin-decorated 

actin filaments. (A) Representative immunofluorescence images of wild-type and Tmod3 KO + 

Tmod1 siRNA U2OS cells, where F-actin and tropomyosins (Tpm 2.1 and Tmp4.2) were detected by 

phalloidin and LC24 antibody, respectively. Scale bar, 20 m. (B) Western blot analysis of 

Tpm1.6/1.7/2.1 (detected by TM311 antibody), Tpm2.1/4.2 (detected by LC24 antibody) and 

Tpm3.1/3.2 (detected by /9d antibody) in lysates of wild-type, Tmod3 KO, Tmod1 siRNA, and 

Tmod3 KO + Tmod1 siRNA cells. GAPDH was probed for equal sample loading. (C) Relative 

protein levels of tropomyosins quantified from wild-type, Tmod3 KO, Tmod1 siRNA, and Tmod3 

KO + Tmod1 siRNA U2OS cell lysates. The protein levels in wild-type cells were set to 1. The data 

are presented as mean±S.E.M. n = 3 for wild-type, Tmod3 KO, Tmod1 siRNA and Tmod3 KO + 

Tmod1 siRNA U2OS cells.  

 

Figure 4. Diminished tropomyosin levels and excessive lamellipodia formation, induced by the 

depletion of Tmods, can be rescued by expression of GFP-Tmod3. (A) Representative examples 

of Tmod3 KO + Tmod1 siRNA cells expressing GFP-Tmod3. F-actin was visualized by phalloidin, 

lamellipodia by cortactin antibodies, and Tpm2.1/4.2 by LC24 antibody. The Tmod3 KO + Tmod1 

siRNA cells expressing GFP-Tmod3 are highlighted with white arrows. Scale bar, 20 m. (B) 

Normalized relative total fluorescence intensities of Tpm2.1/4.2 (detected by LC24 antibody) 

quantified from immunofluorescence images of untransfected and GFP-Tmod3 expressing Tmod3 

KO + Tmod1 siRNA cells from the same image, and the wild-type cells from a different set of images 

from an identical experiment. The values of wild-type cells were set to 1, and the data are presented 

as mean±S.E.M. n = 58 wild-type cells, and n = 46 cells from 21 images for both untransfected Tmod3 

KO + Tmod1 siRNA cells and GFP-Tmod3 expressing Tmod3 KO + Tmod1 cells. The values 

obtained from the knockout and rescue cells were compared to the ones from wild-type cells. 

***P<0.001 (Student’s t-test) (C) Analysis of lamellipodia widths quantified from Arp2/3 

immunofluorescence images of wild-type, Tmod3 KO + Tmod1 siRNA, and GFP-Tmod3 rescue 

cells. Data are presented as mean±S.E.M. n = 67 wild-type, n = 58 Tmod3 KO + Tmod1 siRNA cells, 

n = 48 GFP-Tmod3 rescue cells. The values obtained from knockout and rescue cells were compared 

to the ones from wild-type cells. ***P<0.001 (Student’s t-test). 
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Figure 5. The tropomyosin-binding sites (TMBS) of Tmod3 are critical for its function in vitro 

and in cells. (A) Sequences of tropomyosin-binding sites 1 (TMBS1) and 2 (TMBS2) from human 

tropomodulin-3, colored by conservation score. Red boxes highlight the conserved leucine residues 

that were mutated to ablate tropomyosin binding. (B - C) Maximum polymerization rates (normalized 

to 0 nM Tmod control) of 1.5 M (6% pyrene labeled) actin in the presence of 1.5 M F-actin seeds, 

25 nM CapZ, and various concentrations of either wild-type (WT) or TMBS mutant Tmod3 in the 

absence (B) or presence (C) of 1 M tropomyosin. Each point represents mean ± S.E.M., n = 4 

elongation curves. One star (*) indicates that zero difference in means fell outside the 95% credible 

interval, two stars (**) indicates that zero difference in means fell outside the 99% credible interval. 

(D) Representative images of Tmod3 KO + Tmod1 siRNA cells expressing GFP-Tmod3 (left) or 

GFP-Tmod3 TMBS mutant (right). F-actin was visualized by phalloidin, and focal adhesions by 

vinculin antibody. White arrows highlight the cells expressing GFP-Tmod3 constructs. Scale bar, 20 

m. (E) Stress fiber analysis (by Ridge detection plugin of Fiji ImageJ) from wild-type, Tmod3 KO 

+ Tmod1 siRNA, GFP-Tmod3 rescued, and GFP-Tmod3 TMBS mutant rescued cells. Data are shown 

as mean±S.E.M. n (cells) = 79 wild-type, n = 71 Tmod3 KO + Tmod1 siRNA, n = 48 GFP-Tmod3 

rescue, n = 45 GFP-Tmod3 TMBS mutant rescue. The values obtained from knockout/knockdown 

and rescue cells were compared to the ones from wild-type cells. N.S. (not significant), *P<0.05, 

**P<0.02, ***P<0.001 (Student’s t-test). (F) Relative protein levels of tropomyosins quantified from 

wild-type, GFP-Tmod3 rescue, Tmod3 KO + Tmod1 siRNA and GFP-Tmod3 TMBS mutant rescue 

U2OS cell lysates. The protein levels in wild-type cells were set to 1. The data are presented as 

mean±S.E.M. n = 3 for wild-type, GFP-Tmod3 rescue, Tmod3 KO + Tmod1 siRNA, and GFP-Tmod3 

TMBS mutant rescue U2OS cells. 

 

 

Figure 6. Tmods antagonize with the Arp2/3 complex in stabilizing tropomyosin-decorated 

actin stress fibers. (A) Representative examples of Tmod3 KO + Tmod1 siRNA cells treated with 

DMSO, or 100 M CK666, or in which the ARPC2 subunit of the Arp2/3 complex was depleted by 

siRNA. F-actin was detected by phalloidin and focal adhesions and Arp2/3 complex by vinculin and 

p34 antibodies, respectively. Scale bar, 20 m. Please note the re-appearance of stress fibers and an 

increase in the size of focal adhesions in Tmod knockout/knockdown cells after treatment with the 

Arp2/3 complex inhibitor or following siRNA depletion of the functional Arp2/3 complex. (B) 

Analysis of cell circularity index of wild-type cells, Tmod3 KO + Tmod1 siRNA cells and Tmod3 

KO + Tmod1 siRNA treated with CK666. The values obtained from untreated and CK666-treated 
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knockout/knockdown cells were compared to the ones from wild-type cells, and the data are shown 

as mean±S.E.M., n (cells) = 80 wild-type, n = 72 Tmod3 KO + Tmod1 siRNA, n = 72 Tmod3 KO + 

Tmod1 siRNA + CK666. N.S. (not significant), ***P<0.001 (Student’s t-test). (C)  Size distributions 

of focal adhesions in wild-type cells, Tmod3 KO + Tmod1 siRNA cells, and CK666 treated Tmod3 

KO + Tmod1 siRNA cells.  Data were obtained and analyzed as in Fig. 2C, and presented as 

mean±S.E.M., n (cells) = 62 wild-type, n = 64 Tmod3 KO + Tmod1 siRNA, n = 67 Tmod3 KO + 

Tmod1 siRNA + CK666. (D) Stress fibers analysis (by Ridge detection plugin of Fiji ImageJ) from 

wild-type cells, Tmod3 KO + Tmod1 siRNA cells, CK666 treated Tmod3 KO + Tmod1 siRNA cells, 

and ARPC2 siRNA + Tmod3 KO + Tmod1 siRNA cells. Data are shown as mean±S.E.M. The values 

obtained from untreated, CK666-treated, and ARPC2 depleted knockout/knockdown cells were 

compared to the ones from wild-type cells.  n (cells) = 73 wild-type, n = 69 Tmod3 KO + Tmod1 

siRNA, n = 58 Tmod3 KO + Tmod1 siRNA + CK666, n = 55 Tmod3 KO + Tmod1 siRNA + ARPC2 

siRNA. N.S. (not significant), *P<0.05, **P<0.02, ***P<0.001 (Student’s t-test). (E) Relative protein 

levels of tropomyosins quantified from wild-type, Tmod3 KO + Tmod1 siRNA, CK666 treated 

Tmod3 KO + Tmod1 siRNA cells, and ARPC2 siRNA + Tmod3 KO + Tmod1 siRNA U2OS cell 

lysates. The protein levels in wild-type cells were set to 1. The data are presented as mean±S.E.M. n 

= 3 for wild-type, Tmod3 KO + Tmod1 siRNA, CK666 treated Tmod3 KO + Tmod1 siRNA cells, 

and ARPC2 siRNA + Tmod3 KO + Tmod1 siRNA U2OS cells. 

 

Figure 7. A working model for the role of Tmods in stabilizing tropomyosin-actin filaments, 

and hence maintaining the homeostasis between Arp2/3 complex-nucleated protrusive and 

tropomyosin-decorated contractile actin filament pools in cells. (A) Actin filaments that are 

polymerized by formins, and decorated by tropomyosins are stabilized through pointed-end capping 

by Tmods (left). In the absence of Tmods these filaments become unstable (right). (B) Depletion of 

Tmods results in disruption of tropomyosin-decorated actin filaments, and consequent increase in the 

Arp2/3-nucleated actin filament networks. (C) This unbalance in actin filament homeostasis results 

in the loss of stress fibers, and consequent decrease in force generation.  
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Table S1. Spectral count values of biotinylated proteins by BirA-tagged human TPM3 in U2OS cells. The 

data are from two independent experiments. 

UniProt Accession Protein Description Sequence Coverage (%) # Unique Peptides

P21333 Filamin-A OS=Homo sapiens OX=9606 GN=FLNA PE=1 SV=4 - [FLNA_HUMAN] 66.53 117

Strep-tag Strep-tag 83.75 21

Q14315 Filamin-C OS=Homo sapiens OX=9606 GN=FLNC PE=1 SV=3 - [FLNC_HUMAN] 26.68 42

O75369 Filamin-B OS=Homo sapiens OX=9606 GN=FLNB PE=1 SV=2 - [FLNB_HUMAN] 26.86 41

P06753 Tropomyosin alpha-3 chain OS=Homo sapiens OX=9606 GN=TPM3 PE=1 SV=2 - [TPM3_HUMAN] 48.42 7

Q9Y490 Talin-1 OS=Homo sapiens OX=9606 GN=TLN1 PE=1 SV=3 - [TLN1_HUMAN] 13.81 25

P07355 Annexin A2 OS=Homo sapiens OX=9606 GN=ANXA2 PE=1 SV=2 - [ANXA2_HUMAN] 59.59 18

P09493 Tropomyosin alpha-1 chain OS=Homo sapiens OX=9606 GN=TPM1 PE=1 SV=2 - [TPM1_HUMAN] 33.8 2

P67936 Tropomyosin alpha-4 chain OS=Homo sapiens OX=9606 GN=TPM4 PE=1 SV=3 - [TPM4_HUMAN] 34.68 4

P07951 Tropomyosin beta chain OS=Homo sapiens OX=9606 GN=TPM2 PE=1 SV=1 - [TPM2_HUMAN] 26.41 1

Q9Y3F4 Serine-threonine kinase receptor-associated protein OS=Homo sapiens OX=9606 GN=STRAP PE=1 SV=1 - [STRAP_HUMAN] 42.29 11

Q9Y266 Nuclear migration protein nudC OS=Homo sapiens OX=9606 GN=NUDC PE=1 SV=1 - [NUDC_HUMAN] 27.79 10

P50479 PDZ and LIM domain protein 4 OS=Homo sapiens OX=9606 GN=PDLIM4 PE=1 SV=2 - [PDLI4_HUMAN] 41.21 10

Q9UHD8 Septin-9 OS=Homo sapiens OX=9606 GN=SEPT9 PE=1 SV=2 - [SEPT9_HUMAN] 18.09 6

Q16181 Septin-7 OS=Homo sapiens OX=9606 GN=SEPT7 PE=1 SV=2 - [SEPT7_HUMAN] 27.92 7

Q9NYL9 Tropomodulin-3 OS=Homo sapiens OX=9606 GN=TMOD3 PE=1 SV=1 - [TMOD3_HUMAN] 17.33 5

P49023 Paxillin OS=Homo sapiens OX=9606 GN=PXN PE=1 SV=3 - [PAXI_HUMAN] 13.54 5

O60664 Perilipin-3 OS=Homo sapiens OX=9606 GN=PLIN3 PE=1 SV=3 - [PLIN3_HUMAN] 18.43 5

Q9UPU7 TBC1 domain family member 2B OS=Homo sapiens OX=9606 GN=TBC1D2B PE=1 SV=2 - [TBD2B_HUMAN] 2.18 1

P0DP25 Calmodulin-3 OS=Homo sapiens OX=9606 GN=CALM3 PE=1 SV=1 - [CALM3_HUMAN] 29.53 3

Q8TCG1 Protein CIP2A OS=Homo sapiens OX=9606 GN=CIP2A PE=1 SV=2 - [CIP2A_HUMAN] 5.08 3

Q15417 Calponin-3 OS=Homo sapiens OX=9606 GN=CNN3 PE=1 SV=1 - [CNN3_HUMAN] 11.55 3

Q8N5W9 Refilin-B OS=Homo sapiens OX=9606 GN=RFLNB PE=1 SV=1 - [RFLB_HUMAN] 11.68 2

Q9UK76 Jupiter microtubule associated homolog 1 OS=Homo sapiens OX=9606 GN=JPT1 PE=1 SV=3 - [JUPI1_HUMAN] 25.97 2

Q14258 E3 ubiquitin/ISG15 ligase TRIM25 OS=Homo sapiens OX=9606 GN=TRIM25 PE=1 SV=2 - [TRI25_HUMAN] 5.71 3

Q5VU43 Myomegalin OS=Homo sapiens OX=9606 GN=PDE4DIP PE=1 SV=3 - [MYOME_HUMAN] 1.36 1


