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Abstract

The design of cell-based therapies for vocal fold tissue engineering requires an understanding of
how cells adapt to the dynamic mechanical forces found in the larynx. Our objective was to
compare mechanotransductive processes in therapeutic cell candidates (mesenchymal stromal cells
from adipose tissue and bone marrow, AT-MSC and BM-MSC) to native cells (vocal fold
fibroblasts-VFF) in the context of vibratory strain. A bioreactor was used to expose VFF, AT-
MSC, and BM-MSC to axial tensile strain and vibration at human physiological levels.
Microarray, an empirical Bayes statistical approach, and geneset enrichment analysis were used to
identify significant mechanotransductive pathways associated with the three cell types and three
mechanical conditions. Two databases (Gene Ontology, Kyoto Encyclopedia of Genes and
Genomes) were used for enrichment analyses. VFF shared more mechanotransductive pathways
with BM-MSC than with AT-MSC. Gene expression that appeared to distinguish the vibratory
strain condition from polystyrene condition for these two cells types related to integrin activation,
focal adhesions, and lamellipodia activity, suggesting that vibratory strain may be associated with
cytoarchitectural rearrangement, cell reorientation, and extracellular matrix remodeling. In
response to vibration and tensile stress, BM-MSC better mimicked VFF mechanotransduction than
AT-MSC, providing support for the consideration of BM-MSC as a cell therapy for vocal fold
tissue engineering. Future research is needed to better understand the sorts of physical adaptations
that are afforded to vocal fold tissue as a result of focal adhesions, integrins, and lamellipodia, and
how these adaptations could be exploited for tissue engineering.
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INTRODUCTION

Mechanical forces contribute to tissue disease (e.g., chronic hypertension can lead to
hypertrophic cardiac thickening) and repair (e.g., massage can reduce dermal scarring)
(Brilla et al., 1990; Nishiyama et al., 1986; Shin and Bordeaux, 2012). In the larynx, heavy
voice use can lead to benign lesions and other voice disorders, partially due to the stress of
vibration, tension change, and shear (Altman, 2007; Gunter, 2003; Johns, 2003; Roy et al.,
2004; Titze, 1994). It has been proposed that altering phonation stresses with low impact,
large amplitude voicing may reduce acute inflammation and potentially minimize tissue
injury (Verdolini Abbott et al., 2012), but behavioral intervention alone cannot resolve tissue
fibrosis. Cell-based treatment for vocal fold fibrosis may be an alternative. Vocal fold
fibroblasts (VFF) maintain and repair vocal fold ECM (Hansen and Thibeault, 2006), but a
source of healthy VVFF is not clinically available. Bone marrow-derived mesenchymal
stromal cells (BM-MSC) and adiposederived mesenchymal stromal cells (AT-MSC) have
demonstrated potential as VFF alternatives for vocal fold engineering. BM-MSC and AT-
MSC have similar cell surface marker expression, differentiation potential, and
immunophenotype as human VFF (Hanson et al., 2010). In other parts of the body, MSC
have demonstrated unique immunomodulatory properties that may allow use of clinical
grade, allogeneic MSC without a detrimental immune response (Kebriaei et al., 2009; Le
Blanc et al., 2008; Uccelli et al., 2007). This is a critical consideration because of proximity
between the larynx and airway.

As many laryngeal engineering investigations have been performed in animal models
(Johnson et al., 2010; Kanemaru et al., 2003; Lee et al., 2006), there is a paucity of data that
considers the unique biomechanical loads of the human vocal fold. Previously, we have
reported on cell differentiation markers and wound healing pathways in VFF, AT-MSC, and
BM-MSC following stimulation in a bioreactor that mimics vocal fold forces (Bartlett et al.,
2015). Design of cell-based therapy also necessitates an understanding of the
mechanotransductive molecules and structures (e.g., actin cytoskeleton, stress fibers)
underlying the downstream processes (e.g., collagen synthesis) previously reported. The
mechanisms underlying how laryngeal fibroblasts adapt their extracellular matrix (ECM) to
changes in mechanical load are being explored (Branski et al., 2007; Gaston et al., 2012;
Titze et al., 2004; Wehb et al., 2006; Wolchok et al., 2009; Wolchok and Tresco, 2013). In
vitro, fibroblasts are physically coupled to ECM through cell surface receptors and integrins
linked to their cytoskeleton (Ingber, 2006, 1997). Through these connections, a myriad of
downstream pathways are propagated that control cell fate processes and tissue remodeling
(Chiquet, 1999; MacKenna et al., 2000; Wang et al., 2007).

In the present work, we compared mechanotransduction pathways of vibrated AT-MSC and
BM-MSC to VFF to better understand the similarities and differences between these cell
types in response to vibratory strain. To do this, we used cDNA microarray and statistical
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tests of enrichment. Tests for enrichment of common function are used to evaluate the
expression of biologically related gene sets, such as signaling pathway genes (Newton et al.,
2007; Subramanian et al., 2005). As compared to single gene analyses, enrichment analyses
are more reproducible and more capable of identifying biologically meaningful patterns
(Subramanian et al., 2005). We hypothesized that vibratory strain would encourage VFF to
upregulate expression of cytoskeletal rearrangement and cell adhesion genes as compared to
static controls.

MATERIALS AND METHODS

Scaffolds

Cells

We cultured three donors of each cell type (AT-MSC, BM-MSC, VFF) in three mechanical
conditions, resulting in 27 microarrays (3x3%3). Mechanical conditions included cells grown
on polystyrene (POLY), cells seeded in scaffolds (SCA), and cells seeded in scaffolds and
exposed to vibratory strain in a bioreactor (VIB) (Fig 1).

Polyether polyurethane scaffolds were described previously (5% wi/v mass concentration,
see Gaston et al., 2015, 2014 for mechanical properties and porosity). Briefly, two grams of
Tecoflex SG-80A beads (Thermedics, Wickliffe) were dissolved in DMAC (39.1 mL; Fisher
Scientific, Pittsburgh) and added to one side of a 2:1 dual component adhesive cartridge. The
other side contained Pluronic 10R5 (18.95 mL; Sigma-Aldrich, St Louis). A dispensing gun
pushed the materials through the cartridge and helical static mixer, and into molds. Scaffold
sheets were placed in 70% ethanol/dry ice bath (—40°C, 20 minutes), rinsed in de-ionized
water (48 hours), trimmed (25 mm x 10 mm x 2 mm), lyophilized, and sterilized.

Human AT-MSC and BM-MSC (Lonza PT-2501, PT-5006, Walkersville) were cultured
according to manufacturer instructions (Table 1). Human primary VFF were obtained from
the senior author, and were previously derived with IRB approval from healthy vocal fold
tissue (Chen and Thibeault, 2009; Thibeault et al., 2008). Cell-specific media (Bartlett et al.,
2015) were refreshed every three days.

On Day 1, scaffolds were soaked in fibronectin (20 pg/ml) to facilitate cell attachment. On
Day 2, 1x10°% cells in 100 ul of media were added to each scaffold. The seeding procedure
was repeated on the other scaffold side on Day 3. During seeding, all VFF and MSC were at
passage 4 or 5. On Day 4, VIB scaffolds were attached to the bioreactor and exposed to the
stimulation described below for 24 hours (Fig 1D), and SCA scaffolds were placed in new
polystyrene dishes. On Day 5, RNA was extracted from VIB, SCA, and POLY samples.

Mechanical Stimulation

VIB cells were stimulated for 24 hours in a bioreactor that was designed to mimic the vocal
load of an average day (Day 4, Fig 1D). During the first twelve hours of Day 4, VIB
scaffolds were exposed to 200 Hz vibration and 20% axial tensile stress every third minute
(~30% of each hour) to mimic voice use during a work day. During the final twelve hours of
Day 4, the VIB scaffolds were exposed to no vibratory strain, to mimic rest later in the day.
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The vibratory frequency (200 Hz) reflects average female fundamental frequency (Linke,

1973). Axial tensile strain (20%) approximates deformation during phonation (Nishizawa,
1989; Nishizawa et al., 1988). The vibration schedule (~30% of every hour) approximates
voice use data from a study of teachers who wore ambulatory monitoring devices (Hunter
and Titze, 2010).

The bioreactor was designed and built at the UW-Madison and has been described
previously (Bartlett et al., 2015). Eight polystyrene dishes containing pairs of cell-seeded
scaffolds and media were mounted on the platform. Scaffolds were exposed to axial tensile
strain and to compression forces imparted through vibration of paired scaffolds. A servo
motor was used to stretch the scaffolds in one dimension, along their primary axis, to
simulate ‘lengthening’ of the vocal folds during normal phonation. Simultaneously, a voice
coil actuator was used to rapidly bring both scaffolds into direct contact with each other,
resulting in compressive forces and vibration at the desired frequency. Notably, all vibration
occurred within one plane; a fluid flow driving mucosal wave from the inferior to superior
dimension was not present.

RNA Extraction and Microarray

Cells were dissociated from the scaffolds using trypsin and pestles. Total RNA was extracted
(Qiagen RNeasy Plus Mini kit, Qiagen, Valencia). RNA quality was evaluated (Agilent 2100
Bioanalyzer). Twenty-seven microarrays (Affymetrix GeneChip Human Gene 2.0 ST,
Affymetrix, Santa Clara) were processed at the UW Biotechnology Gene Expression Center,
as described previously (Bartlett et al., 2015). Confirmatory reverse transcription -
quantitative PCR (RT-gPCR) was previously reported for selected microarray genes (Bartlett
etal., 2015).

Microarray Statistical Analysis

KEGG/GO

Analyses were performed in R using affy, EBarrays, allez, rma software (Gentleman et al.,
2004). EBarrayswas used to identify genes showing similarities and differences among the
cell types and mechanical conditions. It accounts generally for differences among genes in
their true underlying expression levels, measurement fluctuations, and distinct expression
patterns for a given gene among conditions (Kendziorski et al., 2003). An expression pattern
is an arrangement of the true underlying intensities (4) in each condition. In three conditions,
five expression patterns are possible: P1:ul = p2 = p3; P2:ul = u2 # p3; P3:pl = pu3 =
u2;P4:ul # p2 = u3 and P5:ul # p2 # u3. In within cell type analyses, pl = POLY, u2 =
SCA, p3 = VIB. In within mechanical condition analyses, p1 = ATMSC, u2 = BMMSC, and
u3 = VFF. The fitted model parameters provide information on the number of genes
expected in each pattern and is used to assign probability distributions to every gene. Each
gene-specific distribution gives the posterior probability (PP) of that gene’s expression
pattern. Thresholds targeted an overall FDR of 5%.

Tests for enrichment of common biological function among sets of differentially expressed
genes was performed with a/fez (Newton et al., 2007) and two databases. First, Kyoto
Encyclopedia of Genes and Genomes (KEGG) provides an electronic representation of the
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biological system, with pathway maps that model cellular and organism functions. Second,
Gene Ontology (GO) terms are categorized into three domains (cellular component,
biological process, molecular function) (Gene and Consortium, 2000). The default threshold
in allez (normal score |Z|>5) was used to assess significance.

In the EBarrays analysis of each cell type, most of the probes fit pattern one (P1:
VIB=SCA=POLY), suggesting that most genes were not sensitive to mechanical stimulation.
Specifically, in VFF, 2.6% of probes were differentially expressed across the three
mechanical conditions (Analyses 4-6, P2-P5) (PP>0.95). Within the MSC datasets, 3.2%
(AT-MSC), and 4.5% (BM-MSC) of probes were differentially expressed across the three
mechanical conditions (PP>0.95; data not shown).

Clustering

In a hierarchical clustering plot, samples are expected to align according to homogeneity.
Typically, clustering is greatest among technical replicates, then biological replicates, and
lastly, experimental condition. In dendrogram, the height of each node represents the
distance between two child clusters (Fig 2). Microarray samples clustered primarily by
mechanical condition, and secondarily by cell type, suggesting that each variable
systematically affected gene expression. For example, all but one of the VIB samples were
adjacent. Samples did not cluster by donor, experimental date, or microarray batch (data not
shown).

Set means, standard deviations, and enrichment z scores for all significant KEGG pathways
in expression patterns 2—4 are provided (Table 2). In VIB analyses, two pathways relevant to
the current mechanotransduction investigation were significant in VFF=BM#£AT pattern
(ECM-Receptor Interaction-KEGG #4512; Focal Adhesions-KEGG #4510 (|Z|>5). In the
POLY analyses, one mechanotransductive pathway (ECM-Receptor Interaction-KEGG
#4512) was significant in pattern AT=BM#VFF (|Z|>5). ECM-Receptor Interaction (KEGG
#4512) focuses on the specific linkages between ECM molecules and integrin subunits.
Focal adhesions (KEGG #4510) focuses on interaction between key players (cytokines,
ECM molecules, and receptors) in signaling pathways (Wnt, P13K, P13K Akt, MAPK,
Phosphatidyl inositol). The influence of these interactions on cell fate processes (survival,
proliferation, matility) is also included in KEGG annotation. While we have focused on
mechanotransduction pathways, we note that other pathways were also enriched (Table 2).
These pathways have genes related to ECM and cell signaling (e.g. fibroblast growth factor
genes in Melanoma- KEGG #5218, gamma-aminobutyric acid receptor genes in Taste
Transduction- KEGG #4742) (Lévi et al., 2002; Sai and Ladher, 2008).

As the KEGG analyses highlighted the significance of Focal Adhesions and ECM-Receptor
Interaction in the VFF=BM=#AT pattern, we explored enrichment of GO terms in this dataset
to learn more about mechanotransduction. A heat map of significant GO terms related to cell
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adhesion, mechanotransduction, and cytoskeletal rearrangement manually identified from
VFF=BM=AT pattern is provided (Fig 3, |Z|>5). Z-scores from P2-P3 are included for
comparison. Using relevant GO terms from this heat map, we generated schematics of
vibratory strain in VFF and BM-MSC (Fig 3B-C). Differences between static and vibratory
strain conditions based on the GO analysis involved integrin activity, lamellipodium
expression, and homotypic/heterotypic cell-cell adhesion regulation.

We were also interested in understanding mechanotransduction within each cell type. We
searched for significant mechanotransduction GO terms in the VFF Only, ATMSC Only, and
BM-MSC Only datasets for P2 (POLY=SCA#VIB) and P4 (VIB=SCA#POLY) (Fig 4, |Z|
>5). Nearly all significant mechanotransduction GO terms were found in BM MSC
(VIB=SCAZPOLY), and related to cell adhesion and cytoskeletal rearrangement. Significant
molecules and structures included lamellipodium, stress fibers, actin filament, actin
cytoskeleton, actomyosin, myosin VI, anchoring junctions, and adherens junctions. There
were only two relevant GO terms for AT-MSC in P2, and three relevant GO terms for AT-
MSC in P4. There were no significant mechanotransduction GO terms in VFF in P2 or 4.

DISCUSSION

BM-MSC and AT-MSC have been shown to attenuate scarring in the myocardium (Makkar
et al., 2005), nervous system (Li et al., 2005), skin (McFarlin et al., 2006), and vocal fold
(Hertegard et al., 2006; Johnson et al., 2010; Svensson et al., 2010). While pre-clinical trials
of cell-based therapies for vocal scar have been promising, it remains unclear if BM-MSC or
AT-MSC might be better suited for the unique biomechanical challenges found in the human
larynx. Healthy VFF maintain ECM in the lamina propria. Fibroblasts adapt their ECM to
changes in mechanical stress through mechanotransduction (Wang et al., 2007). As such, we
assume that a desirable cell type for vocal fold engineering would mimic VFF
mechanotransduction in response to vibratory strain. KEGG analysis revealed that vibrated
VFF shared Focal Adhesions and ECM-Receptor Interaction pathways with vibrated BM-
MSC, but not with AT-MSC (Table 2). Further analysis of this expression pattern
(VFF=BM=AT) using the GO database revealed several mechanotransductive responses
were shared by these cell types, allowing for conceptualization of vibratory strain
schematics (Fig 3). Integrin, focal adhesion, and lamellipodium activity were the primary
features that distinguished vibrated from non vibrated VFF and BM-MSC, which may have
implications for vocal health and repair.

Cell Adhesion via Integrins

Cell adhesion (cell-cell, cell-ECM) is associated with wound healing and varies with
mechanical stress exposure (Juhasz et al., 1993; Shyy and Chien, 1997). VFF and BM-MSC
in the vibrated and polystyrene conditions shared significant enrichment for GO terms
related to the production of cell adhesion molecules (CAMS) (Fig 3, GO:0060355: Positive
Regulation of Cell Adhesion Molecule Production, GO:0060353: Regulation of Cell
Adhesion Molecule Production). Enrichment of GO terms related to integrins, a specific
family of CAMs, distinguished vibrated VFF and BM-MSC (GO:000835: Integrin
Complex) from static controls (GO:0033624: Negative Regulation of Integrin Activation).
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Integrins are force-bearing adhesion proteins (Puklin-Faucher and Sheetz, 2009), and as
such, our vibratory strain data are not surprising. Integrins sense mechanical loads applied
directly to them and to the ECM that they bind (Choquet et al., 1997; Wang et al., 1993).
The cytoskeleton rearranges actin microfilaments and cell nuclei proportionate to integrin-
transduced mechanical loads, which can strengthen the cell against mechanical distortion
(Maniotis et al., 1997; Ralphs et al., 2002; Wang et al., 1993) (Fig 3). The concomitant
redistribution of stress in the intracellular machinery may represent microscale shifts that
underlie vocal health and disease. Integrin expression has been linked to specific voice
disorders. For example, integrin beta 2 is upregulated in vocal polyp as compared to
Reinke’s edema, and integrin beta 1 and 3 are upregulated in vocal fold carcinoma (Bartlett
etal., 2012; Duflo et al., 2006). Research is needed to understand the relationship between
specific integrins and mechanical contributors to fibrosis and treatment. For example,
specific integrin subunits may be associated with resilient microenvironments wherein a cell
is physically fortified against mechanical damage, and vulnerable microenvironments
wherein excessive mechanical stress leads to the production of fibrotic ECM.

Focal Adhesions

Enrichment of Focal Adhesions pathway (KEGG #4510) was shared by vibrated VFF and
BM-MSC (Table 2). The role of focal adhesions in laryngeal tissue is unknown. Focal
adhesion sites are dynamic and can assemble in response to mechanical stimuli (Balaban et
al., 2001; Petroll et al., 2004). Focal adhesion size increases proportionally to traction forces,
on a timescale of a few seconds (Balaban et al., 2001). Perhaps focal adhesion sites in the
vocal fold cover are routinely adjusted in response to the vibratory and stiffness loads of
phonation. Re-anchoring of cells could be protective against mucosal wave propagation.
Future research is needed to better understand the physical adaptations that are afforded to
vocal tissue from focal adhesions, such as tensional homeostasis and buffering (Brown et al.,
1998; Chiquet, 1999; Petroll et al., 2004; Webster et al., 2014).

Lamellipodia

Lamellipodia was another feature of the cell mechanoenvironment that distinguished
vibrated VFF and BM-MSC from static controls (Fig 3). Lamellipodia are cytoskeletal
projections found at the leading edge of migrating cells. Cell migration is associated with
wound healing processes, such epithelial renewal (Ridley et al., 2003). Ingber and others
report that the direction of lamellipodia extension can be manipulated by altering scaffold
shape, stiffness, and mechanical stress (Dembo and Wang, 1999; Parker et al., 2002;
Shemesh et al., 2009; Wang and Ingber, 1994). These findings, in combination with our data,
suggest that lamellipodia-mediated cell migration may be exploited in exercises that apply
tensile stress to the vocal fold during behavioral voice therapy. For example, upward pitch
glide, a preshyphonia exercise (Ziegler et al., 2013), applies tensile stress to the vocal fold
cover, which may adjust lamellipodia orientation and position cells for more favorable ECM
deposition. It was recently reported that fibroblasts exposed to cyclic strain produced ECM
fibers perpendicular to stress direction, but no identifiable ECM orientation was found with
vibratory strain (Wolchok and Tresco, 2013). Further inquiry into how VFF and BM-MSC
use vibratory strain to direct lamellipodia extension into a stiff, fibrotic bed may provide
insights into therapeutic design.
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Cell Type Analysis

Limitations

In addition to analyzing similarities among the cell types, we investigated mechanobiology
within each cell type. Contrary to our hypothesis that vibratory strain would encourage VFF
to significantly express cytoskeletal rearrangement and cell adhesion-related GO terms, there
were no significant mechanotransduction terms in the VFF dataset in the tested patterns (Fig
4). The majority of significant mechanotranduction GO terms were found in BM-MSC,
VIB=SCA#£POLY. BM-MSC are keenly mechanosensitive to three-dimensional matrices and
mechanical stress (MacQueen et al., 2013). Our data corroborates this, with significant GO
terms relating to focal adhesion sites (intracellular proteins linking to actin cytoskeleton, and
transmembrane integrins linking to extracellular ligands) and to CAMs. Given the
mechanotransductive similarity between VFF and BM-MSC in KEGG and earlier GO data,
perhaps these data demonstrate that there was a greater magnitude of difference between the
mechanical conditions (VIB=SCA#POLY) in the BM-MSC dataset than in the VVFF dataset.

It was surprising that there were no significant mechanotransduction terms in the VFF
dataset in the tested expression patterns (Fig 4). A few possible explanations deserve
mention. First, the average age of VFF donors was greater than BM-MSC donors (Table 1).
There is some evidence that dermal fibroblasts stiffen with donor age, which can have
downstream effects (Kessler et al., 2001; Schulze et al., 2012). Second, perhaps being
cultured on polystyrene for four passages prior to the experiment caused the VFF to lose
mechanosensitivity. This possibility is less compelling when considering that nuclear
stiffness in response to uniform biaxial stress did not differ between earlier and later
passages of dermal fibroblasts of healthy controls (Verstraeten et al., 2008). Lastly, in the
event that VVFF are indeed less mechanosensitive to phonation-like forces than BM-MSC, it
may suggest that biomechanical screening of cell sources for vocal fold tissue engineering
efforts is less important than the other myriad factors that could be considered (Yang et al.,
2008).

First, given the dearth of vibration data in the mechanotransduction literature, including a
condition comprised of cells that were vibrated without tensile stress may have been of
interest to the field. Second, only a single time point (24 hours) and stimulation schedule
(30%/hour) were included. Recent investigations have yielded contradictory findings, from
cells quickly adapting to vibration and other mechanical stimuli, to cells showing greater
magnitude of change with exposure time (Robling et al., 2002; Sen et al., 2011; Srinivasan et
al., 2007; Thompson et al., 2012). Third, mechanical stimulation in the bioreactor included
axial tensile strain and compression forces (imparted through vibration of scaffolds), but not
all of the forces present during phonation were included. For example, Mongeau’s group has
designed a bioreactor that features airflow-induced self-oscillations (Latifi et al., 2016,
2014). Fourth, there is a possibility that some of the mMRNA generated during vibratory strain
exposure could have degraded during the twelve-hour rest period (Enholm et al., 1997;
Overall et al., 1991). Future work is needed to measure the stability of relevant mRNA
transcripts in our experimental paradigm. Fifth, as donors from both sexes across the
lifespan were included, findings may not generalize to a specific population. Sixth, gene
expression findings were not evaluated with downstream analysis, such as staining actin
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projections or quantifying integrin isoforms from protein lysates. Finally, the experiment did
not include VFF/MSC co-culture, which may be more clinically applicable.

CONCLUSION

KEGG and GO enrichment data revealed that VFF had greater mechanotransductive
similarity to BM-MSC than to AT-MSC, which may support the consideration of BM-MSC
as a cell therapy for vocal fold regenerative medicine. Our data also highlighted some of the
effects of vibratory strain on cells. Integrin, focal adhesion, and lamellipodium activity
distinguished vibrated VFF and BM-MSC from those that were not vibrated. This suggests
that vibratory strain was associated with cytoarchitectural and ECM remodeling, and cell re-
orientation. Future investigations may be able to discern if the presence of specific integrins
and other mechanotransducers could be used to better understand the scar
microenvironment, to stratify patients with vocal fibrosis into prognostic categories, and to
design cell-based therapies.
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Fig 1. Three experimental conditions.
Cells were cultured on A) polystyrene dishes (POLY), B) scaffolds (SCA), or C)

mechanically stimulated scaffolds (VIB) according to the schedule (D). During the first 12
hours of stimulation, the VIB cells were exposed to simultaneous 20% tensile stress and 200
Hz vibration every third minute. During the second 12 hours of stimulation, the cells were
exposed to 0% tensile stress and no vibration.
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Fig 2. Microarray samples clustered primarily by mechanical condition and secondarily by cell
type.
Hierarchical clustering plot of the normalized intensity values, with samples denoted by cell

type (AT, BM, VFF), donor (1, 2, 3), and mechanical condition (VIB, SCA, and POLY). The
top axis (“Height”) denotes the value of the distance metric between clusters, with the axis
minimum representing the minimum distance between any two samples.
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Fig 3. Vibrated VFF shared more mechanotransductive similarity with BM-MSC than AT-MSC.
Heat map of the significant GO terms related to mechanotransduction from pattern 2

(AT=BM#VFF), 3 (VFF=AT#ZBM), and 4 (VFF=BM-MSC#AT-MSC) is provided for VIB,
SCA, and POLY data (A). This expression pattern was selected based on the significant
KEGG findings. Expected changes to the cell shape (lighter blue), orientation of the actin
cytoskeleton (orange), and nucleus (dark blue) for VFF and BMMSC grown on B)

polystyrene (POLY), or

C) a cell scaffold and exposed to vibratory strain (VIB) are depicted

based on GO analyses. Significant GO terms are listed below each schematic from
expression pattern 4 (VFF=BM#AT) for the VIB and POLY data.
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Fig 4. Significant mechanotransductive GO terms were primarily associated with BM-MSC in

the vibrated and scaffold conditions.

For each cell type analysis, all significant GO terms related to cell adhesion and cytoskeletal
rearrangement are provided in the bar chart. Enrichment z scores > 5 were considered

significant.
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Table 1.

Cell Donor Demographics

Cell Type  Donor Sex  Age (yrs)
AT-MSC  Donor1 F_ 40
Donor2 M_ 51
Donor3 F_ 38
Mean  __ 43.0
BM-MSC Donorl M 22
Donor2 M_ 43
Donord F_ 19
Mean  __ 280
VFF Donori M_ 21
Donor2 F_ 59
Donor3 F_ 77
Mean  __ 523
Overall 411
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Table 2.

KEGG Pathway Enrichment in Mechanical Condition Analyses

Analysis  Pattern Pathway Setmean SetS.D. #of Genes Zscore
VIB AT=BM#VFF  None - - - -
VEF=ATZBM  None - - - -
VFF=BM#AT ECM-Receptor Interaction 0.07 0.26 86 6.07
Focal Adhesions 0.05 0.21 206 5.49
Melanoma 0.07 0.26 71 5.45
SCA AT=BM#VFF None - - - -
VFF=AT#ZBM Collecting Duct Acid Secretion 0.2 0.41 27 6.41
VFF=BM#AT  None - - - -
POLY AT=BM#VFF ECM-Receptor Interaction 0.17 0.38 86 5.88
VEF=AT#BM  Taste Transduction 0.10 0.31 53 5.14
VFF=BM#AT  None - - - -

Page 19

VIB= vibratory strain, SCA= scaffold only, POLY= polystyrene, AT= adipose derived mesenchymal stromal cells, BM= bone-marrow derived
mesenchymal stromal cells, VFF= vocal fold fibroblasts
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