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There is limited understanding of how mechanical signals regulate tendon development. The
nucleus has emerged as a major regulator of cellular mechanosensation, via the linker of
nucleoskeleton and cytoskeleton (LINC) protein complex. Specific roles of LINC in tenogenesis
have not been explored. In this study, we investigate how LINC regulates tendon development
by disabling LINC-mediated mechanosensing via dominant negative (dn) expression of the
Klarsicht, ANC-1, and Syne Homology (KASH) domain, which is necessary for LINC to function.
We hypothesized that LINC regulates mechanotransduction in developing tendon, and that
disabling LINC would impact tendon mechanical properties and structure in a mouse model of
dnKASH. We used Achilles (AT) and tail (TT) tendons as representative energy-storing and
limb-positioning tendons, respectively. Mechanical testing at postnatal day 10 showed that
disabling the LINC complex via dnKASH significantly impacted tendon mechanical properties
and cross-sectional area, and that effects differed between ATs and TTs. Collagen crimp
distance was also impacted in dnKASH tendons, and was significantly decreased in ATs, and
increased in TTs. Overall, we show that disruption to the LINC complex specifically impacts
tendon mechanics and collagen crimp structure, with unique responses between an energy-
storing and limb-positioning tendon. This suggests that nuclear mechanotransduction through
LINC plays a role in regulating tendon formation during neonatal development.

Keywords
Tendon, development, LINC, KASH-domain, SUN-domain, nesprin, nuclear mechanosensing,

mechanotransduction, mechanobiology, tenogenesis

Introduction

Healthy tendon mechanical properties develop through a complex maturation process
that is at least partially mediated by mechanical loading. Distinct mechanotransducive pathways
result in different cellular responses, including changes to transcription and translation, collagen
production, and cell proliferation, migration, and senescence'®. The link between the actin
cytoskeleton and the nucleus has emerged as a key cellular mechanosensation and
mechanotransduction regulatort’-2°. A predominant mechanism through which the nucleus
transduces external mechanical signals to nuclear response is the linker of nucleoskeleton and
cytoskeleton (LINC) complex, which regulates cellular differentiation and has been reviewed in
detail 1113424556 | INC complex and related nuclear envelope mutations are associated with

number of musculoskeletal diseases®. Recently our group showed that disabling LINC function
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in pre-osteoblasts reduced bone quality, suggesting a regulatory role of LINC complex in
musculoskeletal system*. However, LINC complex’s specific roles in regulating tendon formation
are unknown. Given the high — but untested — likelihood that gene expression and phenotypical
changes associated with nuclear strain transfer signals through the LINC complex impact
tendon formation, there is a-need to explore LINC as a regulatory mechanism during tendon
formation.

The LINC complex tethers the cytoskeleton to the outer nuclear membrane (ONM),
where it then spans the perinuclear space (PNS), anchors in the inner nuclear membrane (INM),
and extends into the nuclear cytoskeleton to interact with multiple nuclear proteins?°. Nesprin 1
and 2 (1/2), commonly referred to as ‘giant’ Nesprin, couple to the actin cytoskeleton at the N-
terminus to receive incoming mechanical stimuli. The C-terminus of Nesprin 1/2 penetrates into
the PNS, and contains a highly-conserved Klarsicht, ANC-1, and Syne Homology (KASH)
domain. The KASH domain binds to the family of Sad1lp, UNC-84 (SUN) proteins that span the
INM and anchor to the nucleoskeletal lamin A/C system (Figure 1). SUN1 and 2 trimerize and
bind three distinct KASH domains and are the primary mechanism through which Nesprins bind
the nuclear envelope. SUN1 and 2 contribute to Nesprin binding, and singular depletion of only
one of these proteins retains LINC complex efficacy??, suggesting potential signaling
redundancy. However, SUNL1 binds even in the absence of lamin A/C, whereas SUN2 appears
lamin A/C dependent!?. Further, only SUN1 directly interacts with nuclear pore complexes
(NPC)#, which facilitate access of nuclear-translocation proteins, including B-catenin and yes-
associated protein/ transcriptional coactivator with PDZ-binding motif (YAP/TAZ), into the
nucleus®. Notably, loss of KASH functionality disables the LINC complex and associated
nuclear mechanosensing.

Little is known regarding tissue-level effects of LINC, particularly within connective
tissue, though recent literature is elucidating LINC’s role in cell behavior. LINC disruption in
fibroblastic cell lines impairs the nucleo-cytoskeleton’s ability to differentially regulate
transcriptional activity between soft and stiff substrates, and also affects cell adhesion, wound
repair, and ion signaling®. Small interfering RNA (siRNA) treatment and competitive SUN
binding impaired low magnitude strain transduction in mouse mesenchymal stem cells (MSCs),
which promoted adipogenesis through suppression of focal adhesion kinase (FAK) formation
and Akt signaling®’. Similarly, depletion of Sun 1/2 in MSCs decreased nuclear B-catenin levels,
a noteworthy result given that B-catenin is a multi-role protein influencing tissue differentiation,
including tenogenesis®. B-catenin’s role in tenogenesis is still being elucidated, however

previous work shows that increased 3-catenin activation follows an underloaded mechanical


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

4

environment®®, promotes ectopic ossification in tendon®®, and suppresses expression of
tenogenic markers in tendon-derived cells?*. Taken together, existing data indicate that
increased B-catenin and decreased mechanical loading disrupt normal tendon development.

It is well-established that mechanotransducive processes have critical roles in
tenogenesis®3*8 phut many mechanotransducive tenogenic mechanisms remain enigmatic.
Our work implicates Akt signaling®®, and has summarized the role of mechanosensitive cell-cell
junction proteins, particularly N-cadherin and Connexin-43°%, on tenogenic MSCs and tendon
cells, respectively. As LINC is a nuclear mechanostransducer and B-catenin/Akt modular,
LINC’s potential regulatory role in tenogenesis warrants further investigation.

In this study, we disrupted the LINC complex in a murine in vivo model of postnatal
tendon development, and assessed how LINC impacted the resulting cell and tendon tissue
morphology, mechanical properties, and protein production. We hypothesized that disruption of
the LINC complex would impair tendon structural and mechanical properties via alterations to
the underlying collagen structure and dysregulation of tissue growth, with specific changes
dependent upon tendon type (i.e., energy-storing vs positional tendon) during postnatal
development. To test this, we bred mice with a dominant negative KASH domain (dnKASH)
targeted to scleraxis expressing cells (i.e., tendon cells)** and harvested the Achilles tendons
(AT), as a representative energy-storing tendon, and tail tendons (TT), as a representative
positional tendon, at postnatal day(P)10. We assessed tendon mechanical properties, tissue
and cellular morphology, and collagen content and morphology. Our results provide a novel
perspective of the potential role of nuclear mechanosensing in regulating tendon structure and

function during development.

Methods and Materials

Animals and LINC Disabling via dnKASH induction

Scleraxis green fluorescent protein (Scx-GFP) mice*! were generously provided by Dr. Ronen
Schweitzer. Mouse strains included Tg(CAG-LacZ/EGFP-KASH2) aka KASH2 described
previously*344, We have recently utilized a similar strategy using other bone specific cre
models*®. In short, hemizygous ScxGFP mice were crossed with floxed KASH2 mice to
generate a ScXGFP-LINC disrupted (++) murine model. Briefly, the LINC disruption mechanism
is initiated upon cre recombination: a LacZ containing lox-stop-lox cassette upstream of an
eGFP-KASH2 ORF is excised allowing for the overexpression an eGFP-KASH2 fusion protein

which saturates available Sun/KASH binding in a dominant-negative manner. Genotyping was
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performed on tissue biopsies via real-time PCR probing for LacZ and Cre (Transnetyx, Cordova,
TN) to determine experimental animals and controls. Cre(+)/LacZ(+) animals were considered
experimental and Cre(+)/LacZ(-) mice were used as controls. Mice were not treated with
tetracycline or its derivatives as Scx-Cre activation did not cause significant fetal lethality. Pups
were housed in individually ventilated cages with the dams under controlled conditions until
sacrifice. Ad libitum access to food and water was allowed. All procedures were approved by

the Boise State University Institutional Animal Care and Use Committee.

Achilles and Tail Tendon Mechanical Evaluation

Mice were sacrificed at postnatal day(P)10 using previously established methods. P10
represents relatively early stages of postnatal tendon formation and when full weight bearing
locomotor behavior has initially developed in mice and rats24°. Achilles tendons (AT) (n=10-
13/treatment) and tail tendons (TT) (n=12-13/treatment) were mechanically evaluated via a
custom small-scale tensile load frame as previously described*®2, Briefly, the skin was
removed from tails, and the proximal end of the tail was gripped while each TT was gently
teased away from the tail using ultra fine dissection tweezers. Similarly, skin was removed from
the rear hind limb and then the AT was isolated by severing through the quadriceps muscle
proximally and the calcaneal bone distally. The residual muscle of the myotendinous junction
(MTJ) and calcaneal bone was mounted in the upper and lower grips, respectively. The MTJ
was secured to the upper clamp using rubber sheeting and cyanoacrylate, and the calcaneal
bone was secured using fine grit sandpaper, cyanoacrylate, and rubber sheeting. TTs were
adhered to cardboard c-clamps and mounted in the upper and lower grips. Tendon cross-
sectional area and gauge length were measured from images acquired with a digital camera
(Thorcam DCC1645C, Thorlabs INC., Newton, NJ). TTs were assumed to have a circular cross
section and ATs an elliptical cross section, based upon previous literature®2>3’. Tendons were
kept hydrated with Dulbecco’s phosphate buffered saline (DPBS, Gibco, White Plains, NY) for
the duration of testing. Preconditioning was applied to ATs with 10 cycles of 1% strain s** and
immediately followed by pull to failure at 0.1 mm/s*°. TTs were not preconditioned due to the
fragility of the P10 TTs, but slack was carefully removed from each sample via application of a
0.1 N preload prior to pull-to-failure tensile testing. A 150 g capacity load cell (Honeywell,
Columbus, OH) measured forces, and a custom LabVIEW (National Instruments, Austin, TX)
program recorded force and displacement data. Recorded force, displacement, and cross-
sectional area were then used to determine maximum force, displacement at maximum force,

maximum stress, and strain. Stiffness and elastic modulus were derived from the linear regions
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(where the slope of a line of fit had an R? > 0.9, average R? =0.96) of the force-displacement

and stress-strain curves, respectively.

SHG and SEM Imaging to Assess Collagen Morphology and Crimp

Collagen morphology and crimp structure were evaluated using two distinct imaging modalities
(second harmonic generation or scanning electron microscopy). In both methods, tendons were
isolated via similar dissection methods as described above. ATs (n=3) or TTs (n=4) were
excised from the surrounding tissue and immediately fixed in a tension-free state using 10%
formalin (for SHG) or 4% para-formaldehyde (for SEM) (Sigma), and stored at 4 °C.

Second Harmonic Generation (SHG) Microscopy: For ATs (n=3 dnKASH), the myotendionous

junction and calcaneus were removed following fixation and placed onto a glass slide and
saturated with PBS. TTs (n=5 dnKASH) were placed directly onto the glass slide with PBS. For
each sample, images were acquired in the center, left, and right positions of the tissue using an
Olympus Fluoview 1000 Confocal Microscope (Olympus). Based upon previously established
methods®?, ImageJ was used to directly measure the crest-to-crest distances of 5 distinct crimp
fibrils within each image. The mean crimp distance for each image was then averaged with the
remaining two image locations to calculate an average measurement for each sample.
Scanning Electron Microscopy (SEM): ATs (n=5 control, 8 dnKASH) and TTs (n=5 control, 6
dnKASH) were prepared for SEM and imaged the day after the dehydration procedures

concluded. Tendons were dehydrated in increasing concentrations of ethanol following a
standard protocol for cellular sample SEM preparation??. Dehydrated samples were sectioned
with a razor blade, mounted onto SEM sample studs using adhesive carbon tabs, and sputter-
coated with gold particles for 30 seconds using an Emitech Mini Sputter Coater (SC7620,
Quorum Technologies). Samples were imaged using a Zeiss EVO MA10 SEM (Zeiss), with the

electron beam set to 5kV.

Fluorescence Imaging to Assess Whole Tendon Cellularity

To evaluate P10 tendon cellularity, ATs and TTs were fixed in 4% PFA and stained with 4',6-
diamidino-2-phenylindole (DAPI) (Invitrogen) to identify cell nuclei. Stained tendons were
imaged at 10X on an Olympus ix70 inverted fluorescence microscope (Olympus, New York,
NY). The presence of scleraxis-positive cells was also confirmed this way. FIJI (ImageJ) was
combined with a custom ImageJ program to separate and count cell nuclei in the tendon
samples based on shape and contrast. Average cell nuclei counts were averaged for n=3

images per tendon type and condition (control or dnKASH). The results of the program were
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validated against manual counts obtained by an independent observer, and no significant
differences were detected.

Statistical Analyses

Mechanical testing results and crimp measurements were evaluated using nonparametric
unpaired, two-tailed Mann-Whitney U tests (Prism 9, Graphphad, LaJolla, CA). Mann-Whitney U
tests were selected over standard unpaired t-tests because of similarly skewed distributions
between groups, rather than a normal distribution. Significance was set as p<0.05, with results
reported as mean * standard deviation.

5. Results

Disabling LINC via dnKASH Expression Decreases Achilles Tendon Elastic Modulus and
Maximum Stress, and Increases Cross-Sectional Area

Descriptive statistics of AT and TT mechanical properties and gauge lengths are shown in Table
1. Representative force-displacement and stress-strain curves for dnKASH (++) and control (+-)
demonstrating the linear region used to calculate P10 AT mechanical properties (Supplemental
Figure 1A, B) following LINC disabling. AT elastic modulus decreased 5.5-fold (p=0.0065) and
maximum stress decreased by 3-fold (p=0.048) in dnKASH (++) samples, compared to tendons
from mice without the dnKASH (+-) (Figure 2E, G). AT cross-sectional area increased
(p=0.0089) with the dnKASH (Figure C). Maximum force (p=0.6665), displacement at maximum
force (0.8859), stiffness (p=0.4366), and strain at maximum stress (p=0.7844) remained
consistent between dnKASH and controls (Figure 2A, B, D, F). Overall, at P10 dnKASH
significantly impacted AT material properties. Despite the increase in cross-sectional area, cell
density did not differ significantly between control and dnKASH ATs (Fig. 6A, B, E).

dnKASH Increases Tail Tendon Maximum Stress and Decreases Cross-Sectional Area
Representative force-displacement and stress-strain graphs included (Supplemental figure 1 C,
D). TT cross-sectional area decreased (p=0.0135) with dnKASH, compared to control groups
(Figure 3C). In contrast to the material property changes observed in the ATs, TTs from
dnKASH mice trended towards an increase in maximum tissue stress (p=0.0976) (Figure 3E).
Maximum force (p=0.6404), displacement at maximum force (0.6041), stiffness (p=0.9787),
elastic modulus (p=0.1225), and strain at maximum stress (p=0.3551) did not differ significantly

between dnKASH and control groups (Figure 3A, B, D, F, G). Additionally, no significant
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differences in cell number were identified between control and dnKASH TTs (Figure 6C, D, F).
Overall, dnKASH expression appeared to impact the positional TTs less than the energy-storing
ATSs, suggesting that differing mechanotransducive mechanisms drive positional and energy-

storing tendon development.

dnKASH Significantly Affects Crimp Distance in Both ATs and TTs

Crimp distance was measured via SHG and SEM imaging, with no statistical differences in
crimp measurements between imaging modalities when comparing with standard T-tests
(Figure 4 and Supplemental Figure 2). A change in core facility equipment during the study
necessitated pooling crimp distance measurements acquired from both SHG and SEM imaging
to achieve a sample size of at least 5 per tendon type and condition (n=8/treatment for ATs,
n=12/treatment for TTs). When comparing dnKASH, to control tendons, the crimp distance was
significantly decreased in dnKASH ATs (Figure 5A) and significantly increased in dnKASH TTs
(Figure 5B). There were significant differences between ATs and TT crimp distance (data not

shown), as seen previously.>?

No Significant Differences Identified in Gross Morphology or Cellularity Between dnKASH and
Controls

SEM and fluorescence microscopy were used to investigate potential changes to collagen or
cellular morphology. We did not observe qualitative changes to the ultrastructural characteristics
of AT or TT collagen fibrils. Fluorescence imaging confirmed GFP localization to scleraxis
expressing cells, with an obvious green diffusion throughout the tissue (Supplemental Figure 4)
but counting cell nuclei numbers showed no differences in total cell count (Figure 6), or cellular

morphology between ATs and TTs from dnKASH mice versus controls.

dnKASH Significantly Affects Tendon Marker Production in Mesenchymal Stem Cells (MSCs)
(Supplemental Data)

Western Blot and phase contract imaging methods and data are presented in the supplemental
section and figures. Our preliminary analysis suggests that disabling LINC via dnKASH inhibits
tenogenesis and cell survival during TGFf2-induced tendon differentiation in MSC
(Supplemental Figure 3 A-L) and disrupts tenogenic marker production (Supplemental Figure
M). Though the cellular pathways that support the regulatory role of LINC during tendon

development will be the subject of future investigations, we are including these preliminary data
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as supporting evidence that LINC merits further investigation in the context of postnatal tendon
development.

Discussion

While it is established that mechanical loading affects tendon development®23:30.38:40.49.52
the exact signaling mechanisms remain unclear. The primary transducer between the actin
cytoskeleton and nuclear architecture is the LINC complex, which has been implicated in many
cellular functions, including differentiation*?45, nuclear morphology®?, and DNA repair?”€°, While
the LINC complex has been studied in recent years, little work has explored LINC’s role in
tendon development. As such, the aim of this study was to exploit dnKASH mice to investigate
the effects of LINC on tendon mechanical functionality during early postnatal development by
evaluating mechanical properties and tissue morphology.

A dnKASH was targeted to scleraxis expressing cells (i.e., tendon cells) in mice to impair
the LINC complex of developing tendons at P10. We observed the energy-storing ATs to be
more severely impacted by the dnKASH than positional TTs, although TTs were also affected
(Figures 2, 3). AT elastic modulus and maximum tissue stress decreased, whereas cross-
sectional area increased. Together, these changes indicate a disruption in tendon development,
further implicating mechanical loading as a regulator of lateral expansion in developing ATs*. .
Other mechanical properties (maximum force, displacement at maximum force, stiffness, and
strain at maximum stress) were not significantly affected. The overall collagen structure,
morphology, and organization were also unaffected by the dnKASH (Figure 4A-D), suggesting a
cellular and/or molecular mechanism is responsible for the observed changes in AT material
properties. Unexpectedly, disabling nuclear mechanosensing affected collagen crimp distance,
with the dnKASH corresponding to significantly shorter crimp distances in ATs, and significantly
longer crimp distances in TTs (Figure 5). Unknown mechanisms drive these changes, but
changes could be attributed to a variety of factors such as tenocyte contraction or age-related
alterations in crimp distance!*2¢ . The differential effect of the dnKASH on an energy-storing
versus positional tendon further highlights the unique developmental program between tendon
types that is possibly driven by differences in their mechanical loading.

Ours and others’ previous work shows increased AT elastic modulus when mechanical
loading is disrupted through a spinal cord transection or Botox treatment in developing rats,
though these studies do not identify significant changes in collagen crimp distance!®2. Prior

work has also shown that crimp angle decreases with age, potentially in response to stiffening
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of the surrounding matrix -%-. While crimp angle was not measured in this study, smaller crimp
angles correspond to larger crimp distances, which suggests larger crimp distances may be
found in relatively older tendons. The significantly smaller crimp distance measured in the
dnKASH ATs may be due to delayed tendon maturation following impaired mechanosensing.
Future studies will include additional imaging modalities and measure crimp angle, as both
crimp distance and crimp angle may contribute to the sliding and stretching of collagen fibers,
the primary tendon loading mechanism during normal physiological movement 384648 n vivo
models have established that alterations to the developmental loading environment significantly
impact tendon mechanical properties 18364052 However, the specific cellular mechanisms that
translate mechanical stimuli to cellular and tissue responses remain unclear.

Interestingly, the decreases in stress and elastic modulus in the ATs alongside
unchanged structural properties (maximum force, displacement at maximum force, stiffness),
suggest LINC signaling may affect collagen deformation mechanisms (e.g., crimp length, crimp
angle, collagen crosslinking). Indeed, previous work found that chemically induced paralysis
decreased embryonic chick tendon elastic modulus, which corresponded to decreased lysyl
oxidase (LOX) activity®¢. LOX is the primary collagen crosslinking enzyme produced by cells,
and plays a role in regulating developing tendon mechanical properties®3. Limited
mechanotransduction through LINC in tendon cells may have a similar outcome as paralysis,
and impact collagen crosslinking. The LINC complex has also been implicated as a potential
regulator of membrane type 1-matrix metalloproteinase (MT1-MMP), which facilitates cell
migration through collagen matrix'®. Taken together, disrupting LINC may have altered these
tissue modifying enzymes (i.e., LOX, MMPs), which contributed to the observed mechanical and
crimp changes. Follow-up studies will investigate how disrupting LINC-mediated
mechanotransduction impacts ECM assembly and composition as well as LOX and MMP
production.

Further research is needed to identify the molecular and cellular mechanisms behind the
observed opposing changes in AT (increased) and TT (decreased) cross-sectional area with
dnKASH. Existing literature has identified a proportional relationship between levels of lamin-A,
nuclear stiffness, and collagen type | in soft and hard tissues, including cartilage and bone, with
lower lamin-A levels favoring nuclear remodeling*’. To our knowledge, no studies have
compared nuclear lamin-A differences between developing ATs and TTs. However, evidence
generally points to increased tissue elastic modulus corresponding with increased lamin-A
content?’. Differences in ATs and TTs may therefore be explained by AT elastic modulus

corresponding to increased lamin-A content, such that perturbation of the laminar network via
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the dnKASH more severely impacted AT mechanical properties, compared to TTs. Conversely,
lower lamin-A levels in TTs and less exposure to mechanical loading may have further blunted
the impacts of dnKASH on TT mechanical properties. Mechanical changes associated with a
dysregulated lamin in ATs may be driven by the increased loading ATs experience as an
energy-storing tendon, versus positional TTs, resulting in alterations to lamin-dependent gene
expression. LINC disruption and the associated effects on the nuclear lamina had unknown
effects on tendon formation in this study, warranting further investigation.

Other factors include developmental differences between ATs and TTs. In rats, ATs had
significant lateral expansion of the cross-sectional area from P1 to P10 that corresponds to
increases in locomotor-related loading*®. However, across similar timepoints, the CSA of rat TTs
did not appear to increase. While we did not assess locomotor development in this study, a
similar phenomenon may have occurred in these mice, affecting tendon cellularity and crimp
distance. The dnKASH appeared to impact AT mechanical properties more severely than TTs.
A developmentally -dependent response to the dnKASH may suggest the LINC complex also
serves as a type of “mechanostat” that helps regulate tissue response to loading during
maturation, and could influence cell growth and differentiation during development.

This study has some limitations. There are significant challenges associated with
isolating and mounting neonatal mouse tendon tissue for mechanical testing, notably the small
sample sizes, fragility, and potential damage during tissue dissection. Testing errors were
minimized by strict exclusion of mechanical testing data that showed slipping. Data were also
excluded following tissue damaged during mounting or dissection, or contact with the
cyanoacrylate glue. We previously complied a detailed summary of neonatal testing
limitations*°. Other limitations may include the potency and accuracy of the scleraxis-linked
dnKASH. Relative fold changes comparing reduction in KASH activity with the dnKASH, relative
to the scleraxis-linked controls alone, were not assessed in this study, but have been published
elsewhere*!. GFP tag accuracy to scleraxis expressing cells was qualitatively verified using
fluorescence imaging but was not quantitively examined. Finally, sex was not controlled for
during sample testing, although sex-related differences (e.g., body mass, collagen content,
mechanical properties, etc.) do not occur until after 4 weeks in mice34. Lastly, though it is not
ideal to pool SEM and SHG crimp measurements, the measured distances were not statistically
significant (Supplemental Figure 2).

The results of this study begin to untangle the potential regulatory role of LINC in
postnatal tendon development. LINC appears to regulate lateral expansion and collagen crimp

distance in both energy-storing ATs and positional TTs, although the extend of LINC regulation
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may be dependent upon tendon type. Our findings emphasize the need for further investigation
into the molecular and cellular mechanisms that underlie mechanostransduction during early
tendon development. Future work will explore the genetic, cellular and molecular (i.e. collagen
cross-linking) changes in tendon resulting from LINC disruption to identify additional regulatory
mechanisms, as well as the emerging differences in energy-storing and positional tendon
development. These results are an important step towards defining the role of nuclear

mechanosensing on tendon formation and mechanical functionality.
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Figure 1. Schematic of the relationship between the LINC complex, Nesprin, Sun, KASH, and
the cell nucleus. Additional proteins not investigated in this study are shown.
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Figure 2. P10 Achilles tendon mechanical properties: (A) Maximum force, (B) displacement
at maximum force, (C) cross-sectional area, (D) stiffness, (E) maximum stress, (F) strain,
and (G) elastic modulus. dnKASH ++ ATs had a decreased (E) maximum stress and (G)
elastic modulus but (C) an increased cross-sectional area, compared to +- controls. Bridging
lines and asterisks denotes significance (p<0.05). Bars represent mean * standard deviation.
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Figure 3. P10 tail tendon mechanical properties: (A) Maximum force, (B) displacement at
maximum force, (C) cross-sectional area, (D) stiffness, (E) maximum stress, (F) strain, and
(G) elastic modulus. dnKASH ++ TTs had a decreased (C) cross-sectional area, compared
to +- controls. Other mechanical properties did not differ significantly between dnKASH and
control TTs. Bridging lines and asterisks denotes significance (p<0.05). Bars represent mean
+ standard deviation.
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Figure 4. SEM micrographs of (A) control +- and (B) dnKASH ++ ATs, and (C) control +- and
(D) dnKASH ++ TTs showing crimp pattern and morphology. Though crimp distances
differed significantly between control and dnKASH tendons, no obvious ultrastructural or
morphological differences are observed. Yellow lines show representative crimp
measurements taken between crimp wave “peaks.” Crimp was measured identically in SHG
and SEM images. All images captured at 800x.
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Figure 5. Disabling nuclear mechanosensing via dnKASH significantly impacted crimp
distance in ATs and TTs. (A) dnKASH ++ ATs had significantly decreased crimp distance
compared to control +- ATs. Conversely, (B) dnKASH ++ TTs had significantly increased
crimp distance compared to control + TTs.
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Figure 6. (A-D) SHG micrographs of DAPI-stained nuclei in whole (A) control +- ATs, (B)
dnKASH ++ ATs, (C) control +- TTs, and (D) dnKASH ++ TTs. (E, F) Counting the nuclei
showed no significant differences between dnKASH and controls for either tendon type. All
scale bars as shown. All images at 10x, scale bars = 100um.



https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

19

References

1.

Alam, S. G., Q. Zhang, N. Prasad, Y. Li, S. Chamala, R. Kuchibhotla, B. KC, V.
Aggarwal, S. Shrestha, A. L. Jones, S. E. Levy, K. J. Roux, J. A. Nickerson, and T. P.
Lele. The mammalian LINC complex regulates genome transcriptional responses to
substrate rigidity. Sci. Rep. 6:38063, 2016.

Ansorge, H. L., S. Adams, D. E. Birk, and L. J. Soslowsky. Mechanical,
compositional, and structural properties of the post-natal mouse Achilles tendon.
Ann. Biomed. Eng. 39:1904-13, 2011.

Banes, A. ]., G. Horesovsky, C. Larson, M. Tsuzaki, S. Judex, ]J. Archambault, R.
Zernicke, W. Herzog, S. Kelley, and L. Miller. Mechanical load stimulates expression
of novel genes in vivo and in vitro in avian flexor tendon cells. Osteoarthritis
Cartilage 7:141-53, 1999.

Birks, S., S. Howard, C. O'Rourke, W. R. Thompson, A. Lau, and G. Uzer. Osterix-
driven LINC complex disruption in vivo diminishes bone microarchitecture in 8-
week male mice but not after 6-week voluntary wheel running. BioRxiv Prepr. Serv.
Biol. 2023.08.24.554623, 2023.d0i:10.1101/2023.08.24.554623

Birks, S., S. Howard, C. S. Wright, C. O'Rourke, A. Lau, W. R. Thompson, and G.
Uzer. Prrx1-driven LINC complex disruption in vivo does not significantly alter
bone properties in 8-week male mice nor after 6-weeks voluntary wheel running.
BioRxiv Prepr. Serv. Biol. 2023.09.22.559054, 2023.d0i:10.1101/2023.09.22.559054
Birks, S., and G. Uzer. At the nuclear envelope of bone mechanobiology. Bone
151:116023, 2021.

Bouzid, T., E. Kim, B. D. Riehl, A. M. Esfahani, J. Rosenbohm, R. Yang, B. Duan, and
J. Y. Lim. The LINC complex, mechanotransduction, and mesenchymal stem cell

function and fate. J. Biol. Eng. 13:68, 2019.


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10.

11.

12.

13.

14.

15.

16.

available under aCC-BY-NC-ND 4.0 International license.

20

Bruneau, A., N. Champagne, P. Cousineau-Pelletier, G. Parent, and E. Langelier.
Preparation of rat tail tendons for biomechanical and mechanobiological studies. J.
Vis. Exp. JoVE 2176, 2010.d0i:10.3791/2176

Chen, Q., P. Shou, C. Zheng, M. Jiang, G. Cao, Q. Yang, J. Cao, N. Xie, T. Velletri, X.
Zhang, C. Xu, L. Zhang, H. Yang, J. Hou, Y. Wang, and Y. Shi. Fate decision of
mesenchymal stem cells: adipocytes or osteoblasts? Cell Death Differ. 23:1128-1139,
2016.

Crisp, M., Q. Liu, K. Roux, J. B. Rattner, C. Shanahan, B. Burke, P. D. Stahl, and D.
Hodzic. Coupling of the nucleus and cytoplasm: role of the LINC complex. ]. Cell
Biol. 172:41-53, 2006.

Goelzer, M., ]. Goelzer, M. L. Ferguson, C. P. Neu, and G. Uzer. Nuclear envelope
mechanobiology: linking the nuclear structure and function. Nucleus 12:90-114,
2021.

Haque, F., D. Mazzeo, J. T. Patel, D. T. Smallwood, J. A. Ellis, C. M. Shanahan, and S.
Shackleton. Mammalian SUN protein interaction networks at the inner nuclear
membrane and their role in laminopathy disease processes. J. Biol. Chem. 285:3487—
3498, 2010.

Heo, S.-J., B. D. Cosgrove, E. N. Dai, and R. L. Mauck. Mechano-adaptation of the
stem cell nucleus. Nucl. Austin Tex 9:9-19, 2018.

Herchenhan, A., N. S. Kalson, D. F. Holmes, P. Hill, K. E. Kadler, and L. Margetts.
Tenocyte contraction induces crimp formation in tendon-like tissue. Biomech. Model.
Mechanobiol. 11:449-59, 2012.

Huang, A. H., H. H. Lu, and R. Schweitzer. Molecular Regulation of Tendon Cell
Fate During Development. | Orthop Res 33:800-812, 2015.

Infante, E., A. Castagnino, R. Ferrari, P. Monteiro, S. Agiiera-Gonzalez, P. Paul-

Gilloteaux, M. J. Domingues, P. Maiuri, M. Raab, C. M. Shanahan, A. Baffet, M. Piel,


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

17.

18.

19.

20.

21.

22.

23.

24.

available under aCC-BY-NC-ND 4.0 International license.

21

E. R. Gomes, and P. Chavrier. LINC complex-Lisl interplay controls MT1-MMP
matrix digest-on-demand response for confined tumor cell migration. Nat. Commun.
9:2443, 2018.

Kalukula, Y., A. D. Stephens, J. Lammerding, and S. Gabriele. Mechanics and
functional consequences of nuclear deformations. Nat. Rev. Mol. Cell Biol. 23:583-602,
2022.

Khayyeri, H., P. Blomgran, M. Hammerman, M. J. Turunen, A. Lowgren, M. Guizar-
Sicairos, P. Aspenberg, and H. Isaksson. Achilles tendon compositional and
structural properties are altered after unloading by botox. Sci. Rep. 7:13067-13067,
2017.

Killian, M. L., L. Cavinatto, L. M. Galatz, and S. Thomopoulos. The role of
mechanobiology in tendon healing. J. Shoulder Elbow Surg. 21:228-237, 2012.

Kim, D. I, K. Birendra, and K. J. Roux. Making the LINC: SUN and KASH protein
interactions. Biol. Chem. 396:295-310, 2015.

Kishimoto, Y., B. Ohkawara, T. Sakai, M. Ito, A. Masuda, N. Ishiguro, C.
Shukunami, D. Docheva, and K. Ohno. Wnt/{3-catenin signaling suppresses
expressions of Scx, Mkx, and Tnmd in tendonderived cells. PLoS One 12:e0182051,
2017.

Kujala, S., A. Mannila, L. Karvonen, K. Kieu, and Z. Sun. Natural Silk as a Photonics
Component: a Study on Its Light Guiding and Nonlinear Optical Properties. Sci.
Rep. 6:22358, 2016.

Kuo, C. K., and R. S. Tuan. Mechanoactive tenogenic differentiation of human
mesenchymal stem cells. Tissue Eng Part A 14:1615-27, 2008.

Lammerding, J., P. C. Schulze, T. Takahashi, S. Kozlov, T. Sullivan, R. D. Kamm, C.
L. Stewart, and R. T. Lee. Lamin A/C deficiency causes defective nuclear mechanics

and mechanotransduction. J. Clin. Invest. 113:370-378, 2004.


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

25.

26.

27.

28.

29.

30.

31.

32.

available under aCC-BY-NC-ND 4.0 International license.

22

Lee, S.-Y., H.-F. Chieh, C.-]. Lin, I.-M. Jou, Y.-N. Sun, L.-C. Kuo, P.-T. Wu, and F.-C.
Su. Characteristics of Sonography in a Rat Achilles Tendinopathy Model: Possible
Non-invasive Predictors of Biomechanics. Sci. Rep. 7:5100-5100, 2017.

Legerlotz, K., J. Dorn, ]J. Richter, M. Rausch, and O. Leupin. Age-dependent
regulation of tendon crimp structure, cell length and gap width with strain. Acta
Biomater. 10:4447-4455, 2014.

Lei, K., X. Zhu, R. Xu, C. Shao, T. Xu, Y. Zhuang, and M. Han. Inner Nuclear
Envelope Proteins SUN1 and SUN2 Play a Prominent Role in the DNA Damage
Response. Curr. Biol. 22:1609-1615, 2012.

Liu, Q., N. Pante, T. Misteli, M. Elsagga, M. Crisp, D. Hodzic, B. Burke, and K. J.
Roux. Functional association of Sunl with nuclear pore complexes. . Cell Biol.
178:785-798, 2007.

Lombardi, M. L., D. E. Jaalouk, C. M. Shanahan, B. Burke, K. J. Roux, and J.
Lammerding. The Interaction between Nesprins and Sun Proteins at the Nuclear
Envelope Is Critical for Force Transmission between the Nucleus and Cytoskeleton.
J. Biol. Chem. 286:26743-26753, 2011.

Maeda, T., T. Sakabe, A. Sunaga, K. Sakai, A. L. Rivera, D. R. Keene, T. Sasaki, E.
Stavnezer, J. lannotti, R. Schweitzer, D. Ilic, H. Baskaran, and T. Sakai. Conversion
of mechanical force into TGF-beta-mediated biochemical signals. Curr Biol 21:933—
41, 2011.

Magnusson, S. P., M. V. Narici, C. N. Maganaris, and M. Kjaer. Human tendon
behaviour and adaptation, in vivo. J. Physiol. 586:71-81, 2008.

Maniotis Andrew J., Chen Christopher S., and Ingber Donald E. Demonstration of
mechanical connections between integrins, cytoskeletal filaments, and nucleoplasm

that stabilize nuclear structure. Proc. Natl. Acad. Sci. 94:849-854, 1997.


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

33.

34.

35.

36.

37.

38.

39.

40.

available under aCC-BY-NC-ND 4.0 International license.

23

Marturano, J. E., J. D. Arena, Z. A. Schiller, I. Georgakoudi, and C. K. Kuo.
Characterization of mechanical and biochemical properties of developing embryonic
tendon. Proc. Natl. Acad. Sci. U. S. A. 110:6370-5, 2013.

Mikic, B., E. Amadei, K. Rossmeier, and L. Bierwert. Sex matters in the
establishment of murine tendon composition and material properties during
growth. J. Orthop. Res. 28:631-638, 2010.

Pagnotti, G. M., M. Styner, G. Uzer, V. S. Patel, L. E. Wright, K. K. Ness, T. A. Guise,
J. Rubin, and C. T. Rubin. Combating osteoporosis and obesity with exercise:
leveraging cell mechanosensitivity. Nat. Rev. Endocrinol. 15:339-355, 2019.

Pan, X. S., J. Li, E. B. Brown, and C. K. Kuo. Embryo movements regulate tendon
mechanical property development. Philos Trans R Soc Lond B Biol Sci 373:, 2018.
Parent, G., M. Cyr, F. Desbiens-Blais, and E. Langelier. Bias and precision of
algorithms in estimating the cross-sectional area of rat tail tendons. Meas. Sci.
Technol. 21:125802, 2010.

Passini, F. S., P. K. Jaeger, A. S. Saab, S. Hanlon, N. A. Chittim, M. ]J. Arlt, K. D.
Ferrari, D. Haenni, S. Caprara, M. Bollhalder, B. Niederost, A. N. Horvath, T.
Gotschi, S. Ma, B. Passini-Tall, S. F. Fucentese, U. Blache, U. Silvan, B. Weber, K. G.
Silbernagel, and J. G. Snedeker. Shear-stress sensing by PIEZO1 regulates tendon
stiffness in rodents and influences jumping performance in humans. Nat. Biomed.
Eng., 2021.d0i:10.1038/s41551-021-00716-x

Peister, A., J. A. Mellad, B. L. Larson, B. M. Hall, L. F. Gibson, and D. J. Prockop.
Adult stem cells from bone marrow (MSCs) isolated from different strains of inbred
mice vary in surface epitopes, rates of proliferation, and differentiation potential.
Blood 103:1662-1668, 2004.

Peterson, B. E., R. A. Rolfe, A. Kunselman, P. Murphy, and S. E. Szczesny.

Mechanical Stimulation via Muscle Activity Is Necessary for the Maturation of


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

41.

42.

43.

44.

45.

46.

47.

48.

available under aCC-BY-NC-ND 4.0 International license.

24

Tendon Multiscale Mechanics During Embryonic Development. Front. Cell Dev. Biol.
9:725563-725563, 2021.

Pryce, B. A., A. E. Brent, N. D. Murchison, C. J. Tabin, and R. Schweitzer. Generation
of transgenic tendon reporters, ScxGFP and ScxAP, using regulatory elements of the
scleraxis gene. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 236:1677-82, 2007.

Rashmi, R. N., B. Eckes, G. Glockner, M. Groth, S. Neumann, J. Gloy, L. Sellin, G.
Walz, M. Schneider, I. Karakesisoglou, L. Eichinger, and A. A. Noegel. The nuclear
envelope protein Nesprin-2 has roles in cell proliferation and differentiation during
wound healing. Nucleus 3:172-186, 2012.

Razafsky, D., and D. Hodzic. Temporal and tissue-specific disruption of LINC
complexes in vivo. Genes. N. Y. N 2000 52:359-365, 2014.

Razafsky, D., C. Potter, and D. Hodzic. Validation of a Mouse Model to Disrupt
LINC Complexes in a Cell-specific Manner. J. Vis. Exp. JoVE 53318,
2015.d0i:10.3791/53318

Rubin, J., and B. Sen. Actin up in the Nucleus: Regulation of Actin Structures
Modulates Mesenchymal Stem Cell Differentiation. Trans. Am. Clin. Climatol. Assoc.
128:180-192, 2017.

Screen, H. R. C,, D. A. Lee, D. L. Bader, and J. C. Shelton. An investigation into the
effects of the hierarchical structure of tendon fascicles on micromechanical
properties. Proc. Inst. Mech. Eng. [H] 218:109-119, 2004.

Swift, J., L. L. Ivanovska, A. Buxboim, T. Harada, P. C. D. P. Dingal, J. Pinter, J. D.
Pajerowski, K. R. Spinler, J.-W. Shin, M. Tewari, F. Rehfeldt, D. W. Speicher, and D.
E. Discher. Nuclear lamin-A scales with tissue stiffness and enhances matrix-
directed differentiation. Science 341:1240104-1240104, 2013.

Szczesny, S. E., and D. M. Elliott. Interfibrillar shear stress is the loading mechanism

of collagen fibrils in tendon. Acta Biomater. 10:2582-90, 2014.


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

49.

50.

51.

52.

53.

54.

55.

56.

available under aCC-BY-NC-ND 4.0 International license.

25

Theodossiou, S. K., A. L. Bozeman, N. Burgett, M. R. Brumley, H. E. Swann, A. R.
Raveling, J. J. Becker, and N. R. Schiele. Onset of neonatal locomotor behavior and
the mechanical development of Achilles and tail tendons. J. Biomech. 96:109354—
109354, 2019.

Theodossiou, S. K., J. B. Murray, L. A. Hold, J. M. Courtright, A. M. Carper, and N.
R. Schiele. Akt signaling is activated by TGFB2 and impacts tenogenic induction of
mesenchymal stem cells. Stem Cell Res. Ther. 12:88, 2021.

Theodossiou, S. K., J. B. Murray, and N. R. Schiele. Cell-cell junctions in developing
and adult tendons. Tissue Barriers 8:1695491, 2020.

Theodossiou, S. K., N. M. Pancheri, A. C. Martes, A. L. Bozeman, M. R. Brumley, A.
R. Raveling, J. M. Courtright, and N. R. Schiele. Neonatal Spinal Cord Transection
Decreases Hindlimb Weight-Bearing and Affects Formation of Achilles and Tail
Tendons. J. Biomech. Eng. 143:061012, 2021.

Theodossiou, S. K., J. Tokle, and N. R. Schiele. TGFB2-induced tenogenesis impacts
cadherin and connexin cell-cell junction proteins in mesenchymal stem cells. Biochem
Biophys Res Commun 508:889-893, 2019.

Touchstone, H., R. Bryd, S. Loisate, M. Thompson, S. Kim, K. Puranam, A. N.
Senthilnathan, X. Pu, R. Beard, J. Rubin, J. Alwood, J. T. Oxford, and G. Uzer.
Recovery of stem cell proliferation by low intensity vibration under simulated
microgravity requires LINC complex. Npj Microgravity 5:11, 2019.

Uzer, G., G. Bas, B. Sen, Z. Xie, S. Birks, M. Olcum, C. McGrath, M. Styner, and J.
Rubin. Sun-mediated mechanical LINC between nucleus and cytoskeleton regulates
Bcatenin nuclear access. |. Biomech. 74:32—-40, 2018.

Uzer, G., C. T. Rubin, and J. Rubin. Cell Mechanosensitivity Is Enabled by the LINC
Nuclear Complex. Curr. Mol. Biol. Rep. 2:36-47, 2016.


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

26

57. Uzer, G.,, W. R. Thompson, B. Sen, Z. Xie, S. S. Yen, S. Miller, G. Bas, M. Styner, C. T.
Rubin, S. Judex, K. Burridge, and J. Rubin. Cell Mechanosensitivity to Extremely
Low-Magnitude Signals Is Enabled by a LINCed Nucleus. Stem Cells Dayt. Ohio
33:2063-2076, 2015.

58. Wang, ]. H.-C. Mechanobiology of tendon. J. Biomech. 39:1563-1582, 2006.

59. Wang, T., P. Chen, L. Chen, Y. Zhou, A. Wang, Q. Zheng, C. A. Mitchell, T. Leys, R.
S. Tuan, and M. H. Zheng. Reduction of mechanical loading in tendons induces
heterotopic ossification and activation of the B-catenin signaling pathway. J. Orthop.
Transl. 29:42-50, 2021.

60. Warren, D. T., T. Tajsic, L. J. Porter, R. M. Minaisah, A. Cobb, A. Jacob, D. Rajgor, Q.
P. Zhang, and C. M. Shanahan. Nesprin-2-dependent ERK1/2 compartmentalisation
regulates the DNA damage response in vascular smooth muscle cell ageing. Cell

Death Differ. 22:1540-1550, 2015.


https://doi.org/10.1101/2023.11.13.566892
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.13.566892; this version posted November 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1

Figures and Captions

LINC Actin

Complex| Giant o TN A\ THEments

Nesprin

/

¢ ¢ translocation
\' ) proteins
YAP/TAZ

B-catenin

4\{7? . § nuclear-

Figure 1. Schematic of the relationship between the LINC complex, Nesprin, Sun, KASH, and
the cell nucleus. Additional proteins not investigated in this study are shown.
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Figure 2. P10 Achilles tendon mechanical properties: (A) Maximum force, (B) displacement
at maximum force, (C) cross-sectional area, (D) stiffness, (E) maximum stress, (F) strain,
and (G) elastic modulus. dnKASH ++ ATs had a decreased (E) maximum stress and (G)
elastic modulus but (C) an increased cross-sectional area, compared to +- controls. Bridging
lines and asterisks denotes significance (p<0.05). Bars represent mean * standard deviation.
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Figure 3. P10 tail tendon mechanical properties: (A) Maximum force, (B) displacement at
maximum force, (C) cross-sectional area, (D) stiffness, (E) maximum stress, (F) strain, and
(G) elastic modulus. dnKASH ++ TTs had a decreased (C) cross-sectional area, compared
to +- controls. Other mechanical properties did not differ significantly between dnKASH and
control TTs. Bridging lines and asterisks denotes significance (p<0.05). Bars represent mean
+ standard deviation.
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Figure 4. SEM micrographs of (A) control +- and (B) dnKASH ++ ATs, and (C) control +- and
(D) dnKASH ++ TTs showing crimp pattern and morphology. Though crimp distances
differed significantly between control and dnKASH tendons, no obvious ultrastructural or
morphological differences are observed. Yellow lines show representative crimp
measurements taken between crimp wave “peaks.” Crimp was measured identically in SHG
and SEM images. All images captured at 800x.
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Figure 5. Disabling nuclear mechanosensing via dnKASH significantly impacted crimp
distance in ATs and TTs. (A) dnKASH ++ ATs had significantly decreased crimp distance
compared to control +- ATs. Conversely, (B) dnKASH ++ TTs had significantly increased
crimp distance compared to control + TTs.
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Figure 6. (A-D) SHG micrographs of DAPI-stained nuclei in whole (A) control +- ATs, (B)
dnKASH ++ ATs, (C) control +- TTs, and (D) dnKASH ++ TTs. (E, F) Counting the nuclei
showed no significant differences between dnKASH and controls for either tendon type. All
scale bars as shown. All images at 10x, scale bars = 100um.
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