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INTRODUCTION: While the transmission of muscle forces by tendons is essential for joint movement, how tendons acquire their mechanical capabilities
during development is unclear. The load-bearing capability of tendons is generated during embryonic and neonatal stages'*. In particular, chick tendons
experience a rapid increase in tissue mechanics during late embryonic development, characterized by an increase in collagen content and crosslinking as well
as an increase in collagen fibril diameter and length*®. Previous work shows that this transition is impaired when chick embryos lose the ability to contract
their muscles and mechanically stimulate their tendons’. While these findings suggest that mechanobiology is essential for tendon maturation, the specific
mechanotransduction signaling pathways that drive late tendon development are still unknown. Therefore, the objective of this study was to identify the
mechanobiological mechanisms driving late tendon development in normal and paralyzed chicken embryos. We hypothesized that during late development
mechanotransduction signaling transitions from cell-cell to cell-matrix interactions and that this will be inhibited in paralyzed embryos.
METHODS: Sample Collection: Fertilized White Leghorn eggs were used for all experiments. To study normal development, embryos were sacrificed at
embryonic days 16 (E16) and 20 (E20). To study the effects of paralysis, embryos were windowed at embryonic day 3 (E3) and treated to induce either rigid
or flaccid paralysis with decamethonium bromide (DMB) or pancuronium bromide (PB), respectively. Treatment began at embryonic day 13 (E13) with 100
uL of 0.2% DMB or PB in an HBSS and antibiotic-antimycotic solution, followed by daily 50 uL doses from E14 to E19. Control samples were treated with
vehicle only, and embryos were sacrificed at E20. For all samples, flexor digitorum longus (FDL) and flexor digitorum brevis (FDB) digit II tendons were
harvested from the hindlimbs. Each sample (n=3 for normal development, n=4 for paralysis) consisted of eight tendons (two FDL and two FDB from two
embryos). Development samples were flash-frozen in liquid nitrogen (LN), stored at -80°C, and shipped on dry ice for analysis. Paralysis samples were
placed in Trizol, flash frozen in LN, and stored at -80C until RNA extraction and shipment. RNA Sequencing: Samples were sequenced on an Illumina
platform (2x150bp, ~50M reads/sample). Reads were quality checked, trimmed, aligned to the Gallus gallus reference genome (GRCg7b), and transcript
abundances quantified. DESeq2 was used to identify differentially expressed genes (DEGs) between E16 and E20, DMB and CTRL, and PB and CTRL.
DEGs with a Benjamini-Hochberg adjusted p-value < 0.05 and absolute log2 fold change > 1 were considered significant. Downstream Analysis: Significant
DEGs were converted to human orthologs using g:Profiler. For gene ontology (GO) and transcription factor (TF) analyses, DEGs were separated into
upregulated and downregulated groups. Enriched GO terms and pathways were identified using DAVID and QIAGEN Ingenuity Pathway Analysis (IPA),
respectively, and limited to an adjusted p-value < 0.05. TF activity was evaluated with ChEA3 and limited to a score < 0.05.
RESULTS: For normal development, GO analysis revealed enrichment of various terms related to extracellular matrix (ECM) remodeling, cell adhesion,
development, signal transduction, and Wnt signaling between E16 and E20 (Fig. 1A). Similarly, IPA identified numerous pathways related to ECM
remodeling and mechanotransduction signaling (integrins, Rho GTPase, Wnt, TGF-B, AKT) as well as other signaling pathways (activin, IGF, S100) (Fig.
1D). Furthermore, TF analysis suggested an increased activity of mechanosensitive regulators such as EGR1, TEAD, TCF, SRF, and SMAD (data not
shown). With rigid (DMB) paralysis, GO showed enrichment of ECM organization and cell adhesion (Fig. 1B). IPA revealed perturbation of numerous
ECM remodeling pathways and many pathways related to mechanotransduction and calcium signaling (integrins, gap junctions, Rho GTPase, FAK, Wnt,
S100) (Fig. 1E). TF analysis suggested differential activation of TCF, LEF, SRF, TEAD, SMADs and EGR1 (data not shown). Finally, with PB treatment,
there were fewer perturbed GO terms and pathways. However, they still included ECM remodeling and mechanotransduction, including FAK and Wnt (Fig.
1C,F). TF analysis showed altered activity of TCF, SRF, SMAD, STAT3, EGR1, and LEF (data not shown).
DISCUSSION: Consistent with our hypothesis, our results demonstrate that multiple mechanotransduction signaling mechanisms are differentially
regulated with development and are perturbed with paralysis. Our combined analyses specifically suggest that Wnt, TGF-B, YAP/TAZ, and MRTF/SRF may
play a role in driving tendon development. Furthermore, each of these signaling pathways are also perturbed with muscle paralysis (with DMB treatment in
particular), which is consistent with their role in mechanotransduction. While we also observed differential regulation of integrin interactions, cell and cell-
cell adhesions, Rho GTPase activity, and FAK signaling with normal development and paralysis, the directionality of these changes was mixed. That is,
during normal development, Rho signaling decreased while integrin signaling increased. Similarly, FAK signaling decreased with DMB treatment but
increased with PB treatment. This suggests that mechanotransduction during development may be more complicated than our hypothesized transition from
cell-cell to cell-matrix interactions. Additionally, our results suggest that flaccid paralysis affects tendon development differently than rigid paralysis, which
may be due to the distinct mechanisms of the drugs. DMB irreversibly binds to acetylcholine receptors, causing sustained muscle contraction that could
provide static stretch to tendons, whereas PB blocks acetylcholine binding altogether, preventing contraction. Further work is needed to identify which
mechanotransduction pathways drive the structural and mechanical changes that are critical for proper tendon development.
SIGNIFICANCE/CLINICAL RELEVANCE: These findings identify the potential pathways that underlie the biological mechanisms driving tendon
development and the production of a robust tensile load-bearing soft tissue. Understanding these mechanobiological mechanisms may improve tissue
engineering strategies for functional tendon replacements and guide future treatments for tendon injuries and disease.
REFERENCES: [1] Ansorge et al., J. Orthop. Res., 2012; 30(3):448-456 [2] McBride et al., Int. J. biol. Macromol., 1998; 10(4):194-200, [3] Silver et al., J.
Orthop. Res., 2003: 36(10):1529-1553, [4] Kalson et al., eLife, 2015; 4:¢05958, [5] Birk et al., Development, 1989; 107(2):437-443, [6] Richardson et al.,
Mol Cell Biol., 2007; 27(17):6218-6228, [7] Peterson et al., Fron. Cell Dev. Biol., 2021: 2471.

$0: DMB vs CTRL SO:PBvs CTRL
A) GO: E20 vs E16 B) c)
G0:0051301~cell division G0:0030198~extracellular matix organization |
G0:0030198~extraceiiular matrix organization G0:0019915-4pic sorage
GO:0007155~cell adhesion e
GO:0001501-skeletal sysiem development -} G0:0007155~cell achesion -§ 600030196~ exracslular malrix arganization
GO:0030177~positive regulation of Wit signaling pathway - | . —— downregulated
GO:0009791~post-embryonic development e e —
G0:0036556~intracelular signal transduction G0/0098609—celcofl achesion | 00:0001803-cesiicaton ]
GO:0061036~positive regulation of cartiage development [——
G0:0030199~collagen fibril organization | - =
GO:0060070~canonical Wnt signaling pathway G0:0002062-chandrocyte dfferentiation GOD015909-~40ng-chain fally 0 ransport
G0:0030334~regutation of cell migration

upregulated

0 1 2 3 4 53 4 45 0 2 4 6 [ 2 « 6

40g10(FDR) i) log10(FOR)
D) PBathways: E20 vs E16 E) Pathways: DMB vs CTRL F) Pathways: PB s CTRL
Extraceliular matrix organization $100 Famil naling Pathway - EEE—
RHO GTPase cycle - I Extraceiia; ma organzaton Paoidelion of 10F: ¥aascort eod (p4le by 1OFEPY |
Regulation of IGF transport and uptake by IGFBPs -{ NF1 RAS Signaling Pathway '
Collagen chain tnmenzation I “’V“.’;‘:;?.;’LZ‘."L‘A’;T‘:"’ mari-§ Degradation of the extraceliular matrix |
agen biosynthesss and modiying enzymes b interact !
Transcriptional Regulatory Network in Embryonic Stem Cols - ] A o oo o s i — 5100 Family Signaling Pattway
ey e L Aosamg 8guation ofIGF ransportand uptake by IGFBPs e
igra win £ sembly ol collagen fibris and other m
Elasic fibre formation e e ——— NF1 RAS Signaiing Pathway -
IGF-1 Signaling - Elastic fibre formation -} 3 s
Coltagen degradation ] FA%qm — FAK Signaing
Degradation of the extracellular matrox N otk o
PIP3 activates AKT signaling -+ i » WNT ligand b d trafficking S : s ” I
e e = - Kgwd bogerawi a7 alcing I’—"i WNT/SHH Axonal Guidance Signaiing Pathway - [N
WNT/B-catenin Signaling Dermatan Sufate snwes.s (Late: Smgss) rﬁ
Positivez-score  Actvin i Sgnaling Pamway ; R anynlhn‘;:‘:(Law S Extracelular matx organizaton |1} —]
e 1 INTICa+ pathway - - i
Negative z-score . 3 ] H T ) 1 2 3 4
o o 2 4 6
(O Neutral (not predicted) z-score -0g10(p-adpsted) 4og10(p-adjusted) ~og10(p-adjusted)
Figure 1: A-C) Enrichment analysis of GO biological process terms using significant up: lated and downregulated DEGs in DAVID across developmental and paralysis treatment comparisons.

D-F) Pathway enrichment analysis of significant DEGs using IPA for all comparisons. Positive z-score = upregulated pathway, negative z-score = downregulated pathway.
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