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The mechanosensitive ion channel PIEZO1 is expressed in tendons and

regulates physical performance
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One Sentence Summary:
PIEZO1 acts as a critical mechanosensor in tenocytes, promoting tendon-specific gene

expression, tendon function, and physical performance.

Abstract:

How mechanical stress affects physical performance via tendons is not fully understood. Piezol is
a mechanosensitive ion channel, and E756 del PIEZOI was recently discovered as a gain-of-
function variant that is common in individuals of African descent. We generated tendon-specific
knock-in mice using R2482H Piezol, a mouse gain-of-function variant, and found that they had
higher jumping abilities and faster running speeds than wild-type or muscle-specific knock-in mice.
These phenotypes were associated with enhanced tendon anabolism via an increase in tendon-
specific transcription factors, Mohawk and Scleraxis, but there was no evidence of changes in
muscle. Biomechanical analysis showed that the tendons of R2482H Piezol mice were more
compliant and stored more elastic energy, consistent with the enhancement of jumping ability.
These phenotypes were replicated in mice with tendon-specific R2482H Piezol replacement after
tendon maturation, indicating that PIEZO1 could be a target for promoting physical performance
by enhancing function in mature tendon. The frequency of E756 del PIEZOI was higher in
sprinters than in population-matched non-athletic controls in a small Jamaican cohort, suggesting
a similar function in humans. Taken together, this human and mouse genetic and physiological
evidence revealed a critical function of tendons in physical performance, which is tightly and

robustly regulated by PIEZO1 in tenocytes.
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Main Text:

INTRODUCTION
The musculoskeletal system plays a central role in physical movement in animals. The kinetic
energy required for physical movement is generated by the contraction of muscles, which is
transmitted to the joints through tendons and ligaments. In this process, tendons may be perceived
as solely passive connectors between the muscle and skeleton. However, studies have shown that
the kangaroo genus performs a continuous hopping motion using the elastic energy of tendons in
addition to the muscle energy (/-3). The mathematical relationship between the muscle-tendon
complex and physical kinetic energy is described in Hill’s model (4), in which physical kinetic
energy is produced as the sum of the muscle’s contracting power and the tendon’s stored elastic
energy power, indicating the critical function of the tendon to promote physical performance.

Mechanostimulation of the musculoskeletal system plays a major role in homeostasis of all
tissues and organs (5-7). Appropriate mechanical stimulation of tendons is important for the
maintenance of physical functions, since inactivity or immobilization of the human body leads to
areduction in tendon function, which causes musculoskeletal system disability (8). It is also known
that appropriate physiological exercise load leads to an anabolic effect with increased tenogenic
gene expression in humans (9-/7). This anabolic effect of mechanical stimulation is expected to
influence tendon function; however, little is known about the molecular mechanisms that sense
mechanical stimuli in tendons and how this anabolic effect impacts physical performance.

In athletic performance research, it has been suggested that a certain degree of genetic
predisposition is involved in the characteristics of athletic performance. For example, when
examining athletic activities in international sports competitions, there are geographic regions that

are strong in both instantaneous power and endurance sports events (/2, /3). However, human
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genetic polymorphisms that strongly correlate with instantaneous power have not yet been
identified (/4-16). PIEZOI1 is a mechanically activated ion channel involved in mechanosensing
in various organs and tissues (/7-20), including bone (2/-23) and cartilage (24-26). In humans,
several single nucleotide polymorphisms (SNPs) in PIEZO1 have been identified, some of which
cause hereditary diseases (27-30). The E756 del gain-of-function variant is asymptomatic despite
morphological changes in erythrocytes. However, it is protective against malaria (37), which
explains its enrichment in regions with high rates of malaria, and it has also been linked to iron
metabolism (32). This variant is present at an allele frequency of 16—-18% in West African and
African Americans and 3% in Europeans. We previously found that the mouse R2482H mutation
of Piezol provided resistance to malaria, similar to the human P/IEZOI E756del variant, using
systemic R2482H Piezol mice (Piezol ®s™<™* mouse) (31). In this regard, Passini et al recently
reported that the tendon property of Piezol ®*™c™#/* mouse was strengthened and humans
carrying the PIEZO1 E756del gain-of-function variant show upregulated jumping ability,
suggesting the potential link between PIEZO1 in tendon and motor function (33). However,
whether and how PIEZO1 function in tendon could affect physical performance remains still
unclear.

Here, taking advantage of this R2482H knock-in Piezol mouse model, we elucidated the
effect of the variant form of PIEZO1 in tendon-mediated physical performance, which is
corroborated by human genetic studies. Furthermore, post-developmental replacement of the gain-
of-function type of PIEZO1 in tenocytes also markedly promotes tendon properties and subsequent
physical performance, suggesting that PIEZOT1 in tendons could be a beneficial therapeutic target

for musculoskeletal disorders and to improve human health.
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RESULTS

Tendon-specific R2482H Piezol mice have increased jumping power

To investigate the potential role of PIEZO1 activation in exercise capacity, we performed an
established long jump test with 12-week-old wild type (Piezol /") and systemic gain-of-function
R2482H Piezol (Piezol **"™<m/*y mice (fig. S1A). This test involved placing a platform 80 cm
above the ground and sequentially extending the distance between the platform and a cage at the
same height, recording the maximum distance each mouse was able to jump back to the cage (34)
(fig. S1B). The Piezol 9micmu/* mice (Piezol *™"*) could jump significantly farther than WT
mice of both sexes (about 1.4-fold farther in males and 1.6-fold in females, Fig. 1A, B, movie S1).
Next, to determine whether this enhanced jumping phenotype was derived from Piezol acting
primarily in the muscle or tendon, we created muscle-specific and tendon-specific R2482H Piezol
mice [Piezol ™“clemut I+ (Piezol ™™ /") and Piezol ""ommu/* (Piezol "™ /"), respectively] by
crossing Piezol <’ mice with Myf5-Cre or Scx-Cre mice, respectively (fig. S1A). Similar to the
Piezol ®stemic-mi* mice, the jumping distance of Piezol "™+ mice increased significantly
compared to WT mice in both sexes (about 1.4-fold in males and 1.7-fold in females, Fig. 1A, B,
movie S1). In contrast, there was no increase in jumping distance of Piezol ™“cle-mu/* mice
compared to WT mice (Fig. 1A, B, movie S1).

Since the long jump test assesses instantaneous force generation, we also performed a run-to-
exhaustion test to measure the effect of the Piezol R2482H mutation on endurance (35) (fig. S1C).
There was no difference in the running distance between the four groups (Fig. 1C). However, the
maximum speed, which is an additional measure of instantaneous force, was again significantly

higher in Piezol systemic-mut/~+ mice and Piezol tendon-mut/+ mice than in WT mice and Piezol muscle-mut/+
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mice of both sexes (Fig. 1D). These results suggest that PIEZO1 activation, specifically in tendon

tissues, leads to stronger instantaneous power and increased speed but not endurance.

PIEZO1 is a mechano-sensitive ion channel in tenocytes

Following the results of the above physical performance tests, we analyzed the expression of
Piezol in specific cell types in muscular-tendon tissues by performing single-cell RNA sequencing
(scRNA-seq) analysis of the Achilles tendon and hamstrings of 2-week-old mice. We found a
relatively high expression of Piezol in cells with high expression of Mkx and Scx, two major
tendon-specific master transcription factors that regulate a set of tenogenic genes, including
Collal and Tnmd (Fig. 2A) (36-39). In contrast, the expression of Piezol was relatively low in
cells with high MyodI expression (Fig. 2A). We also examined whether PIEZO1 functions as a
calcium ion mechanoreceptor in tenocytes. Tenocytes were obtained from the Achilles tendon
tissues of mice and patellar tendon tissue from young normal human donors during autopsy. Ca>"
influx into tenocytes via PIEZO1 was monitored using a Ca indicator in the presence or absence
of Yodal, a PIEZO1 agonist that increases the sensitivity of PIEZO1 (40). We found that Yodal
increased Ca influx in a dose-dependent manner (Fig. 2B, fig. S2). Furthermore, Ca influx in the
presence of Yodal in tenocytes of Piezol “"¥"-"“/* mice was significantly higher than that in the
tenocytes of WT mice (Fig. 2C). These results suggest that PIEZO1 acts as a calcium ion

mechanoreceptor in tenocytes.

Strengthened tendon properties in R2482H Piezol mice
To identify the physiological mechanisms involved in the R2482H Piezo I-mediated enhancement

of instantaneous power in tenocytes, we performed a detailed morphological examination of
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Piezol ""¥r-m* mice compared with WT mice. We found a significantly wider Achilles tendon
in Piezol ¥smic-mut/* and Piezol "+ mice than in WT mice and Piezol ™“'¢™* mice (about
1.2-fold wider in both male and female Piezol "™+ mice). This was not associated with
differences in the length of the Achilles tendon, body length, or body weight (Fig. 3A, B, fig. S3A,
to C). Furthermore, transmission electron microscopy (TEM) revealed a significantly larger
diameter of the cross-section of collagen fibrils of the Achilles tendon of Piezol ***micm+ mice
and Piezol ‘""" mice than in WT mice (about 1.3-fold larger in male Piezol "™+ mice
and 1.2-fold larger in female Piezol ‘"%"™* mice). (Fig. 3C to E, fig. S3D to F). These results
suggested that R2482H Piezol enhances tendon tissue formation and promotes tendon

enlargement.

R2482H Piezol in tenocytes enhances tenocyte-specific gene expression

To identify the potential molecular mechanisms downstream of R2482H Piezol, we analyzed the
gene expression profiles in the Achilles tendon of WT and Piezol ‘“"%""“/* mice. RNA-Seq
analysis showed a significant upregulation of tendon-related genes, including Scx and Mkx, in
Piezol "dormu* mice (Fig. 3F). In contrast, the expression of muscle-related genes, including
Myh7, was downregulated in Piezol """+ mice compared to that in WT mice (Fig. 3F). In the
gene ontology enrichment analysis, "extracellular structure organization" and “skeletal system
development” were positively enriched terms with -logl0(P) > 20, whereas "muscle structure
development" and “muscle system process” were negatively enriched terms with -log10(P) > 20
in the Piezol "™+ mice (Fig. 3G). Focusing on the tendon components in the RNA-seq data,
the expression of multiple collagen and non-collagen matrices were shown to be upregulated (table

S1). Quantitative polymerase chain reaction (QPCR) analysis of Achilles tendons further verified
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the upregulated expression of the above set of tendon-related genes, including Mkx and Scx, in
Piezol Semicmu/ and Piezol *"donmu* mice compared to WT and Piezol "</ mice (Fig.
3H). Based on these results, we further analyzed the Achilles tendon of WT and Piezol 'on-m/+
mice. Picrosirius red staining showed that both tendons were yellow to red in color, which indicates
that almost all fibers are type I collagen fibers, but the yellow coloration was stronger in Piezol
tendon-mut/* mice than in WT mice (fig. S4A, B). This indicated that the collagen density of Piezol
tendon-mu/* mijce was lower than that of WT mice, suggesting the possibility of an increase in the
non-collagen matrix in the interstices (41, 42). Therefore, we performed immunofluorescence
staining of MKX, SCX, COL1A1, decorin (DCN), and proteoglycan 4 (PRG4) in tendons from
WT and Piezol "o+ mice. MKX- and SCX-positive cells were markedly increased in the
tenocytes of Piezol """+ mice (fig. S4C, D). Both collagen and non-collagen matrices were
more fluorescent in Piezol "™+ mice, suggesting that these were more highly expressed (fig.
S4E, F). Finally, to investigate the cellularity of the tendon, we performed immunostaining with
an anti-Ki67 antibody for proliferation and completed TUNEL staining for apoptosis with Hoechst
33342; there was no observable difference between the two genotypes (fig. SS5). These findings
show that the expression of both collagen matrix- and non-collagen matrix-associated genes are

enhanced in tenocytes with R2482H Piezol, and this likely contributes to structural changes in the

Achilles tendon of Piezol "< mice and Piezol ™"+ mice.

PIEZO1 regulates MKX and SCX expression via NFATCs
Analysis of R2482H Piezol mice revealed that PIEZO1 gain-of-function induces the expression
of multiple tendon-related genes that alter tendon structure. MKX and SCX, tendon master

regulators, are known to regulate gene expression of multiple tendon components (36-39, 43-45),
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and our analysis suggests that PIEZO1 may regulate the expression of these transcription factors.
To further investigate the mechanism of gene expression regulation through PIEZO1 activation,
we first tested whether the activation of PIEZO1 affects the expression of MKX and SCX in human
tenocytes. The expression of MKX and SCX was upregulated after mechanical stimulation with
Yodal (fig. S6A). Next, we focused on calcineurin, which has been reported to be activated by
PIEZOI in osteoblasts (23). Calcineurin inhibition by cyclosporin A canceled the upregulation of
these transcription factors by mechanical stimulation under Yodal administration, suggesting that
calcineurin activation is important for the expression of these transcription factors (fig. S6B). Since
NFATC 1, 2, 3, and 4 transcription factors are known to be transferred into the nucleus by
calcineurin activation (46, 47), we examined the localization of these transcription factors after
Yodal administration. The nuclear signal intensity of NFATCI, 2, and 4, but not NFATC3,
increased upon stimulation with Yodal (fig. S6C). Finally, we performed knockdown experiments
on NFATCs using siRNAs. Several groups of single NFATC knockdowns showed decreased
expression of MKX and SCX, and mechanical stimulation under Yodal administration did not
increase the expression of MKX in any group. Knockdown of NFATCI or 3 upon mechanical
stimulation under Yodal administration increased SCX, expression as compared to the control
group, while knockdown of siNFATC4 abrogated this increase, and knockdown of NFATC1-4
further strengthened this tendency (fig. S6D, fig. S7). These results suggest that PIEZO1 induces
the nuclear translocation of multiple NFATCs through the activation of calcineurin via Ca?" influx,

which regulates MKX and SCX expression.

R2482H Piezol has no effect on muscle and nerve morphology

The above data show that R2482H Piezol causes structural changes as well as significant changes
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in gene expression in tendons. However, the enhanced generation of instantaneous force in Piezol
systemic-mut/* mice and Piezol "™+ mice also suggest a potential effect on muscles, which
produce contractile force. Thus, we compared muscles in the four genotypes of male mice by
measuring the wet muscle weight of the lower legs, performing H&E staining to measure the
anatomical cross-sectional area of muscle fibers, measuring the physiological cross-sectional area,
and immunohistochemistry to determine the subtypes of myosin heavy chains in the lower limb
muscles. We detected no differences among the four genotypes in any of these assays (Fig. 4A—
F). Furthermore, we assessed alpha motor neuron endings and Golgi tendon organs in WT and
Piezol "“"onmu* mice by whole-mount immunohistochemistry using several marker genes (48) to
investigate whether muscle output is affected by changes in innervation: Again, there was no
significant morphological difference (fig. S8). Taken together, our results suggest that the gain-of-
function R2482H Piezol mutation has no effect on muscle and nerve morphology; thus, the

enhanced physical phenotype is directly caused by morphological changes in tendons.

Altered biomechanical capacity of tendons in R2482H Piezol mice

For a more detailed physiological evaluation focusing on jumping motion, we performed high-
speed video analysis using 18-week-old WT mice and Piezol "%+ mice. The kinetic energy
and angle of incidence of the jumping motion influence jumping distance (49-57). We verified that
jump speed and kinetic energy correlated strongly with jump distance and that there was a weak
correlation with the angle of incidence (fig. S9, A to C). This suggests that Piezol """+ mice
increased their jumping distance by generating more energy during jumping motion mainly.
Second, we traced the centroid position to evaluate the change in potential energy during the

preparation phase and found that the centroid started shifting from a higher position in Piezo ] ‘"4

10
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mut/t mice, resulting in an about 2.3-fold increase in the potential energy variation compared to WT

mice (Fig. SA-D). Third, we focused on ankle joint motion during the jumping motion (52) and
found that the ankle angle at maximum flexion in Piezol "%""“/* mice was smaller than that in
WT mice (Fig. SE-H). These results of the video analysis suggest that Piezol ‘"%""“/* mice bend
the ankle joint deeply using more potential energy changes. Next, we performed ex vivo static
testing of the Achilles tendon to investigate its physical properties. The maximum stress and
Young’s modulus were decreased, although the toughness was not different in the Achilles tendon
of Piezol "™+ mice, apparently because of the enlarged cross-sectional area (Fig. 51, J, fig.
S9D). Furthermore, the elastic limit was significantly greater in Piezol “"“" ™+ mice (Fig. 5J).
Although there was no difference in maximum load and stiffness, work to reach maximum load
was significantly increased in Piezol ‘"%""“/* mice (Fig. 5K, L, fig. SOE). The results of high-
speed video analysis and ex vivo static testing suggest that the R2482H Piezol tendons are more
compliant, which allows increased ankle flexion by increasing tendon extension.

Based on the above data, we predicted that Piezol ""¥"™* mice would store more elastic
energy in the tendons during the preparation phase of jumping. We performed ex vivo tendon
testing for each genotype to investigate the effect of PIEZO1 on energy production under
conditions similar to the jumping movement. Tendons are known to stretch to a certain percentage
of their elastic limit depending on the type of exercise, because they are damaged when stretched
to their elastic limit (53, 54). In human tendon tests, the elastic limit of tendon elongation is about
8-10% (55, 56), and the stretch of the Achilles tendon during the preparation phase of a counter-
movement jump is reported to be about 60% of the elastic limit (57-59). As it is currently difficult
to directly measure tendon elongation during jumps in mice, the stored energy at 60% of the elastic

limit for isolated tendons of each genotype (i.e., 60% of 16% = 9.5% for WT mice and 60% of

11
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27% =16% for Piezol """+ mice) was analyzed. First, to evaluate the viscoelastic properties
of the tendons, cyclic dynamic tests were performed in the range of 1-100 Hz at 60% of the strain
at the average elastic limit of WT and Piezol "™+ mice, respectively. Both WT and Piezol
tendon-mut/+

mice showed a velocity-dependent increase in storage modulus, and conversely, a

decrease in loss modulus and tan 0 (fig. S10). However, the tan § of both genotypes was very

small at all frequencies, indicating that the viscous contribution was small in these tendons over
the range of testing (fig. S10). Next, to calculate the energy stored in the Achilles tendon during
the preparation phase, the velocity during the preparation phase of the Achilles tendon was
calculated using the displacement conditions and preparation phase time obtained from high-speed
video analysis (mean time of 0.0275 s for WT and 0.02542 s for Piezol ""%""“/* mice) and the
dynamic test that represented the preparation phase for each genotype. The tendon-stored energy

] tendon-mut/* mice, calculated from the area under the unloading curve (Fig. SM), was about

in Piezo
3-fold greater than that in WT mice (Fig. 5N). Additionally, the load on the Achilles tendon at
maximum elongation in the Piezol ""¥"™* mice was about 1.7-fold greater than that in WT mice
(Fig. 5M). Energy dissipation was also measured and was found to be lower in Piezo] "on-mut+
mice (Fig. 50). However, the percentage of energy dissipation to total energy content was small
in both genotypes (4.7% on average for WT and 2.1% for Piezol *"%"™* mice). Taken together,

these results suggest that R2482H Piezol mice use their increased tendon compliance to increase

stored energy in the tendon.

R2482H Piezol potentiates instantaneous physical performance postnatally

We next assessed whether the increased physical performance caused by the gain-of-function

R2482H Piezol mutation is due to effects on tendons that occur specifically during development
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or whether the variant can also influence physical performance when introduced in the postnatal
phase in mature animals. To test this, we generated conditional Scx-creERT2: Piezol*’* mice
(=Piezo] postratal-tendon-mut/+ mice = Pjezo] P*™"* mice) to introduce the R2482H Piezol variant
postnatally (60, 61). Scx-CreERT2 (+) (WT) mice were used as the controls. Mice were treated
with tamoxifen (100 mg/kg body weight, injected on five consecutive days) at 6 weeks of age (fig.
S11). Our analysis of these Piezo ] Posmata-tendon-mu/+ mjce showed increased Achilles tendon width
macroscopically (Fig. 6A, B) and microscopically (Fig. 6C-E), and increased expression of
tendon-related genes (Fig. 6F), despite less genetic recombination compared with Piezo on-m+
mice (fig. S11). The instantaneous physical ability of Piezol Posmatal-tendon-mut/* mice was also
enhanced compared with that of WT mice (Fig. 6G, H). These findings suggest that R2482H
Piezol in tenocytes can potentiate tendon function and subsequent physical ability even after

tendon maturation.

Elevated frequency of E756 del PIEZQOI in Jamaican sprinters

The above findings that accelerated function of PIEZO1 in tendon could markedly promote the
motor function in mice prompted us to examine the potential impact on the ability of human
physical performance. Analysis of the EXAC database of approximately 60,000 exosomes showed
that the PIEZO1 E756 deletion, which is a mild gain-of-function variant compared to R2456H
PIEZOI (the human equivalent of R2482H Piezol in mice), was present in about 18% of
individuals classified as “African-descent” in allele frequency (37). Individuals with E756 del
acquire resistance to malaria and have altered iron metabolism (37, 32). However, the effects of
the variant on motor function are not fully addressed yet. Given our results in R2482H Piezol mice

and the prior report that humans with E756 show upregulated jumping ability (33), we surveyed
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the athletic ability of humans with PIEZO1 E756 deletion. The Athlome consortium project aims
to identify potential omics markers of athletic ability (/4). Thus, we examined the frequency of
the PIEZO1 E756del ratio, selecting sprinters (who require substantial instantaneous force) and
controls from Jamaica, where most of the population is of West African descent, to potentially
enrich for the PIEZOI E756del mutant. Jamaican athletes who had participated in international
competitions in sprinting, jumping, and throwing events (i.e., 100—400 m, jump, and throw) were
defined as ‘sprinters’. For comparison, Jamaican controls (students at the University of the West
Indies) who had not competed in track events were analyzed (15, 16). Of the 91 Jamaican sprinters,
46% were heterozygous for the E756 del and 8% were homozygous. This was significantly
different from the ethnicity-matched controls, where 31% of 108 individuals were heterozygous
and 2% were homozygous (Fig. 7A, Table 1). The frequency of the E756 del ratio was
significantly increased in both sexes (Fig. 7B, Tablel). These data lend preliminary support to the
data obtained using the mouse model, suggesting that the E756 del may enhance natural athletic

ability (i.e., instantaneous force), and support the importance of studying larger cohorts.

DISCUSSION

In this study, we revealed that a gain-of-function variant of PIEZO1 accelerates instantaneous
power, such as jumping and running speed, through structural modification of the tendon tissue in
mice. Furthermore, in a small human cohort study, we demonstrated that a relatively mild gain-of-
function variant of PIEZO1, which is common in African Americans, Jamaicans, and West
Africans, may be involved in sprinting ability. These results suggest that PIEZO1, a mechanically
activated ion channel, plays an important role in tendon-mediated enhancement of instantaneous

power.
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Recently, Passini et al. (33) reported that PIEZO1 is a mechanosensor in tenocytes and that its
activation in tenocytes accelerates Ca®" influx by mechanostress, as well as in other cell types (20-
25, 31). These findings are consistent with our observations. In addition, they also observed
increased collagen crosslinks in tendons of systemic R2482H Piezol mice and increased stiffness
and maximum force biomechanically, compared to wild-type mice. However, there are no data on
the potential effect of PIEZO1 gain-of-function on physical performance in vivo, even in systemic
R2482H Piezol mice. Here, we found that systemic R2482H Piezol mice exhibited enhanced
physical ability. Physical performance tests indicated that this Piezol gain-of-function mutation
specifically potentiated instantaneous power generation, such as jumping power and high-speed
running. Furthermore, our study revealed that tendon-specific R2482H Piezol mice, but not
muscle-specific R2482H Piezol mice, have enhanced physical performance comparable to
systemic R2482H Piezol mice, indicating a specific function of PIEZOI1 in tenocytes. We
demonstrated that enhanced physical performance could be acquired even after reaching skeletal
maturity by introducing the tendon-specific replacement R2482H Piezol by tamoxifen in 6-week-
old mice.

Analysis of R2482H Piezol mice revealed drastic transcriptome changes in tendons. Scx and
Mkx, two transcription factors that play important roles in tendon formation, and their downstream
genes Tnmd, Collal, and small leucine-rich proteins (SLRPs) such as Dcn and Fmod, were
upregulated. Our study also showed that activation of PIEZO1 promotes the nuclear translocation
of multiple NFATCs, which induces increased expression of MKX and SCX. Previous studies
have shown that both Scx-and Mkx-knockout mice show hypoplastic tendons, and overexpression
of these genes in stem cells increases tendon tissue synthesis (36-39, 43-45). Furthermore, these

transcription factors are involved in tenocyte homeostasis in response to mechanical stress and in
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the expression of their downstream genes, such as collagen and SLRPs (62, 63). Our study suggests
that PIEZO1 plays a role in orchestrating mechanotransduction in tenocytes by regulating these
two transcription factors through activation of NFTACs, and this mechanism is enhanced in
R2482H Piezol mice, thereby enhancing tendon synthesis. Furthermore, our histological analysis
showed tendon tissue enlargement in male and female R2482H Piezol mice, which was consistent
with the results of our transcriptome analysis. Recently, Passini et al. (33) reported that
morphological analysis of plantaris tendons from systemic R2482H Piezol mice showed no
expansion of collagen fibrils, whereas biomechanical analysis showed an increase in stiffness.
Differences between our tendon-specific R2482H Piezol mice and the systemic R2482H Piezol
mice used in (33) may reflect variations in mechanical loading in different tendon tissues or the
plasticity of tendons affected by PIEZO1 throughout the body.

We did not detect any significant evidence of enhanced physical performance in muscle
specific R2482H Piezol mice. Additionally, muscle morphology was similar to WT mice, which
suggests that PIEZO 1 is unlikely to directly affect muscle structure or function. We documented
significant histological and structural changes in the tendons of systemic and tendon-specific
R2482H Piezol mice. It is possible that these changes in tendons can induce secondary changes
in the muscle, such as muscle adaptation to increased tendon compliance. However, we found no
evidence of alterations in muscle morphology to support the possibility of secondary adaptation in
systemic and tendon-specific R2482H Piezol mice.

Human sports medicine research has focused on the step motion observed during athletic
activities, such as the countermovement jump. This step motion is called stretch-shortening cycle
(SSC) motion (64) and can improve athletic performance (65-67). The mechanisms by which the

SSC motion affects motor function can be divided into two broad categories. Some reports have
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focused on muscle tissue, such as the effects of the SSC motion on the enhancement of muscle
contraction (68-70), whereas others have focused on tendon tissue in animals, such as the kangaroo,
which utilizes the stored energy in the tendon (77-73). Our study showed the possibility that stored
energy in tendons increased during jumping in tendon-specific R2482H Piezol mice, but because
of the limitation that our experiment was based on elongation strain obtained from human Achilles
tendon data (57-59), it will be necessary to directly measure in vivo the individual contributions
of tendon and muscle shortening during jumping to more accurately calculate stored energy. The
increase in kinetic energy during jumping observed in our video analysis of the SSC motion
suggests the existence of a mechanism that enhances kinetic energy other than the increase in
stored energy in the tendons of R2482H Piezol mice obtained in the dynamic test. Consistent with
our finding that accelerated tendon properties by R2482H Piezol enhance jumping power,
previous reports have shown that changes in tendon properties affect maximal output from the
same muscle contraction stimulus (74, 75). It has been reported that non-collagen matrices may be
involved in tendon extensibility (76, 77). Prg4-knockout mice have increased tenon fascicle
gliding resistance compared to wild type mice (78, 79). Elastin is also postulated to contribute to
tendon elasticity (80-82). Furthermore, it has been shown that energy-storing tendons contain
more aggrecan (ACAN), biglycan (BGN), DCN, fibromodulin (FMOD) and cartilage oligomeric
matrix protein (COMP) than positional tendons (83, 84). In our study, the expression of several
non-collagen matrix components, such as PRG4 and DCN, was upregulated in the Achilles tendon
of tendon-specific R2482H Piezol mice. These factors could be involved in tendon extensibility
and enhance output from muscle. It would be interesting to use this model to further study the

mechanism of muscle-tendon coordination.
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This study also found that the frequency of E756 del PIEZOI, a human gain-of-function
variant, is increased in Jamaican sprinters. From a physiological perspective, studies have shown
that African Americans and West Africans have increased bone density (85) and lower body fat
content (8§6) but show no change in muscle structure (87). In recent years, efforts have been made
to elucidate differences in athletic performance originating genetically (/4). The R577X
polymorphism in ACTN3, known as the performance gene, has been linked to muscle performance
and affects endurance by shifting muscle metabolism to more efficient acrobic pathways, which
conversely disadvantages instantaneous performance (88-93). Variants of ACE have also been
linked to performance. For example, I/D polymorphism is a 287-base pair (bp) Alu insertion in
intron 16 of the gene: The D allele is associated with power, and the I allele is associated with
endurance (94-97). These genes have also been investigated in Jamaican sprinters; however, no
correlation between polymorphisms in these genes and sprinting ability has been found (/5).
Recently, we found that the PIEZOI gene polymorphism (E756 del) was present in 18% of the
African population, including African Americans and Jamaicans (37). Functional variants of
PIEZO1 have been reported as disease-causing genetic variants, such as loss-of-function mutations
that cause congenital lymphatic dysplasia (30) and gain-of-function mutations that cause
hereditary xerocytosis (27, 29). E756 del PIEZOI is a mild form of PIEZO1 gain-of-function
mutation associated with deformed erythrocytes and malaria resistance (3/). In addition, although
iron overload in the blood occurs in old age, this is not observed in individuals younger than 40
years of age, who do not differ from those with wild-type PIEZO1(31, 32). Although our human
cohort study was small, the increased frequency of E756 del PIEZOI in sprinters indicates the
potential of this PIEZOT1 variant to act as a performance gene. Consistent with our results, a small

clinical study reported that humans with this E756 del may have improved performance in jumping
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movements that place high loads on tendons (59). The results of our and others’ relatively small
human genetics studies support the importance of future large-scale studies focusing on E756 del
PIEZOI to elucidate the relationship between human physical performance and genetic
background.

Lastly, strengthened physical ability could be acquired postnatally by conversion of wild-type
Piezol to R2482H Piezol in tenocytes, which leads to an associated increase in tendon-related
genes. This supports the potential of targeting PIEZO1 in tenocytes to improve physical
performance when it is compromised in disease states. Tendinopathy is characterized by painful
loss of motor function and is an important clinical problem in musculoskeletal and sports-related
medicine (98). SCX and MKX, which are responsible for PIEZO1-mediated mechanotransduction
in tenocytes, are also important factors in tendon growth after birth (99, 100). Similarly, these two
transcription factors have been shown to correlate with cell damage and loss under conditions of
low expression (100, 101). Therefore, regulation of SCX and MKX expression by targeting
PIEZO1 has the potential to become a preventive medicine for tendon disorder-related diseases
and to improve or maintain human physical performance. These findings may contribute to the
development of novel preventive and therapeutic strategies for common musculoskeletal
disorders, as well as deterioration during aging.

Although we found an unexpected function of the PIEZO1-mediated structural modification
of tendons that improves physical function, unresolved questions remain. These include: the need
for more accurate evaluation of the stored elastic energy in tendons during jumping; investigating
the potential relationship between changes in tendon properties and muscle function; and

confirming and extending the finding of an increased frequency of E756 del PIEZOI in sprinters
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in a larger cohort study. Addressing these issues should lead to a more complete understanding of

the physiological and physical functions of tendons.

In summary, we found that PIEZO1 acts as a critical mechanosensor in tenocytes, promoting
tendon function by inducing tendon-specific gene expression and structural changes, resulting in
enhanced motor function. Tendons can markedly affect the processes of saving chemical energy
and converting and expressing it into kinetic energy, resulting in improvements in physical
performance. Understanding the PIEZO1-mediated mechanobiology of tendons could inform
future studies on potential applications for athletic performance and medical applications for

musculoskeletal disorders.
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MATERIALS AND METHODS

Study design

The primary goal of this study was to determine whether Piezol gain-of-function mutations
affect motor function and to identify the tissues involved. We investigated multiple tissue-
specific Piezol gain-of-function mutant mice and found that tendons with Piezol gain-of-
function mutations affected motor function. Next, we performed biological and biomechanical
analyses to determine the changes in tendons with Piezol gain-of-function mutations and how
these affected motor function. We also performed a small-scale human cohort study to assess
associations between PIEZO] gain-of-function variant and human athletic ability. All animal
experiments were performed with the approval of the Scripps Institutional Animal Care and Use
Committee. Human tissues for the experiments using human patella tendon derived cells were
obtained with the approval of the Scripps Human Subjects Committee. Motor function tests in
mice were performed by two independent observers who were not privy to the experimental

conditions.

Mice

All animal procedures were approved by the Institutional Animal Care and Use Committee of the
Scripps Research Institute. Piezol 95+ mice, Piezol """ mice, Piezo ] Posmatal- tendon-mui/+
mice, and Piezol ™“</"u/* mice were generated by breeding Piezol“/“* mice with Cmv-Cre mice
(Jackson Laboratory stock# 006054), Scx-Cre mice (a gift from Dr. Shukunami at Hiroshima
University), Scx-CreERT2 mice (a gift from Dr. Schweitzer at Shriners Hospitals for Children),
and Myf5-Cre mice (Jackson Laboratory stock# 007893). Cre-loxp recombination was induced by

treatment with tamoxifen (100 mg/kg body weight, injected over five consecutive days) at 6 weeks
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of age. Gain-of-function Piezol mice were generated and maintained on a C57BL/6 background.
All animals were backcrossed for at least 10 generations in C57BL/6 mice. The mice were housed
under a 12-h light/dark cycle (light from 6 am to 6 pm) in a temperature-controlled room (24 °C)
with free access to food and water. The age and sex of mice are described in the following sections.
Experiments were performed using matched littermates. The PCR primer sequences used for
genotyping are listed in table S2. All animal experiments were performed with the approval of the

Scripps Institutional Animal Care and Use Committee. (Protocol No: IACUC-09-0029)

Human patellar tendon and joint samples

The human patellar tendon samples were derived from human knee joints. Samples were obtained
from three tissue banks with the approval of the Scripps Human Subjects Committee (Protocol No:
IRB-20-7636). Knee joints were processed within 72 h post-mortem. Joints were obtained from
five young healthy donors (mean + SD age, 31 + 10.2 years; range, 20—41 years; four men and one

woman). Tendons were used for tenocyte isolation.

Human genome samples

DNA samples used in this study were collected from previous studies (15, 16). The previous study
was approved by the local ethics committees of the University of West Indies in Jamaica (Protocol:
ECP 121). After providing informed consent, the participants were asked to complete a simple
questionnaire detailing athletic achievement (if any) and their place of birth. Individuals born
outside of the country were excluded from the study. After applying the exclusion criteria, elite
athletes from around the entire island of Jamaica were sampled either during training or at home.

Jamaican athletes who competed in international sprint events (100—400 m, jump, and throw) were
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defined as elite athletes. For comparison, Jamaican controls representative of the Jamaican
population in their geographical distribution throughout the country, studying at the University of
the West Indies, were also included. The analysis was performed on DNA samples stored at
Juntendo University (Protocol ID: GSHSS31-93) and sent to Tokyo Medical and Dental University
(Protocol ID: G2020-033). This study was conducted in accordance with the principles of the

Declaration of Helsinki.

Genotyping E756del carriers using sequencing

The human genome samples were used for sequencing. A 200-bp PCR amplicon containing the
E756 locus was generated to sequence the E756del or wild-type allele (forward primer: 5°-
CAGGCAGGATGCAGTGAGTG-3’; reverse primer: 5’-GGACATGGCACAGCAGACTG-3’).

Reverse primers were used for the sequencing.

Mouse and human tenocytes isolation and cell culture

Mouse tenocyte isolation

The mice were euthanized by cervical dislocation, and the Achilles tendons were dissected. The
tendons were trimmed on a clean bench to obtain tissue pieces. These tissues were incubated with

2.5% liberase-DL (5466202001, Sigma-Aldrich) for 45 min in a shaker (200 rpm, 37 °C). Isolated

cells were grown in & -modified eagle medium (@ -MEM) with 10% fetal bovine serum (FBS)

and 1% penicillin-streptomycin (PS) until day 5, when the medium was replaced with fresh
medium. The cells were retrieved from passage one and used in the experiments. All cells were
cultured at 37 °C in a 5% CO> atmosphere.

Human tenocyte isolation
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Patellar tendons were trimmed on a clean bench and cut into pieces. These tissues were incubated
with 2.5% liberase-DL (5466202001, Sigma-Aldrich) for 8 h in a shaker (200 rpm, 37 °C). Isolated
cells were grown in a-MEM with 10% FBS and 1% PS until day 5, when the medium was replaced
with fresh medium. The cells were retrieved from passage one and used in the experiments. All

cells were cultured at 37 °C in a 5% CO; atmosphere.

Calcium assay

Mouse and human tenocytes were used in the present study. After seeding (6 x 10* cells/well) and
growing the cells in 96-well plates for 12 hours, Fluo-8 (ab112129; Abcam) was added according
to the manufacturer’s instructions. The Yodal-induced amplitude change in the 485/538
fluorescence ratio was calculated by subtracting the baseline ratio prior to Yodal application.
Yodal (SML1558, Sigma-Aldrich) was solubilized in DMSO as a stock solution of 50 mM and
diluted to a final concentration of 3.125, 6.25, 12.5, 25, or 50 uM using Ca*" imaging buffer for
mouse cells, and diluted to a final concentration of 1, 5, 20, or 50 pM using Ca*>" imaging buffer

for human cells.

Small molecule treatment in human tenocytes

After seeding cells (1.25 x 10° cells) and growing them in a 4 cm? stretch chamber (SC4D,
Menicon Life Science) for 12 hours (70-80% confluency), PIEZO1 agonist (Yodal, 25 uM,
SMLI1558, Sigma-Aldrich, USA) or cyclosporin A (100 ng/mL, C-6000, LC Laboratories) was
added to the cell culture medium. Mechanical stimuli were applied with an FX-5000 tissue tension

system (Shellpa Pro, Menicon Life Science) at 2% stretch magnitudes and 0.25 Hz frequencies for
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12 h in an incubator at 5% CO> and 37 °C. After mechanical stimulation, the cells were collected

and used for qPCR.

Transfection in human tenocytes

After the cells attached to a 4 cm? stretch chamber (SC4D, Menicon Life Science) and formed a
monolayer with 70-80% confluency, siRNA-mediated NFATC knockdown (SiControl; SIC001,
SINFTACI1; SASI HsO1 0034-1013, SiNFTAC2; SASI Hs01 0019-5473, SiNFTACS3;
SASI Hs01 0024-3957, SINFTAC4; SASI Hs01 0013-8884, Silencer Select, Millipore Sigma)
was performed using Lipofectamine RNAi-MAX (13778100, Life Technologies) according to the
manufacturer’s instructions. After 48 h, mechanical stimuli were applied with an FX-5000 tissue
tension system (Shellpa Pro, Menicon Life Science) at 2% stretch magnitudes and 0.25 Hz
frequencies for 12 h in an incubator at 5% CO- and 37 °C. After mechanical stimulation, the cells

were collected and used for qPCR.

Immunocytochemistry

After the cells attached to 96-well plate, DMSO or PIEZO1 agonist (Yodal, 25 uM, SML1558,
Sigma-Aldrich) treatment was performed. After 4 h, cells were fixed with 4% Paraformaldehyde/
phosphate-buftered saline (PFA/PBS) for 15 min. The cells were blocked with 5% bovine serum
albumin (BSA) and 0.8% Triton X-100 in PBS for 2 h at 16 °C. Cells were incubated with primary
antibodies in 1% BSA, 0.8% Triton X-100, 10% DMSO in PBS at 4 °C overnight. After the cells
were washed with PBS three times for 5 min each, they were incubated with secondary antibodies
for 1 h at 16 °C. After washing with PBS three times for 15 min, we evaluated the cells using a

Keyence BZX700 widefield fluorescence microscope. The antibodies used in this experiment were
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as follows: Anti-NFATCI1 (1:100, sc-7294, Santa Cruz), Anti-NFATC2 (1:100, 8032S, Cell
Signaling), Anti-NFATC3 (1:100, sc-8405, Santa Cruz), Anti- NFTAC4 (1:100, ab62613,
Abcam), Alexa Fluor 488 conjugate (1:500, A11034 and A21121, Invitrogen, B13423), and
Hoechst (1:5000, 33342, Invitrogen). Image] software was used to measure cell signal intensity

(these were measured three times using different views).

Real time quantitative PCR

Total RNA from the Achilles tendons of mice and human tenocytes was isolated using the Zymo
Direct-zol RNA MicroPrep kit (R2061, Zymo Research) according to the manufacturer’s
instructions. For reverse transcription, cDNA was synthesized using a PrimeScript RT Reagent
Kit (RR037B, Takara Bio). Real-time PCR (RT-qPCR) was performed using a LightCycler 96
System (Roche Life Science, Indianapolis, IN) with custom primers (tables S3 and 4). The data

were normalized to housekeeping genes or endogenous reference genes such as GAPDH.

RNA-seq

Total RNA from Achilles tendons of 18-week-old WT and Piezol """+ mice was used (n = 3
per group). RNA-Seq libraries were prepared using the GenNext RamDA-seq Single Cell Kit with
NSR primers (Toyobo). Sequencing was performed using Illumina NextSeq 500 (paired-end, 37
cycle sequencing). Reads were aligned to the mouse genome (mm10) using STAR v2.7.6a. RSEM
(v1.3.3) was used for read counting and generation of the count matrix. Differentially expressed

genes were analyzed using edgeR (v3.32.1).

Single-cell RNA-seq
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The Achilles tendons of 2-week-old WT mice were treated with 2.5% Liberase-DL (5466202001,
Sigma-Aldrich) for 45 min in a shaker (200 rpm, 37 °C) and processed for single-cell sequencing
using the Chromium Next GEM Single Cell 3' Reagent Kit v3.1 (10xGenomics). Libraries were
sequenced using HighSeq X, and the resulting reads were mapped to the reference genome (mouse
mm10) using CellRanger. Seurat (v4.0.0) was used for gene expression normalization and

quantification, cell clustering, and visualization of gene expression in each cluster.

Long jump test

Piezo] ¥stemicmut’s - Pjgzq | tendon-mul’t - pigzq | musclemut /+ mice  and Piezo ] Postratal-tendon-mui/t mice (12
weeks old) were used (n = 10 for each strain and sex). An empty cage was placed on the table of a
beam raised 80 cm above the ground. Sufficient soft bedding and feed were placed in the cage to
provide an optimum environment for the mice. To prevent injury and escape if the mice fell, a large
plastic box was placed below the beam, and a soft substrate and soft cushions were placed in the box
to cushion the fall. Before the beginning of the session, the beam was placed such that it touched the
cage. After checking that the mice could walk from the beam into the cage, the horizontal distance
between the cage and the beam was slowly increased by moving the beam farther away from the
cage in 5-cm increments. Success rate and jump latency were measured at 10, 15, 20, 25, 30, 35, 40,
45, 50, 55, and 60 cm distances between beam and cage. Experiments at each distance were
performed three times, and the distance was judged as “possible” if the mice could jump the distance
2 times. If the mice were unwilling to jump, the distance was judged as “not possible.” If the mice
could not jump a particular distance, experiments with longer distances were not performed. This
procedure was performed by two researchers, and the maximum jump distance of each mouse was

considered for the analysis.
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Run-to-exhaustion test

Piezo] *stemic-mut/™> | pjgzq | tendon-mui/ " pjgze | musclemut/* mice and Piezo ] Posmata-tendon-mut/t mjice were
used (n = 10 for each strain and sex). At the beginning of the experiment, the mice were started
running on a treadmill at a speed of 10 m/min. When the mouse reached the top of the belt, it was
considered to have acclimated to that speed, and the speed was increased by 1 m/min about every 2
min. Thus, we determined the maximum speed at which each mouse could acclimate. Immediately
after the maximum speed was determined, we continued the running test at this speed until
exhaustion occurred. Exhaustion is defined as stopping three times in a row and not resuming
running despite gentle encouragement (lightly pressing the buttocks with a tongue depressor) and
physical signs of exhaustion such as breathlessness and postural disturbances. If fatigue was
observed, mice were returned to their cages. This procedure was performed only once per mouse by

two researchers and the maximum speed was used as the result.

High-speed video camera analysis

WT and Piezol """+ mice were used (18 weeks old; n = 10 for each strain; male). In the
jumping analysis, the tail ridge of the mouse was used as a marker. For the analysis of ankle joint
motion, the right hind limbs of mice were shaved, and three anatomical landmarks (the lower third
of the tibia, fibula epiphysis, and fifth metatarsal head) were marked with a black ink marker (40).
The ankle joint angle was defined as the angle between the three markers. Movements of the right
hind limb markers were recorded during the jump test using a high-speed digital image camera
(iPhone 8) at 240 images/s. Tracker (https://physlets.org/tracker/) was used to identify markers for

assessment.
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Statistical analysis

All data are presented as the mean = s.e.m. or SD and represent at least 3 independent
experiments. Statistical analyses, significance levels, and n values are described in the figures or
figure legends. For the mouse experiments, n = number of animals, and at least three mice were
used. For sample size determination, we performed power analysis using G*Power and
repeatedly performed post-hoc analysis. In animal experiments, if mice refused to perform the
long jump test and no data were obtained, the data from these mice were excluded from the
analysis of all experiments. For comparisons between strains, we performed a two-tailed
Student’s t-test, Mann-Whitney test, Tukey’s multiple comparisons test, Dunn’s multiple
comparisons test, and Fisher’s exact test, where P < 0.05 was considered statistically significant.
*P <0.05. **P <0.01. ***P <0.001. ****P <0.0001. For all datasets, statistical analysis was

performed using Prism9. Individual subject-level data are reported in data file S1.
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Fig. 1. Tendon-specific R2482H Piezol enhances jumping power and maximum running
speed in mice.

(A) Representative images of jumping in WT, Piezo]®stmic-mu/* - Pigzqg] tendon-mu/t “and Piezol
muscle-muttmice. (B) Maximum jumping distance of each mouse. Male and Female. n =10 of each.
Error bars represent standard deviation (SD); * P < 0.05, ** P <0.01, *** P <0.001, **** P <
0.0001; Tukey’s multiple comparisons test. (C, D) Running distance (C) and maximum running
speed (D) during the run-to-exhaustion test in WT, Piezo] #¥semic-mu/* - Pjgzq | tendon-mut/* ‘and Piezo |

musclemu/tmice, n = 10. Error bars represent SD; * P < 0.05, ** P < 0.01; Dunn’s multiple
comparisons test.
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Fig. 2. PIEZO1 is a mechano-sensitive ion channel in tenocytes.

(A) Visualization of Mkx, Scx, Myodl and Piezol on Uniform manifold Approximation and
Projection (UMAP) of scRNA-seq data from fresh Achilles tendon-derived cells of 2-week-old
mice. (B) Yodal-induced intracellular calcium signals in mouse tenocyte in multiple dose
conditions. Normalized using values without stimulation. n = 3. Error bars represent SD; * P <
0.05, ** P < 0.01; unpaired Student’s t-test. (C) Yodal-induced intracellular calcium signals in
mouse tenocytes of WT mice and Piezol """ mice. The concentration of Yodal was 25 uM.
Values were normalized to the value without stimulation. n = 3. Error bars represent SD, ** P
<0.01, unpaired Student’s t-test.
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Fig. 3. Morphological and transcriptomic alteration via R2482H Piezol in tenocytes.

(A) Representative images of the macroscopic views of the Achilles tendons of 18-week-old male
mice. Scale bars, | mm. (B) Width of the Achilles tendon of 18-week-old mice. n = 10. Error bars
represent SD; ** P <0.01, *** P <0.001, **** P <0.0001; Tukey’s multiple comparisons test. (C)
Representative images of transmission electron microscopy of the Achilles tendon of 18-week-old
male mice. Scale bars, 500 nm. (D) The diameter of 100 collagen fibrils from these male mice. n
=3 of each. For WT mice, mean diameter = 140.6 nm. For Piezo! *™* mice, mean diameter =
162.2 nm. For Piezol “™* mice, mean diameter = 172.3 nm. ** P < 0.01; Tukey’s multiple
comparisons test. (E) Histogram of the diameters of the collagen fibrils. Blue bar, WT mice; green
bar, Piezol *™* mice; red bar, Piezol "™+ mice. (F) Volcano plot of the differentially expressed
genes between the tendons of WT mice vs Piezol ™" mice. Significantly upregulated genes are
represented in red, significantly downregulated genes are in blue, non-significant genes are in
black. Silver vertical lines highlight log fold changes of -1 and 1, whereas silver horizontal line
represents -log10 (P-value) of 2. (G) Gene Ontology enrichment analysis of up- (red) and down-
(blue) regulated genes in the tendons of Piezol ™" mice compared to WT mice. (H) gPCR
analysis of the expression of tendon-related genes in the Achilles tendon of each 18-week-old
mouse. n = 8. Error bars represent SD; * P < (.05, ** P <0.01, *** P < 0.001. Normalized to
Gapdh; Dunn’s multiple comparisons test.
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Fig. 4. Muscle tissue evaluation of tissue-specific R2482H Piezol mice.

(A) Muscle weight of the tibia-anterior (TA), gastrocnemius (GC), and rectus femoris (RF)
muscles of each mouse strain at 18 weeks of age. n = 10. Error bars represent SD, Tukey’s multiple
comparison test. (B) Representative images of H&E staining of the TA from each mouse strain at
18 weeks of age. Scale bars, 500 um. (C) Anatomical muscle fiber cross-sectional area (ACSA)
of the TA from each strain. n = 10. Error bars represent SD, and statistical differences were
assessed using Tukey’s multiple comparison test. (D) Pennation angle, fascicle fiber length, and
physiological cross-sectional area (PCSA) of the TA muscle of each mouse strain at 18 weeks of
age. n = 8. Error bars represent SD, Tukey’s multiple comparison test. (E) Representative images
of the TA immunohistochemistry of each strain. Scale bars, 1 mm. Purple: laminin; green: MyHC
type 2x; red (left): MyHC type 2a; red (right): MyHC type 2b. (F) Positive ratio of each MyHC in
the TA of each strain. n = 10. Error bars represent SD, Dunn’s multiple comparison test.
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Fig. 5: Biomechanical properties of the R2482H Piezol tendon.

(A) Schema of measuring centroid shift. (B) Centroid height at the start of the jumping motion and
at the lowest point in WT mice and Piezol “™*mice. n = 10. Error bars represent SD; * P < 0.05,
** P <0.01; unpaired Student’s t-test. (C) Centroid shift from the start of jumping motion to the
lowest point in WT mice and Piezol “™“*mice. n = 10. Error bars represent SD, ** P < 0.01,
unpaired Student’s t-test. (D) Potential energy variation from the start of jumping motion to the
lowest point in WT mice and Piezol “™“*mice. n = 10. Error bars represent SD, ** P < 0.01,
unpaired Student’s t-test. (E) Schema of ankle joint angle measurement (lower tibia-fibula
epiphysis—5" metacarpal head angle). (F) Representative ankle joint angle motion of WT mouse.
The phase of the jump is divided into three parts: preparation, propulsion, and takeoff. (G) All data
of ankle joint angle motion in two genotypes. Blue dot curve lines: WT mice, red curve lines:
Piezol "™"* mice, longitudinal blue and red dotted lines: mean boundaries of the three phases in
WT and Piezol "™* mice, respectively, transverse blue and red dotted line: minimum ankle angle
degree in WT and Piezol "™"* mice, respectively. (H) Angle at maximum flexion. n = 10. Error
bars represent SD, * P < 0.05, unpaired Student’s t-test. (I) Representative stress-strain curve for
the mouse Achilles tendon. The displacement velocities were at constant speed of 0.05m/s. (J)
Young’s modulus and elastic limit of the Achilles tendon in WT mice and Piezol "/ mice. n =
7. Error bars represent SD, * P < 0.05, ** P <0.01, unpaired Student’s t-test. (K) Representative
load-deformation curve for the mouse Achilles tendon. The displacement velocities were at
constant speed of 0.05m/s. (L) Work of the Achilles tendon in WT mice and Piezol ™™ mice. n
= 7. Error bars represent SD, * P < (.05, unpaired Student’s t-test. (M) Representative hysteresis
curve for the mouse Achilles tendon under conditions that mimic the preparation phase for each
genotype. Blue and red lines: load curve; orange and green lines: unload curve. The displacement
velocities mimicking jumping motion were 18.2Hz and 19.7Hz for WT mice and Piezol “™*
mice, respectively. (N) Stored tendon energy in WT mice and Piezol "™ *mice. n = 9. Error bars
represent SD, **** P < (.0001, unpaired Student’s t-test. (O) Energy dissipation ratios in WT
mice and Piezol “™*mice. n = 9. Error bars represent SD, * P < 0.05, unpaired Student’s t-test.
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Fig. 6. Postnatal tendon-specific R2482H Piezol enhances the physical ability along with
tendon tissue enlargement.

(A) Representative images of the macroscopic views of the Achilles tendons of Scx-creERT2 (+)
(= WT) mice and Scx-creERT2: Piezol “/* (= Piezol P""™"*) mice 12 weeks after tamoxifen
injection. Scale bars, 1 mm. (B) Width of the Achilles tendon of these mice. n = 10. Error bars
represent SD; ** P <0.01, **** P <(.0001; unpaired Student’s t-test. (C) Representative images
of the transmission electron microscopy of the Achilles tendons of these mice. (D) The diameter
of 100 collagen fibrils from these mice. n = 3 of each. For WT mice, mean diameter = 90.8 nm.
For Piezol P™* mice, mean diameter = 140.8 nm. * P < 0.05, unpaired Student’s t-test. (E)
Histogram of the diameter of collagen fibrils. (F) gPCR analysis of the expression of the tendon-
related genes in WT mice and Piezol P""™* mice. n = 10. The mean mRNA values of these genes
in WT mice were normalized to 1. Error bars represent SD, Normalized to Gapdh. * P <0.05, **
P < 0.01; unpaired Student’s t-test. (G, H) Maximum jump distance of each strain (G) and
maximum speed of each strain (H). n = 10. Error bars represent SD, ** P < (.01, Mann-Whitney
test.
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Fig. 7. Ratlo of E756 deletion in Jamaican sprinters.
(A) Whole tables of E756del in Jamaican sprinters and controls. (B) Whole tables of E756 del in
male and female Jamaican sprinters and controls.
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1104

All

Genotype frequency

Controls(%) Athletes (%) 2 x 2 exact P OR 95% CI
32.41 53.85 0.0026** 2.433 1.345 to 4.337

Allele frequency

Controls(%) Athletes (%) 2 x 2 exact P OR 95% CI
17.13 30.77 0.0019** 2.15 1.323 to 3.496

Male

Genotype frequency

Controls(%) Athletes (%) 2 x 2 exact P OR 95% CI
30.95 56.82 0.0184* 2.935 1.219 t0 6.961

Allele frequency

Controls(%) Athletes (%) 2 x 2 exact P OR 95% CI
16.67 31.82 0.0223* 2.333 1.136 to 4.792

Female

Genotype frequency

Controls(%) Athletes (%) 2 x 2 exact P OR 95% CI
33.33 51.06 0.0803 2.087  0.9797 to 4.600

Allele frequency

Controls(%) Athletes (%) 2 x 2 exact P OR 95% CI
17.42 29.79 0.0284* 2.011 1.084 to 3.826

1105  Table 1. Genotype and Allele frequency of E756 deletion in Jamaican sprinters.
1106  E756del frequency of Jamaican sprinters and controls, * P < (.05, ** P <0.01; 2 x 2 Fisher's
1107  exact tests and odds ratios.
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