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Stress deprivation of tendon explants or Tpm3.1 
inhibition in tendon cells reduces F-actin to 
promote a tendinosis-like phenotype

ABSTRACT Actin is a central mediator between mechanical force and cellular phenotype. In 
tendons, it is speculated that mechanical stress deprivation regulates gene expression by 
reducing filamentous (F)-actin. However, the mechanisms regulating tenocyte F-actin remain 
unclear. Tropomyosins (Tpms) are master regulators of F-actin. There are more than 40 Tpm 
isoforms, each having the unique capability to stabilize F-actin subpopulations. We investi-
gated F-actin polymerization in stress-deprived tendons and tested the hypothesis that stress 
fiber–associated Tpm(s) stabilize F-actin to regulate cellular phenotype. Stress deprivation of 
mouse tail tendon down-regulated tenogenic and up-regulated protease (matrix metallopro-
teinase-3) mRNA levels. Concomitant with mRNA modulation were increases in G/F-actin, 
confirming reduced F-actin by tendon stress deprivation. To investigate the molecular regula-
tion of F-actin, we identified that tail, Achilles, and plantaris tendons express three isoforms 
in common: Tpm1.6, 3.1, and 4.2. Tpm3.1 associates with F-actin in native and primary teno-
cytes. Tpm3.1 inhibition reduces F-actin, leading to decreases in tenogenic expression, in-
creases in chondrogenic expression, and enhancement of protease expression in mouse and 
human tenocytes. These expression changes by Tpm3.1 inhibition are consistent with tendi-
nosis progression. A further understanding of F-actin regulation in musculoskeletal cells could 
lead to new therapeutic interventions to prevent alterations in cellular phenotype during 
disease progression.

INTRODUCTION
The dysregulation of filamentous (F)-actin is associated with a wide 
range of pathologies in load-bearing mechanical tissues (Garbe 
et al., 2012; Gardiner et al., 2015; Lavagnino et al., 2015a; Tsolis 
et al., 2015; Neugebauer et al., 2018; Blangy et al., 2020; Li et al., 
2020a,b; Hatakeyama et al., 2021; Lee et al., 2021). While the 
complete interactions between mechanical forces, F-actin, and 

pathology are not fully clear, the actin cytoskeleton may be a key 
mediator between mechanical force and cellular phenotype (Ralphs 
et al., 2002; Jarvinen et al., 2003; Lavagnino and Arnoczky, 2005; 
Chen et al., 2015; Hatakeyama et al., 2021; Lee et al., 2021). Tendon 
is an ideal tissue model to examine the mechanical regulation of 
cellular phenotype (Thornton et al., 2010). Mechanical loading of 
tendon is essential to maintain tissue homeostasis, and tissue over-
loading is a cause of tendinosis (Kjaer et al., 2009; Zhang and Wang, 
2013; Huisman et al., 2014; Wang et al., 2015; Mubyana and Corr, 
2018; Fleischhacker et al., 2020; Sawadkar et al., 2020). While it may 
be speculated that tendon overload leads to mechanical overstimu-
lation of residing tendon cells, leading to alterations in cell pheno-
type (i.e., matrix metalloproteinase [Mmp] production) (Lo et al., 
2004a; Thornton et al., 2010), an alternative hypothesis is that over-
load leads to a paradoxical mechanical understimulation or stress 
deprivation of tendon cells (Arnoczky et al., 2007a; Lavagnino et al., 
2015b). The hypothesized disruption of cell–matrix interactions dur-
ing overload results in the failure of loads to be transmitted to cells. 
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FIGURE 1: Stress deprivation recapitulates aspects of tendinosis gene expression. Relative real-time PCR of tendons in 
1 or 2 d stress deprivation culture as compared with freshly isolated (0 d) tendons demonstrating (A) a reduction in 
tenogenic marker mRNA levels, (B) an increase in MMP-3 mRNA levels, and (C) no change in chondrogenic mRNA 
levels. Specific mRNA levels were normalized to Gapdh, and normalized values are expressed as a percent of freshly 
isolated (0 d) controls. Mean ± SEM is indicated on dot plots. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

In support of this hypothesis, overloading of rat tail tendon resulted 
in cell–matrix disruptions as demonstrated using transmission elec-
tron microscopy by an increase in spacing between matrix and cells 
(Ros et al., 2019).

Mechanical stress deprivation of explant tendon tissue has been 
widely used to investigate the connection between cellular under-
stimulation and tissue degeneration. Unloading or stress-depriving 
tendons by culturing explants in the absence of mechanical load 
recapitulates several aspects of tendinosis. Stress deprivation alters 
the tendon cell phenotype, causing a reduction in tendon molecule 
(such as collagen-1; Col1) expression and enhancement of matrix 
degradation molecule (such as Mmps) expression as compared with 
tendons freshly isolated from a mechanically stressed in vivo envi-
ronment (Lo et al., 2004b; Lavagnino et al., 2006, 2008; Arnoczky 
et al., 2007b, 2008; Gardner et al., 2008; Wunderli et al., 2018; Jafari 
et al., 2019; Stauber et al., 2020; Egerbacher et al., 2022). However, 
stretching tendons while in culture prevents these tendinosis-like 
changes. The protective effects of stretch are abrogated if stretched 
tendons are cultured in the presence of cytochalasin D, which caps 
barbed ends of actin to prevent F-actin polymerization (Arnoczky 
et al., 2004; Lavagnino and Arnoczky, 2005). These findings have led 
to the speculation that stress deprivation regulates tendon cell phe-
notype via a reduction of F-actin where an increase in monomeric, 
globular (G)-actin has been shown in other cell types to regulate 

gene expression (Parreno et al., 2014, 2017, 2020; Delve et al., 
2020). However, there are limited data to support that stress depri-
vation reduces F-actin. In the present study, we ask, is F-actin re-
duced during tendon stress deprivation? To answer this, we per-
formed whole-mount confocal imaging followed by image 
quantification to compare freshly isolated stress-deprived tendons 
stained for F- and G-actin. We confirm that the acquisition of tendi-
nosis-like molecular expression by stress deprivation correlates with 
a reduction in F-actin.

Our finding of reduced F-actin prompted us to examine the 
molecular regulation of F-actin in tendon cells. We focused on the 
regulation of F-actin networks by tropomyosin (Tpm), the master 
regulator of F-actin that binds along and stabilizes F-actin (Gunning 
et al., 2015). The regulation of tenocyte F-actin by Tpms is largely 
unknown. In native and in vitro (primary cultured) tendon cells, F-
actin organizes into stress fibers (Ralphs et al., 2002) containing α-
smooth muscle actin (αsma), a highly contractile form of actin (Khan 
et al., 1999; Premdas et al., 2001; Ralphs et al., 2002; Chen et al., 
2015). Tpm associates with F-actin stress fibers in tendon cells 
(Ralphs et al., 2002). However, the particular Tpm(s) expressed 
within tendon cells are not clear. More than 40 isoforms of mam-
malian tropomyosin exist, and each isoform has the unique capabil-
ity to stabilize specific F-actin subpopulations. Thus, the particular 
Tpm(s) expressed within a cell defines overall F-actin organization.
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In this study, we aimed to determine which Tpm isoforms are 
expressed by tendon cells. Because tenocyte F-actin networks ar-
range into stress fibers, we focused on elucidating the function of 
stress fiber–associated Tpm isoforms. Previous studies using osteo-
sarcoma (U2OS) cells have indicated that at least six Tpms (1.6, 1.7, 
2.1, 3.1, 3.2, and 4.2) are associated with stress fibers (Tojkander 
et al., 2011; Gateva et al., 2017). In lens epithelial cells, we demon-
strated that inhibition of just one Tpm isoform (Tpm3.1) prevents 
stress fiber formation resulting in downstream gene modulation 
(Parreno et al., 2020). Therefore, in this study we tested the hypoth-
esis that stress fiber–associated Tpm(s) stabilize tenocyte F-actin 
and regulate cellular phenotype by modulating mRNA levels.

It is essential to unravel how cellular phenotype is determined by 
the F-actin network’s response to mechanical forces and to elucidate 
the molecules that determine F-actin networks. Establishing the 
mechanisms involved in regulating cellular phenotype by F-actin in 
pathological processes, such as tendon overload, could lead to new 
therapeutic opportunities against disease.

RESULTS
Tendon stress deprivation results in tendinosis-like gene 
changes
Tendinosis progression is characterized by a decrease in tenogenic 
gene expression, an up-regulation of degradative genes, and ecto-
pic expression of cartilage genes (Lo et al., 2004b; Lavagnino et al., 
2006; Arnoczky et al., 2007b, 2008; Gardner et al., 2008; Lavagnino 
et al., 2008; Yuan et al., 2016; Bell et al., 2018; Wunderli et al., 2018; 
Jafari et al., 2019; Stauber et al., 2020; Chatterjee et al., 2022; Eger-
bacher et al., 2022). Tendon stress deprivation, ex vivo, has been 
shown to recapitulate several aspects of tendinosis gene modula-
tion. We evaluated the effect of stress deprivation on tail tenocyte 
gene expression by culturing mouse tail tendon fascicles in the ab-
sence of stretch for up to 2 d.

Stress deprivation decreases tenogenic mRNA levels (Figure 1A). 
We observe a decrease in Col1, the predominant collagen expressed 
in tendons (Sharma and Maffulli, 2006; Sbardella et al., 2014; Chat-
terjee et al., 2022), and a decrease in tenascin C (Tnc), a mechanosen-
sitive matricellular glycoprotein present in tendon matrix that assists 
in the structural arrangement of collagen fibers as well as providing 
for tissue elasticity (Jarvinen et al., 2003; Nemoto et al., 2013; 
Sbardella et al., 2014). In addition, we observe a reduction in Scx, a 
transcription factor that drives tenogenic expression, such as the ex-
pression of collagen-1 (Lejard et al., 2007; Bagchi and Czubryt, 2012). 
Finally, we detect a decrease in α-smooth muscle actin (αsma), an 
actin isoform present in tendon cells, which is thought to be necessary 
for recovery of tendon cells following stretch (Chatterjee et al., 2022).

Stress deprivation enhances the expression of specific degra-
dative molecules (Figure 1B). Mmp-3 and Mmp-13 have been 
implicated in tendinosis and are up-regulated during stress depri-
vation (Lo et al., 2004a; Lavagnino and Arnoczky, 2005; Lavagnino 
et al., 2006; Sharma and Maffulli, 2006; Arnoczky et al., 2008; Par-
reno et al., 2008). We determine that Mmp-3 is up-regulated 
163.1-fold at 1 d and 201.9-fold at 2 d (Figure 1B). Unlike in previ-
ous studies (Lavagnino et al., 2006), we did not observe an 
increase in Mmp-13 mRNA levels at 1 or 2 d postculture.

An increase in chondrogenic expression is a feature of tendinosis 
(Yuan et al., 2016) but is not recapitulated by tendon stress depriva-
tion. We observed no significant effect on chondrogenic (Acan or 
Sox9; Figure 1C) mRNA levels up to 2 d of stress deprivation (Figure 
1C). Thus, in vitro stress deprivation of tail tendons recapitulates 
certain, but not all, aspects of tendinosis.

Stress deprivation promotes cell rounding and destabilizes 
tenocyte F-actin
We found that tendon stress deprivation alters tenocyte morphol-
ogy and F-actin depolymerization (Lavagnino and Arnoczky, 2005; 
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FIGURE 2: Stress deprivation alters tendon cell morphology and destabilizes F-actin. (A, B) Maximum-intensity 
projection images of tendons demonstrating an increase in G/F-actin staining after 1 d of culture taken with either a 
20× (panel A) or a 63× (panel B) objective. In panel B, grayscale images represent individual channels for G- and F-actin. 
(C) Single optical slice of boxed region in panel B demonstrates that cell morphology and F-actin are altered by stress 
deprivation. (D) Dot plots of DNaseI:phalloidin to demonstrate an increase in G/F-actin. Mean ± SEM is indicated on dot 
plots. Average DNaseI:phallodin for controls was set to 1.0, and 1 d stress-deprived values were scaled accordingly. 
Nuclei staining intensity using Hoechst was calculated to demonstrate that there were no significant differences in 
staining between control and stress-deprived tendons. Average fluorescence intensities for controls were set to 100%, 
and stress-deprived tendon intensities are expressed as relative percentage to controls. ***, p < 0.001.
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Lavagnino et al., 2015a; Chen et al., 2015). To determine whether 
F-actin depolymerization occurs in native tendons, we performed 
whole-mount imaging of tendons stained with DNase-I and phal-
loidin to visualize G- and F-actin, respectively. Tendon cells from 
freshly isolated tendons are elongated and have parallel F-actin net-
works regarded as stress fibers throughout the tissue (Ralphs et al., 
2002) (Figure 2, A and B). Stress deprivation results in rounded ten-
don cells. We also observe a reduction of F-actin in stress fibers. 
Fluorescent image quantification reveals that stress deprivation el-
evates G/F-actin staining after 1 d compared with freshly isolated 
controls (Figure 2C). By 2 d of culture, despite differences in F-actin 
network organization, G/F-actin status is similar to that in controls 
(unpublished data). Our findings confirm that stress deprivation de-
stabilizes F-actin.

These results support the idea that a reduction of F-actin regu-
lates tendinosis gene changes. Tpms are known master regulators 
of F-actin; therefore we next focused on characterizing the role of 
Tpms in tendon cells.

Tpm expression in native tendon cells
Tpm isoforms have the unique ability to stabilize specific F-actin 
networks (Bryce et al., 2003; Schevzov et al., 2011; Gunning et al., 
2015; Gateva et al., 2017). Therefore, we first sought to determine 
which Tpm isoforms are expressed by tendon cells. Tpm expression 
is variable and dependent on tendon type. To determine specific 
Tpm isoform expression within various tendon types (tail, Achilles, 
and plantaris), we used semiquantitative real-time-PCR (RT-PCR) 
analysis, followed by Sanger sequencing of cDNA products. 

Collectively, in total, we found that tendons express nine Tpm iso-
forms: Tpm1.1, 1.6, 1.8, 2.1, 2.2, 3.1, 3.5, 3.12, and 4.2. However, 
the specific Tpms expressed are dependent on tendon type. Only 
three of the nine Tpm isoforms are consistently expressed in all 
three tendon types tested: Tpm1.6, 3.1, and 4.2.

In this study we chose to focus on the regulation of F-actin net-
works by Tpm3.1, as we previously have shown it to regulate stress 
fibers in lens epithelial cells (Parreno et al., 2020). Furthermore, 
there are established inhibitors toward Tpm3.1, including TR100 
(Bonello et al., 2016; Kee et al., 2018). To confirm Tpm3.1 protein 
expression and association with F-actin, we performed whole-mount 
immunostaining of the tail fascicle using antibody 2G10.2, which 
recognizes the 9D exon of Tpm3.1. Our findings indicate Tpm3.1 
expression within native tail tendon cells. Furthermore, line scan 
analysis shows overlap in signal between Tpm3.1 and phalloidin 
staining, suggesting that Tpm3.1 associates with native F-actin 
stress fibers (Figure 3C).

Inhibition of Tpm3.1 with TR100 alters tenocyte 
morphology
To determine Tpm3.1 function in tendon cells, we used primary ten-
don cells isolated from tail tendon fascicles. Primary tendon cells 
retain stress fiber organization of F-actin (Ralphs et al., 2002). Fur-
thermore, cultured cells devoid of matrix are more amenable to bio-
chemical assays (i.e., Triton-based cellular fractionation) than native 
tissues.

We exposed cultured tendon cells to a small molecule inhibi-
tor of Tpm3.1, TR100 (Stehn et al., 2013; Bonello et al., 2016; 
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images of dashed area show association of Tpm3.1 along with F-actin. (C) Line scan analysis showing colocalization of 
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Janco et al., 2019). TR100 nullifies the ability of Tpm3.1 to protect 
actin filaments from depolymerization when present during copoly-
merization of actin with Tpm3.1. It is suspected that TR100 incorpo-
rates into the head-to-tail overlap junction of Tpm3.1 and with pro-
longed exposure, breakdown of Tpm3.1 containing actin filaments 
may occur. Live/dead staining (Figure 4A) and propidium iodide 
exclusion assay (Figure 4B) demonstrate that treating tendon cells 
with ≤5 µM TR100 retains cell viability. To determine the effect of 
Tpm3.1 inhibition on cell morphology, we performed light micros-
copy followed by image quantification (Figure 4C). Both 2 and 5 µM 
TR100 decrease overall cell area (Figure 4D). Interestingly, while 2 
µM TR100 induces tenocyte elongation (decrease in circularity), ex-
posure to 5 µM TR100 causes cell rounding (increase in circularity).

Tpm3.1 stabilizes tenocyte F-actin
We sought to determine whether Tpm3.1 regulates tenocyte F-actin. 
Confocal microscopy demonstrates that stress fibers are present in 
control cells as well as in cells treated with 2 µM TR100 (Figure 5, A 
and B). Treatment with 5 µM TR100 represses F-actin stress fibers and 
results in cortically arranged Tpm3.1 and F-actin in a subpopulation 
of cells. This cortical F-actin network arrangement is completely ab-
sent in control cells and in cells treated with 2 µM TR100, whereas it 
is present in 58.2 ± 8.1% (mean ± SE) of cells treated with 5 µM TR100.

Next, we evaluated G/F-actin proportion in TR100-treated cells 
using Triton fractionation followed by WES-capillary electrophoresis 
(Figure 5, C–E). Treatment with TR100 increases the amount of 
actin present in soluble portions indicative of elevated G-actin 
(Figure 5, D and E). On average, there is a significant increase in the 
proportion of G/F-actin by treatment with 5 µM TR100. While 2 µM 
TR100 appears to result in a slight increase in the proportion of G/F-
actin, this was not statistically significant (p = 0.42).

TR100 treatment results in tendinosis-like gene changes
Our findings (Figure 5) reveal that Tpm3.1 regulates F-actin in ten-
don cells. The findings that the reduction of F-actin regulates tendi-
nosis-like gene changes (Figure 1) led us to next testing the hypoth-
esis that Tpm3.1 inhibition will induce down-regulation of tenogenic 
genes and up-regulation of protease and chondrogenic expression.

We determined that reduction of F-actin by TR100 treatment de-
creases tenogenic mRNA levels. This was apparent at both 2 and 
5 µM treatments. With 5 µM treatment of TR100, there are 21.2-, 
1.4-, 29.2-, and 2.5-fold decreases in Col1, Tnc, αsma, and Scx, re-
spectively (Figure 6). Treatment with 5 µM TR100 also up-regulates 
protease expression, resulting in 18.1- and 374.3-fold increases in 
Mmp-3 and Mmp-13, respectively. Finally, exposure of cells to 5 µM 
TR100 up-regulates chondrogenic mRNA levels, resulting in 3.4- 
and 9.2-fold increases in Acan and Sox9, respectively. We found that 
only the 5 µM treatment, but not the 2 µM treatment, up-regulates 
protease and chondrogenic levels.

Next, we sought to determine whether TR100 induced gene 
changes in mouse tenocytes similarly occur in human tenocytes. We 
examined select tenogenic, protease, and chondrogenic genes via 
real-time RT-PCR and found that TR100 decreases Col1, as well as 
increasing Mmp13 and Sox9 mRNA levels in human tenocytes 
(Figure 7).

Finally, we examined modulation of mouse tenocyte protein ex-
pression by 5 µM TR100 treatment on select molecules using im-
munostaining followed by quantitative image analysis (SCX) or via 
capillary electrophoresis (αSMA and MMP-3). TR100 decreases the 
total nuclear fluorescent staining for SCX in tendon cells (Figure 8, A 
and B) as well as the proportion of nuclear/cytosplasmic SCX (Figure 
8, A and C). Additionally, TR100 decreases αSMA protein levels 
by 2.0-fold (Figure 8, D–F). Finally, TR100 increases MMP-3 protein 
levels by 14.3-fold (Figure 8, D–F). Modulation of SCX, aSMA, and 
MMP-3 is consistent between mRNA and protein levels.

DISCUSSION
This study provides novel insight into the regulation of the patho-
logical cellular phenotype by F-actin. We determined that tendino-
sis-like gene changes caused by stress deprivation coincide with a 
reduction in F-actin. This result led us to investigate the molecular 
regulation of F-actin by Tpms, which are known to stabilize F-actin. 
We revealed that tendons express several Tpm isoforms, including 
Tpm3.1, a stress fiber–associated Tpm (Tojkander et al., 2011; 
Gateva et al., 2017; Parreno et al., 2020). We found that Tpm3.1 
associates with F-actin networks in tendon cells and regulates the 
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tenocyte cellular phenotype. Tpm3.1 inhibition reduces F-actin 
stress fibers, causing a robust tendinosis-like gene response.

Our data support the speculation that stress deprivation regu-
lates cellular phenotype by a reduction of F-actin (Arnoczky et al., 
2004). Previously it was shown that tendon stress deprivation in-

creases Mmp mRNA levels (Arnoczky et al., 
2004; Wunderli et al., 2018). It was also 
demonstrated that stretching in vitro–cul-
tured tendons can repress Mmp up-regula-
tion (Arnoczky et al., 2004; Wunderli et al., 
2018). Mechanical stretch appears to regu-
late Mmp expression via actin-based mech-
anisms as treating stretched tendons with 
cytochalasin D, which caps F-actin. prevent-
ing actin polymerization, abrogates the pro-
tective effects of stretch (Arnoczky et al., 
2004). This led to the speculation that stress 
deprivation regulates Mmp expression via 
actin depolymerization. However, evidence 
for reduced F-actin in stress deprivation was 
still required. In the current study, we pro-
vide empirical evidence that stress depriva-
tion destabilizes F-actin, as demonstrated 
by an increase in G/F-actin staining (Figure 
2). We show that this increase in G/F-actin 
coincides with an increase in protease ex-
pression (Mmp-3) (Figure 1). This finding is 
consistent with our previous findings in 
bone cells, where stress deprivation of os-
teoblast-like MG-63 cells in collagen gels 
enhances Mmp-3 gene expression (Parreno 
et al., 2008). Unlike other previous studies, 
Mmp-13 was not found to be up-regulated, 
although there was a trend toward an in-
crease in Mmp-13 expression by day 2 (p = 
0.17). Previous studies examined Mmp ex-
pression at later time points (i.e., up to 10 d 
of stress deprivation) (Jafari et al., 2019), 
which could explain the discrepancy in the 
Mmp-13 response. Note that we did not ex-
amine Mmp-1 expression here, as it is not 
expressed in mice. Nevertheless, our find-
ings indicate that a reduction of F-actin cor-
responds to an increase in Mmp-3, a prote-
ase that plays a role in tendinosis (Raleigh 
et al., 2009). The reduction of F-actin ap-
pears to be an important regulator of Mmps 
during disease processes like tendinosis.

We attribute the alterations in mRNA 
levels and F-actin seen in the current study 
to stress deprivation of tendons in culture. 
However, unlike the ex vivo culture condi-
tion where tenocytes are exposed to higher 
levels of oxygen and serum, healthy teno-
cytes in vivo exist in an environment that is 
minimally vascularized and oxygenated. 
Therefore, it is arguable that other culture 
factors may influence the tenocyte cellular 
response (Wunderli et al., 2018, 2020). In a 
previous study, using a bespoke loading de-
vice to mechanically stimulate mouse ten-
dons, it was shown that the application of an 

intermittent uniaxial cyclic stretch on cultured mouse tail tendons 
enhanced Col1 and Scx as well as reducing Mmp-3 mRNA (Wunderli 
et al., 2018). The stretched mRNA levels approximated freshly iso-
lated tendon mRNA levels. Furthermore, F-actin organization was 
markedly different between stretched and stress deprived, under 
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otherwise identical culture conditions. 
Therefore, stress deprivation appears to be 
a predominant factor regulating cellular re-
sponse in the ex vivo stress–deprived ten-
don explant culture system.

We sought to determine the regulation 
of F-actin by Tpms and found that tendon 
cells express several Tpm isoforms, includ-
ing several known stress fiber-associated 
Tpms (Figure 3). Previously, Ralphs et al. 
(2002) indicated the presence of Tpm in ten-
don cells using Western blotting and immu-
nofluorescence. However, Tpm antibodies 
are developed using peptides that corre-
spond to specific exons that are highly con-
served between various Tpms (Schevzov 
et al., 2011). Thus, antibodies are specific to 
exons and not to particular isoforms. The 
particular (TM311) antibody used by Ralphs 
et al. (2002) recognizes an epitope on exon 
1A of Tpm1 and 2 (Schevzov et al., 2011). 
Therefore, it remained unclear which exact 
Tpm isoform was expressed in tendons. In 
our present study, we determined that 
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tendon cells can express 9 Tpms: Tpm1.1, 1.6, 1.8, 2.1, 2.2, 3.1, 3.5, 
3.12, and 4.2. On the basis of our data, we believe that Ralphs et al. 
(2002) could have been probing for Tpms 1.1, 1.6, 2.1, 2.2. Tpm2.1 
has been identified as a stress-fiber associated Tpm (Gateva et al., 
2017). However, it is not present in all tendons, specifically tail ten-
dons. The variation of Tpm isoform expression between tendons 
from different anatomical regions is surprising and unexpected. We 
predict that Tpm isoform variation in different tendon types reflects 
the formation of unique F-actin networks to meet individual varying 
functional demands of specific tendon types (Lee and Elliott, 2019). 
Intriguingly, out of the nine Tpm isoforms expressed by tendon, we 
found that only three isoforms were consistently expressed in all 
tendons (tail, Achilles, plantaris) examined: Tpm1.6, 3.1, and 4.2. 
The presence of these three isoforms in multiple tendon types could 
indicate that these isoforms are critical for general tendon function. 
Two of these isoforms, Tpm3.1 and 4.2, are known stress fiber–as-
sociated Tpms. We chose to focus on Tpm3.1 as we previously 
showed it to be a crucial regulator of F-actin stress fibers in lens 

epithelial cells (Parreno et al., 2020). The present study is the first, to 
our knowledge, to examine Tpm3.1 in tendon cells.

Tpm3.1 associates with F-actin in native tendon cells as well as 
in vitro–cultured tendon cells to maintain F-actin stress fibers (Figure 
3). The association of Tpm3.1 with stress fibers in tendon cells is in 
agreement with past studies on lens epithelial (Parreno et al., 2020), 
human osteosarcoma (U2OS) (Tojkander et al., 2011; Gateva et al., 
2017; Meiring et al., 2019; Zhao et al., 2020), human neuroblas-
toma (SK-N-BE(2)) (Pathan-Chhatbar et al., 2018), and neuronal 
(B35) (Bryce et al., 2003) cells. Tpm3.1 maintains F-actin networks 
through regulation of other actin-associated molecules. It has been 
shown to promote the activation of nonmuscle myosin activity 
(Bryce et al., 2003; Tojkander et al., 2011; Gateva et al., 2017; 
Pathan-Chhatbar et al., 2018) as well as interfering with the associa-
tion of severing molecules (i.e., cofilin) onto actin (Bryce et al., 
2003). Here, we show that inhibition of Tpm3.1 results in the reduc-
tion of F-actin (Figure 5), leading to tendinosis-like molecule modu-
lation in both mouse and human tenocytes (Figures 6–8). The 
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tendinosis-like gene modulation, however, was dose dependent. In 
mouse tenocytes we found that tenogenic genes are responsive to 2 
µM treatments of TR100, whereas protease and chondrogenic genes 
are not significantly altered. This suggests that tenogenic genes are 
more sensitive to perturbations of F-actin. It is possible that multiple 
signaling mechanisms downstream of actin regulate tenogenic gene 
expression, amplifying the effects of subtle actin perturbation. Of 
note, there was a trend toward an increase in G/F-actin by exposure 
of cells to 2 µM TR100 treatment; however, this was not significant. 
Biochemical analysis of G/F-actin may be a limitation to detecting 
subtle differences (<10%) in actin polymerization.

Surprisingly, as compared with stress deprivation of tendons, 
TR100 treatment of cells had a more substantial effect on the num-
ber of genes affected. Stress deprivation of tendons decreased 
tenogenic expression but unlike TR100 treatment of cells did not 
enhance chondrogenic genes (Khan et al., 1999). Additionally, while 
stress deprivation modulated Mmp-3 but not Mmp-13, TR100 in-
creased both Mmp-3 and Mmp-13. The greater response by TR100 
treatment of cells could indicate the greater level of F-actin reduc-
tion achieved by directly perturbing actin by TR100 treatment as 
compared with stress deprivation, which may not have as vast an 
effect on reducing F-actin. We suspect TR100 increases G/F-actin to 
a greater degree. However, we could not perform a direct compari-
son of G/F-actin between stress-deprived tendons and cultured 
tenocytes as biochemical analysis of G/F-actin in matrix-laden tis-
sues is a challenge. A future direction, to determine whether TR100 
has a greater effect on reducing F-actin than stress deprivation, is to 
compare G/F-actin, via our quantitative imaging approach, in me-
chanically stimulated tendon explants cultured in the presence of 
TR100 versus the stress-deprived explants. Ideally, this would require 
loading tendon cells with cyclical stretch, which has been shown to 
repress tendinosis-like gene changes (Wunderli et al., 2018).

While it remains unclear how the reduction of F-actin regulates 
gene expression in tendon cells, the regulation of genes by an in-
crease in G/F-actin can occur through cytoplasmic shuttling of tran-
scription factors such as myocardin-related transcription factor 
(MRTF), Yes-associated protein (YAP), and/or SCX. In chondrocytes 
and lens cells, we have shown that an increase in G/F-actin can di-
rectly regulate gene expression by controlling the cytoplasmic/nu-
clear shuttling of MRTF (Parreno et al., 2014, 2017, 2018, 2020). The 
export of MRTF from the nucleus to the cytoplasm, caused by an 
increase in G/F-actin, has been associated with down-regulation of 
Col1, Tnc, and αsma expression as well as up-regulation of Sox9 
(Parreno et al., 2014, 2017, 2020). There are limited data that show 
the regulation of Scx, Mmp-3, and Mmp-13 by MRTF. However, 
MRTF has been shown to regulate another Mmp, Mmp-12, in nu-
cleus pulposus cells (Song et al., 2022). In support of the potential 
gene regulation by MRTF in tendon cells, we determined that 
TR100 reduces nuclear MRTF (Supplemental Figure S1). In addition 
to MRTF, the presence of F-actin stress fibers has also been shown 
to be associated with nuclear YAP. In support of the gene regulation 
by YAP, a recent study determined that small interfering RNA knock-
down of Yap increases the expression of Mmp-3 and Mmp-13, while 
overexpression reduces these levels (Jones et al., 2022). YAP may 
also regulate tenogenic genes, as we found that exposure of ten-
don cells to a known YAP inhibitor, verteporfin (Wang et al., 2016; 
Wei et al., 2017; Delve et al., 2020), reduces tenogenic mRNA levels 
(Supplemental Figure S2). We did not observe regulation of chon-
drogenic genes by verteporfin treatment. Therefore, the regulation 
of chondrogenic genes by actin may be via another mechanism. 
Finally, in the present study, we identified a decrease in the nuclear 
proportion of transcription factor SCX by TR100 treatment. To our 

knowledge, this is the first study to associate F-actin depolymeriza-
tion regulation to SCX localization. SCX is known to regulate Sox9 
expression, collagen synthesis, and the myofibroblast phenotype 
acquisition (Lejard et al., 2007; Espira et al., 2009; Furumatsu et al., 
2010; Roche et al., 2016). Therefore, the decreased nuclear SCX 
may explain the up-regulation of Sox9 by TR100. Additionally, Scx 
localization may also contribute to the down-regulation of Col1, 
Tnc, and αsma mRNA levels that we found in the present study. The 
potential regulation of tenogenic genes by MRTF, YAP, and SCX 
could support the notion that tenogenic genes are more sensitive 
to slight increases in G/F-actin, as multiple pathways regulate their 
expression. In consideration of the current collective pieces of data, 
it appears as though multiple signaling pathways downstream of 
actin contribute to gene regulation in tenocytes. Future studies 
are required to comprehensively delineate the downstream mecha-
nisms of F-actin polymerization as well as their potential interactions 
to regulate gene expression in a coordinated manner.

Because we demonstrate that F-actin is regulated by Tpm3.1, 
this could lead to the speculation that Tpm3.1 plays a role in tendi-
nosis. Tendon overload is often regarded as a cause of tendinosis. It 
has been suggested that tendon overload causes a paradoxical 
stress deprivation of tendon cells (Lavagnino et al., 2015b). In sup-
port of this mechanotransmission paradox, ex vivo overloading of 
rat tail tendon has been shown to result in cellular–matrix disrup-
tions (Ros et al., 2019). We speculate that cellular–matrix disruption 
leads to cellular stress deprivation and destabilization of F-actin. We 
predict Tpm(s) to be involved in F-actin destabilization as Tpms 
have been shown to be mechanoregulated in tendon cells; Ralphs 
et al. (2002) have shown that in vitro mechanical stimulation of ten-
don cells elevates protein expression of Tpm (Ralphs et al., 2002). 
Our prediction that Tpm3.1 contributes to tendinosis are based 
mostly on our interpretations from mouse tissue and cell data in this 
study. Examining whether overloading of human tendon explants 
reduces Tpm3.1 and/or disrupts the interaction between Tpm3.1 
and F-actin is required. Furthermore, future studies are needed to 
delineate the role that Tpm3.1 plays in F-actin destabilization by 
stress deprivation using an in vivo model of tendinosis.

In conclusion, F-actin is a critical mediator of cellular phenotype 
and determining the regulation of F-actin networks by Tpms in tis-
sues could lead to new therapeutic interventions that could prevent 
and/or reverse progression of disease in various tissue types includ-
ing tendon.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Mice and tissue isolation
Wild-type mice, 8–10 wk of age, in the C57BL/6J background were 
used for experiments. Both female and male mice were used in this 
study, and data shown are aggregate of both sexes; our experi-
ments determined that cells from both females and males re-
sponded similarly to a reduction in F-actin (unpublished data not 
shown). All procedures were conducted following approved animal 
protocols from the University of Delaware. Following killed, plan-
taris, Achilles, and tail tendons were isolated as previously described 
(Lee and Elliott, 2017, 2019; Lee et al., 2017). To dissect plantaris 
and Achilles tendons, approximately 1 cm of the plantaris and Achil-
les complex was removed with the calcaneus intact. The tendons 
were separated by removing excess surrounding soft tissue before 
cutting off the calcaneal insertion (Lee and Elliott, 2019). Tail tendon 
fascicles were obtained from excised tails using forceps (Lee et al., 
2017).

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-02-0067
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Tendon explant stress deprivation culture
Tendon stress deprivation was performed by placing isolated ten-
don fascicles in culture vessels submerged in serum-free DMEM 
(GenClone; Genesee Scientific, San Diego, CA) consisting of 1% an-
timycotic/antibiotic (MilliporeSigma, Burlington, MA) (Gardner et al., 
2008; Wunderli et al., 2018, 2020; Jafari et al., 2019). Tendons were 
maintained at 37°C and 5% CO2 and were harvested at set time 
points, either 1 or 2 d post isolation. For these studies, tail tendon 
fascicles were distributed in a nonbiased manner of experimental 
conditions, with freshly isolated fascicles serving as controls.

Tail tenocyte isolation and Tpm3.1 inhibition by TR100 
treatment
To obtain tendon cells, tail tendon fascicles were isolated and im-
mersed in 0.2% collagenase A (MilliporeSigma) and maintained at 
37°C. Following overnight incubation, digests were strained through 
100 µm filters and then centrifuged at 600 × g for 6 min. Tenocyte 
pellets were resuspended in fresh DMEM consisting of 10% fetal 
bovine serum (FBS; GenClone) and 1% antimycotic/antibiotic. For 
experiments, cells were counted and then seeded on culture vessels 
at a density between 5 and 10 × 103 cells/cm2. Every 2 d, spent 
media was replaced with fresh media. Once tenocyte cultures 
reached ∼70% confluency, cells were serum starved in DMEM con-
sisting of 0.5% FBS and 0.1% antimycotic/antibiotic with or without 
Tpm3.1 inhibitor (TR100; 1–10 µM; MilliporeSigma). Tendon cells 
were harvested 1 or 2 d after drug treatment.

Human cell culture and Tpm3.1 inhibition by 
TR100 treatment
Human tenocytes used in the study were purchased from Zen-Bio 
(Durham, NC). The tenocytes were originally isolated, by enzy-
matic treatment, from the Achilles tendon of a 59-yr-old male. The 
resulting cells were validated to express tendon markers: Col1, 
Scleraxis (Scx), type 3 collagen, and thrombospondin-4. Cells were 
maintained in DMEM consisting of 10% FBS and 1% antimycotic/
antibiotic at 37°C and 5% CO2. Media was replenished every 2–3 
d. Cells were cultured until 70–90% confluency, at which point they 
were detached from culture flasks using 0.25% trypsin-EDTA (Gen-
Clone) and seeded onto new flasks. For experiments, tenocytes at 
passage 6 or 7 were used and seeded at a density of 2.5 × 104 
cells/cm2 onto culture vessels. After 2 d, cells were serum starved 
in DMEM consisting of 0.5% FBS and 0.1% antimycotic/antibiotic 
with or without 4 µM TR100. Human cells were harvested 1 d after 
drug treatment.

Light microscopy and cell area/circularity quantification
Following 24 h of treatment, cells were imaged using a microscopy 
camera (Swiftcam Technologies, Hong Kong) attached to an Axiovert 
25 inverted phase-contrast microscope (Zeiss, Jena, Germany). The 
boundaries of individual cells were manually traced on images using 
FIJI software. Cell area and circularity were calculated using FIJI soft-
ware algorithms as previously performed (Parreno et al., 2014). Circu-
larity was defined as C = 4π(A/P2), where P is the perimeter and A is 
the cell area. A circularity value of 0 indicates an elongated ellipse, 
whereas a value of 1 indicates a perfect circle.

Cell viability assay
We used a propidium iodide exclusion assay to quantify the propor-
tion of live cells following TR100 treatment. Cells on culture vessels 
were placed in 0.05% trypsin at 37°C. After 5 min, cells were centri-
fuged, and pellets were then resuspended in phosphate-buffered 
saline (PBS) containing 0.5 µg/ml propidium iodide. Propidium io-

dide is impermeable to live cells but is incorporated into dead cells 
with compromised cell membranes. A Tali Image-based Cytometer 
(Thermo Fisher Scientific, Waltham, MA) was used to calculate the 
portion of cells in suspension that incorporated propidium iodide. 
Cells exposed to 70% ethanol served as dead controls.

For visualization of cell viability, cells on culture vessels were 
stained with 1 µM calcein AM (live cell stain) and 1 µM propidium 
iodide in PBS at 37°C. After 10 min, cells were rinsed with PBS and 
visualized using a Zeiss Axio Observer 7 microscope. Cells fixed in 
4% paraformaldehyde (before staining) were used as dead cell 
control.

RNA isolation, gene expression, and Tpm sequencing
For RNA processing, tendon tissue or cultured tendon cells were 
immersed in TRIzol (Sigma-Aldrich, Burlington, MA) and stored fro-
zen until further use. To extract RNA from tissues, tissues were man-
ually ground in TRIzol using a pellet pestle. RNA was separated via 
phase separation with chloroform, followed by selective recovery of 
total RNA using an RNA spin column clean-up kit (RNA Clean & 
Concentrator-5; Zymo, Irvine, CA). RNA was extracted from cultured 
cells by phase separation with chloroform followed by RNA precipi-
tation in isopropanol as previously described (Parreno et al., 2020). 
Reverse transcription of RNA to cDNA was performed using the Ul-
traScript 2.0 cDNA Synthesis Kit (PCR Biosystems, Wayne, PA).

Semi-quantitative RT-PCR was performed using PCRBIO Taq Mix 
Red solution (PCR Biosystems, London, UK) on equivalent amounts 
of cDNA using previously validated Tpm primers (Cheng et al., 
2018). PCR products were run on a 2% agarose gel. Gel bands were 
excised and melted, and DNA was purified using the GenCatch Ad-
vance Gel Extraction Kit (Epoch Life Sciences, Missouri City, TX). 
Purified DNA was sequenced using Sanger sequencing (Genewiz, 
South Plainfield, NJ).

Relative real-time RT-PCR was performed using the qPCRBio 
Sygreen Blue Mix (PCR Biosystems, Wayne, PA) according to the 
manufacturer’s directions. Each reaction contained 20 ng of cDNA in 
a 10 µl volume using mouse primers and human primers that are 
listed in Tables 1 and 2, respectively. Real-time PCR was conducted 
on a Cielo 3 PCR machine (Azure, Houston, TX).

WES capillary electrophoresis
Total protein was extracted as previously described (Parreno et al., 
2020) with slight modifications. Briefly, protein was extracted in 1× 
radioimmunoprecipitation (RIPA) lysis buffer (MilliporeSigma) and 
then quantified using a bicinchoninic acid (BCA) protein assay 
(Prometheus Protein Biology Products; Genesee Scientific). Specific 
protein levels were determined using a WES Capillary-Based Elec-
trophoresis assay with a 12–230 kDa separation module kit following 
the manufacturer instructions (Protein Simple, San Jose, CA) with 
equal volumes of control and experimental protein. The antibodies 
used for experiments are rabbit anti–pan-actin (1:100; #4968; Cell 
Signaling), mouse anti-αSMA (1:50; ab7817; Abcam), and rabbit 
anti-MMP-3 (1:10; EP1186Y; Abcam). Secondary antibodies used 
were anti-rabbit or anti-mouse HRP-conjugate (Protein Simple). 
Specific protein levels were normalized to total protein. Total pro-
tein values were determined using a Chemiluminescent WES Sim-
ple Western Size-Based Total Protein Assay (Protein Simple).

Immunostaining of native tendon
Whole tendons were placed in 4% paraformaldehyde in PBS 
(GenClone) at 4°C for 2 h. Fixed tendons were then washed three 
times in PBS and incubated in permeabilization/blocking buffer 
(PBS containing 0.3% Triton, 0.3% bovine serum albumin, and 
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Gene Forward primer Reverse primer Product size (base pairs) Accession no.

18S GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA 123 NR_003278.3

Gapdh TTCGAGAGTCAGCCGCATTT ATCCGTTGACTCCGACCTTC 79 NM_001289726.1

αsma TCACCATTGGAAACGAAC CCCCTGACAGGACGTTGTTA 162 NM_007392.3

Acan GAAAACTTCGGGGTGGG TCCCTCTGTGACATTACGGG 96 NM_007424.3

Col1 AGCACGTCTGGTTTGGAGAG GACATTAGGCGCAGGAAGGT 112 NM_007742.4

Mmp-3 GGTGACCCCACTCACTTTCT GGCATGAGCCAAGACTGTTC 124 NM_010809.2

Mmp-13 AGACCCCAACCCTAAGCATC ATAGGGCTGGGTCACACTTC 53 NM_008607.2

Scx CCACTGAAGAGTCACGGAGA CTGTTCATAGGCCCTGCTCA 111 NM_198885.3

Sox9 AGTACCCGCATCTGCACAAC TACTTGTAATCGGGGTGGTCTT 145 NM_011448.4

Tnc TGGAATTGCTCCCAGCATCC CCGGTTCAGCTTCTGTGGTAG 65 NM_011607.3

TABLE 1: Real-time RT-PCR mouse primers.

Gene Forward primer Reverse primer Product size (base pairs) Accession no.

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 151 K03432.1

Col1 CGGCTCCTGCTCCTCTTAG CACACGTCTCGGTCATGGTA 137 NM_000088.3

Mmp-13 TGAGTTCGGCCACTCCTTAG AAACATGAGTGCTCCAGGGT 58 NM_002427.4

Scx GAACTTTCTGCGCTGGCTTT CACAAGATGCCATCACACAGT 51 NM_001080514.3

TABLE 2: Real-time RT-PCR human primers.

3% goat serum) at room temperature. After 2 h, tendons were trans-
ferred into a primary antibody solution containing 1:100 mouse anti-
Tpm3.1 antibody (2G10.2; MilliporeSigma) in permeabilization/
blocking solution. After overnight incubation at 4°C, tendons were 
washed six times in PBS and placed in secondary antibody solution 
containing fluorescent CF488 anti-mouse secondary antibody 
(1:200; Biotium, Fremont, CA), Hoecsht 33342 (1:500; Biotium), and 
rhodamine-phalloidin (1:20; Biotium) in permeabilization/blocking 
buffer at room temperature for 2 h in the dark. Tissues were then 
washed six times in PBS, placed on a glass slide, and mounted using 
ProLong gold anti-fade reagent (Thermo Fisher Scientific).

To stain for G/F-actin, fixed tendons were placed in permeabili-
zation/blocking buffer at room temperature. After 2 h, tendons were 
transferred into permeabilization/blocking buffer containing Hoec-
sht 33342 (1:500), Alexa Fluor DNase-I (1:500; Thermo Fisher Scien-
tific) and rhodamine-phalloidin (1:20).

Immunostaining of cultured cells
Tendon cells cultured on glass-bottomed dishes (World Precision 
Instruments, Sarasota, FL) were fixed with 4% paraformaldehyde 
in PBS at room temperature. After 10 min, fixed cells were washed 
in PBS and kept at 4°C. Tendon cells were immunostained by first 
being incubated in permeabilization/blocking buffer at room tem-
perature for 30 min. Next, cells were incubated with mouse anti-
Tpm3.1 antibody (1:200; 2G10.2; MilliporeSigma), rabbit anti-
SCX antibody (1:100; ab58655; Abcam), or rabbit anti-MRTF 
antibody (1:100; ab49311), diluted into permeabilization/block-
ing solution. After overnight incubation at 4°C, cells were washed 
six times in PBS and placed in secondary antibody solution con-
taining CF488 anti-mouse secondary antibody (1:200), Hoechst 
33342 (1:500) to stain nuclei, and rhodamine-phalloidin (1:50) to 
stain F-actin, in permeabilization/blocking buffer at room tem-
perature for 1 h in the dark. Cells were then washed six times in 
PBS and mounted using ProLong gold anti-fade reagent (Thermo 
Fisher Scientific).

Confocal fluorescence microscopy
Stained tissues and cells were imaged using a Zeiss LSM880 la-
ser-scanning confocal fluorescence microscope (Zeiss) using a 
20× 0.8NA objective or a 63× 1.4NA oil objective. Z-stack images 
were acquired using 0.5 µm (20× objective) or 0.3 µm (63× objec-
tive) step size. Images were processed using Zen software from 
Zeiss.

G/F-actin in whole-mount confocal images was quantified us-
ing FIJI software. Briefly, single optical slice images from the 
midregion of full z-stack tendon images were analyzed. A rectan-
gular region of interest (ROI) was selected at the center of the im-
ages, and channels (red/green/blue) were then separated. The 
fluorescence intensities within the ROI for each channel were mea-
sured. The fluorescence intensities in the green (DNase-I) channels 
were divided by the fluorescence intensities in the red (phalloidin) 
channels to obtain DNase-I/phalloidin (G/F-actin) ratios. Finally, 
the G/F-actin ratios obtained from each ROI were normalized to 
the average G/F-actin control values (control averages were set to 
1). Of note, tendons from control and stress-deprived groups were 
stained using identical conditions simultaneously, images were ac-
quired using the same settings on the same day, and ROIs were 
equivalent in size.

Statistical analysis
Each experiment was replicated at least three times on separate 
occasions. Data from individual experiments are expressed as a 
percentage of the control average, which was set to 100. Graph-
pad Prism 9 (San Diego, CA) was used for statistical analysis. Out-
liers in pooled data points were identified using the ROUT 
method with a maximum desired false discovery rate (Q) set at 
1% (Motulsky and Brown, 2006). Differences between two groups 
of data were detected using unpaired t tests. Differences 
between several experimental groups against a control were 
detected using analysis of variance followed by Dunnett post hoc 
tests.
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