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Microarchitectural cues drive aligned fibrillar collagen deposition
in vivo and in biomaterial scaffolds, but the cell-signaling events
that underlie this process are not well understood. Utilizing a
multicellular patterning model system that allows for observation
of intracellular signaling events during collagen matrix assembly,
we investigated the role of calcium (Ca®*) signaling in human
mesenchymal stem cells (MSCs) during this process. We observed
spontaneous Ca®* oscillations in MSCs during fibrillar collagen as-
sembly, and hypothesized that the transient receptor potential
vanilloid 4 (TRPV4) ion channel, a mechanosensitive Ca?*-perme-
able channel, may regulate this signaling. Inhibition of TRPV4
nearly abolished Ca®* signaling at initial stages of collagen matrix
assembly, while at later times had reduced but significant effects.
Importantly, blocking TRPV4 activity dramatically reduced aligned
collagen fibril assembly; conversely, activating TRPV4 accelerated
aligned collagen formation. TRPV4-dependent Ca®* oscillations
were found to be independent of pattern shape or subpattern cell
location, suggesting this signaling mechanism is necessary for
aligned collagen formation but not sufficient in the absence of
physical (microarchitectural) cues that force multicellular align-
ment. As cell-generated mechanical forces are known to be critical
to the matrix assembly process, we examined the role of TRPV4-
mediated Ca2* signaling in force generated across the load-bearing
focal adhesion protein vinculin within MSCs using an FRET-based
tension sensor. Inhibiting TRPV4 decreased tensile force across vin-
culin, whereas TRPV4 activation caused a dynamic unloading and
reloading of vinculin. Together, these findings suggest TRPV4 activ-
ity regulates forces at cell-matrix adhesions and is critical to aligned
collagen matrix assembly by MSCs.
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Tendon, meniscus, intervertebral disc. cartilage, and other
connective tissues play critical roles in resisting and transferring
loads throughout the body. The ability of these tissues to perform
their mechanical function depends in large part upon the presence
of highly aligned collagen fibrils, organized hierarchically into larger
collagen fibers, that are primarily responsible for the tensile prop-
erties, and in turn, the anisotropy and nonlinear properties of these
tissues (1-3). During development, these tissues are assembled by
fibroblast-like or chondrocytic cells in a process that involves cell-
matrix interactions, cell-generated tensile forces, and multicellular
cooperation (4-6). In response to injury or degeneration, however,
these tissues generally exhibit poor repair capabilities and form
“scar” tissues that lack aligned collagen organization, and therefore
have compromised functional properties (7-10). Promoting effec-
tive tissue repair or engineering tissue replacements with functional
mechanical properties depends upon the ability to direct cells to
generate and maintain an aligned fibrillar collagen matrix.

In this regard, a number of tissue engineering approaches have
attempted to produce tissue replacements with enhanced collagen
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alignment. In particular, mesenchymal stem cells (MSCs) pro-
vide a promising cell source for the regeneration and repair of
aligned connective tissues (e.g., refs. 11-13). MSCs are now be-
lieved to exist in vivo as a population of pericytes within multiple
tissue types (14), but exhibit multipotent capabilities ex vivo (15)
and have been shown to sense and respond to microenviron-
mental cues in engineered tissues. When cultured on or within
biomaterials featuring aligned nano- or microscale architectural
cues, MSCs can align with the cue direction and assemble an
aligned fibrillar collagen matrix (16, 17). Cellular mechano-
transduction and downstream responses to alignment cues that
regulate the process of collagen fibril matrix assembly have been
shown to involve a number of interacting pathways, including actin
cytoskeletal alignment (18, 19), focal adhesion alignment and
oriented growth (20), integrin-mediated fibronectin polymeriza-
tion (4, 21), anisotropic cell-generated contractile forces and other
mechanical stresses (20, 22, 23), and cell signaling involving Rho
and nonmuscle myosin ITA (21, 22). However, the signaling
mechanisms that regulate aligned collagen matrix assembly are
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not fully understood, and these processes are relatively difficult
to study within complex in vivo or 3D matrix scaffolds.

Notably, a number of mechanical signaling pathways involve
transient changes in intracellular Ca** levels that subsequently reg-
ulate a diverse set of cell processes, ranging from cell motility to
transduction of extracellular stimuli, to gene transcription and pro-
tein expression (reviewed in ref. 24). MSCs exhibit spontaneous Ca>*
oscillations (25, 26) and respond to varying mechanical environments
with changes in Ca?* signals (27-29). These Ca** signals play roles in
a number of cell processes in MSCs [e.g., migration (30), differen-
tiation (31)], but the role of MSC Ca®" signaling in aligned collagen
matrix formation has not been established. In recent years, the
mechanosensitive Ca®*-permeable ion channel transient receptor
potential vanilloid 4 (TRPV4) has been shown to play key roles in
mechanotransduction and tissue development in a variety of contexts
(32). In humans, TRPV4 mutations that alter channel function dis-
rupt normal skeletal development and joint health (33-35), and in
chondrocytes, TRPV4 plays a critical role in sensing and responding
to dynamic mechanical loading (36, 37). In MSCs, TRPV4 has re-
cently been identified to be involved in the sensing of fluid flow shear
that stimulates early osteogenic differentiation (38).

The objective of this study was to examine the hypothesis that
TRPV4-mediated Ca®* signaling synergizes with substrate ar-
chitecture to regulate aligned collagen matrix assembly by MSCs.
We utilized a microphotopatterning (pPP) in vitro model system
with aligned cell-adhesive cues, which are potent regulators of
collagen assembly (17), to precisely arrange MSCs into multi-
cellular units and induce the formation of aligned fibrillar
collagen. Our primary hypothesis was that Ca®* signaling via
TRPVA4 is critical to the formation of aligned collagen by MSCs,
and that this process could be manipulated by altering TRPV4
activity. To better understand the mechanism underlying this
process, we used an FRET-based intracellular tension sensor to
examine the effects of TRPV4 activity on tension across the protein
vinculin within focal adhesions, where matrix assembly occurs and
requires cell-generated force. Additionally, using different pattern
geometries where MSCs do/do not assemble aligned fibrillar col-
lagen, we investigated whether MSC Ca®* signaling was dependent
on the pattern microenvironment or exhibited feedback from the
developing collagen matrix. We find that TRPV4 plays a critical
role in the formation of aligned collagen matrix assembly as well as
in modulating vinculin tensile forces within focal adhesions at the
cell-ECM interface. Furthermore, by specific inhibition or activa-
tion of TRPV4 activity, we found that aligned collagen assembly
can be either inhibited or accelerated, respectively. Our data sug-
gest that TRPV4-dependent Ca** signaling in MSCs occurs in a
cell-autonomous fashion that, in combination with substrate-
mediated control of cell shape and position, controls aligned col-
lagen fibril assembly.

Results

MSCs Express Functional TRPV4 Channels. We first investigated
whether TRPV4 was present and functional in human MSCs.
MSCs showed consistent, positive expression for TRPV4, as
assessed via immunofluorescence (Fig. 14, Left), Western blot
(Fig. 14, Center), and flow cytometry (Fig. 14, Right), where
96.4 + 2.6% of MSCs were TRPV4 positive. When exposed to
the TRPV4-specific chemical agonist GSK1016790 (GSK101), a
high percentage of MSCs responded with Ca®" signaling (92.9%
cells signaling in response to 10 nM GSK101, Fig. 1B), and peak
Ca”" signal intensity was found to be dependent on the GSK101
dose (Fig. 1C). TRPV4 activation with low concentrations of
GSK101 (1, 10 nM) induced multiple short peaks of MSC Ca**
signaling (Fig. 1D, Left; traces represent individual cells),
whereas higher concentrations (100 nM, Fig. 1D, Right) yielded
large, sustained peaks that gradually decayed. These data clearly
demonstrate that MSCs express functional TRPV4 channels.

TRPV4 Mediates MSC Ca®* Signaling Early in Aligned Matrix Development

and Is Critical for Aligned Collagen Formation. We utilized a multicellular
patterning model system to induce aligned fibrillar collagen assembly
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Fig. 1. MSCs express functional TRPV4. (A) Human MSCs show positive ex-
pression for TRPV4 via immunofluorescence (Left), Western blot (Center),
and flow cytometry (Right, representative histogram shown, 99.8% posi-
tive). (Magnification: 20x.) (B) MSCs respond with calcium signaling when
exposed to TRPV4 agonist GSK101 (*different from control, P < 0.05, bars
represent percentage of cells signaling for the entire cell population per
condition and thus do not have error bars, semiconfluent monolayer cul-
ture). Peak calcium signal intensity in response to GSK101 stimulation (C) is
dose-dependent (treatments not connected by the same letter are different, P <
0.05). (D) TRPV4 activation with low doses of GSK101 (Left, 1, 10 nM) results in
multiple short peaks of calcium in MSCs (traces are individual cells), whereas
larger doses (Right, 100 nM) yield large, sustained peaks that gradually decay.

by MSCs and observe intracellular Ca®* signaling events during this
process. MSCs were cultured on pPP substrates presenting cell-
adhesive cues at two different length scales (Fig. 24): “microscale”
architecture providing subcellular-scale alignment cues (e.g.,
2-um-wide parallel lines), and “macroscale” pattern boundaries
that are larger than individual cells but can align cells via multi-
cellular confinement and packing. Consistent with previous findings
(17), MSCs cultured on pPPs with alignment cues at both length
scales align and assemble significant quantities of aligned fibrillar
collagen over 2 wk in culture (Fig. 2B). MSC Ca®" signaling was
assessed via live-cell ratiometric fluorescence imaging at different
times during collagen matrix development (days 1, 7, 14). MSCs
cultured on uPPs exhibited spontaneous oscillatory Ca** signaling
(Fig. 2C and Movie S1), and with time in culture the percentage of
cells with a detectable Ca®" signal increased 50-100% relative
to day 1 (Fig. 2D and SI Appendix, Fig. S1B) and the time between
signal peaks decreased 28-44% (i.e., increasing signal frequency; ST
Appendix, Fig. S1B, Right).

Using this system, we investigated whether TRPV4 mediates
Ca** signaling in MSCs during aligned fibrillar collagen forma-
tion. At early culture periods (day 1), blocking TRPV4 activity
[via the TRPV4-specific chemical inhibitor GSK205 (37)] abol-
ished nearly all MSC Ca®* signaling [Fig. 2D, Left, all data shown
for the patterned long-end (PL-E) pattern region], with the
percent of signaling cells reduced from 26.6% (control) to less
than 6% in the presence of inhibitor. At later stages in aligned
matrix development (days 7, 14), blocking TRPV4 had less ef-
fect: no differences were detected between controls and those
cultured in GSK205 at day 7, and only the highest dose (50 pM)
of GSK205 decreased signaling (to 54% of control levels) at day
14. We confirmed that this effect was not simply due to GSK205
desensitization (due to continuous exposure) over the culture
period, as constructs grown for 7 or 14 d without inhibitor again
showed only partial reduction in Ca** signaling when exposed to
GSK205 for 1 h before imaging (Fig. 2D, Right, 37-40% less than
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Fig.2. TRPV4 mediates Ca®* signaling early in MSC aligned matrix formation, and aligned collagen formation is inhibited by blocking TRPV4 and accelerated
by daily TRPV4 stimulation. (A) uPPs with microscale cell-adhesive architectures and macroscale boundaries. (B) Human MSCs cultured on pPPs with aligned
micro/macrocues align with pattern direction and assemble fibrillar collagen over 14 d. (C) MSCs exhibit spontaneous calcium signaling on multicellular pPPs.
(D) MSCs were cultured on pPPs in the presence of TRPV4-specific antagonist GSK205 continuously (Left) or for 1 h before imaging (Right). GSK205 treatment
nearly abolished MSC Ca* signaling at day 1, but later (days 7, 14) signaling was only partially inhibited (*different from control at given day, y% P < 0.05, n =
62-124 cells per condition per time; bars represent percentage of cells signaling for the entire population per condition and thus do not have error bars; see S/
Appendix, Supplementary Methods for details; signaling measured at PL-E pattern position). (E) Fibrillar collagen deposition (day 14) was significantly re-
duced in the (continuous) presence of GSK205 (*different at given polarizer angle, P < 0.05, n = 3 patterns per condition; scale = 50 pm). (F) Treatment with
alternate TRPV4 antagonists RN1734 (10 pM) and HC067047 (10 uM) showed similar reductions in Ca* signaling (*different from control, P < 0.001, %2, day 1,
n = 75-154 cells per condition, PL-E pattern position) and (G) fibrillar collagen deposition (*control different from other groups at given polarizer angle, n =
4-13 patterns per condition, day 14). (H) TRPV4 inhibition also disrupted cellular organization, reducing nuclear aspect ratio (*different from control, P <
0.0001, t test, n = 83-88 per condition) and nucleus alignment with pattern (**sig. difference, Kolmogorov-Smirnov test, « = 0.025; lines: normal fit). (Scale bar,
50 pm.) (/) MSCs stimulated with TRPV4 agonist GSK101 (30 min/d) showed increased collagen deposition at day 7, but not at day 14 [*different from control within
time point, number different between days within treatment group, P < 0.05, n = 4 patterns per condition per time, data shown at peak polarizer angle (45°) for

clarity]. # indicates day 7 significantly differs from day 14. (Magnification: B and C, 40x.)

control levels for 10 pM GSK205). To confirm that these results
were TRPV4-specific and not due to off-target effects of
GSK205, we blocked TRPV4 activity at day 1 (when TRPV4
signaling was found to be greatest) using two other TRPV4-
specific inhibitors (RN-1734, HC-067047) and observed very
similar reductions in Ca2* 51gnahng (Fig. 2F). Altogether these
results suggest that TRPV4 is a primary mediator of Ca® sig-
naling early in MSC multicellular culture on aligned patterns, but
other mechanisms contribute to Ca** 31gnahng at later times.
We then examined whether Ca®* signaling mediated by
TRPV4 played a functional role in aligned collagen formation.
Blocking TRPV4 significantly decreased aligned fibrillar colla-
gen formation after 14 d in culture at both inhibitor concentra-
tions (10, 50 pM GSK205, Fig. 2F). Alternate TRPV4-specific
inhibitors (RN-1734, HC-067047) yielded similar or greater re-
ductions in fibrillar collagen (Fig. 2G). We also measured the
shape and alignment of cell nuclei within our constructs after 2
wk with/without TRPV4 inhibition (using RN-1734, Fig. 2H),
and found clear reductions in nuclear alignment and elongation
with inhibition, indicating a disruption of cell and matrix orga-
nization. MSCs cultured in the presence of TRPV4 inhibitors
covered puPPs in a manner similar to the controls, with no ob-
served differences in overall cell numbers or gross morphology.
Conversely, when TRPV4 was activated via low, daily doses of
GSK101 (30 min/d, 1-10 nM), aligned collagen formation in-
creased relative to control after 7 d of culture (Fig. 21, Left). At
14 d, however, there was no detectable difference between

1994 | www.pnas.org/cgi/doi/10.1073/pnas.1811095116

TRPV4-stimulated and control groups (Fig. 2/, Right). Overall,
we found that aligned collagen formation is inhibited by blocking
TRPV4 and accelerated by actlvatlng TRPV4, indicating a key
role for TRPV4-mediated Ca** signaling in MSC aligned fibril-
lar collagen matrix formation.

MSC Ca2* Signaling Is Insensitive to Pattern Microenvironment and
Developing Collagen Matrix. We next investigated the influence of
pattern shape and the associated accumulation of aligned col-
lagen on MSC Ca”" signaling on different pattern geometries
where MSCs either do (pattern type PL, SI Appendix, Fig. S14)
or do not (pattern types: unpatterned square, US and patterned
square) assemble significant amounts of fibrillar collagen over
time (S Appendix, Fig. S1A4 and ref. 17). While the percentage of
signaling cells increased and period of signaling decreased with
culture time across all pattern types, differences between pattern
types were not detected (SI Appendix, Fig. S1B). Addltlonally,
TRPV4 inhibition showed similar reductions in Ca®* signaling
across all pattern types (SI Appendix, Fig. S1C), nearly abolishing
signaling at day 0 while having a reduced effect at day 14.

As MSCs have been shown to generate spatially varying sub-
strate traction forces when confined in multicellular patterns
(39), as well as respond to mechanical stimuli with changes in
Ca** signaling (27, 28), we also investigated whether cell position
within the pattern (distance from cell centrmd to pattern edge,
SI Appendix, Fig. S1D) affected MSC Ca®* signaling. At early
times (days 1, 7), no relationship between position and signaling
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frequency was detected on any pattern configuration (day 1
shown in S/ 2ppeml,’z.x Fig. S1D, Left). By day 14, only a weak
correlation (R“ = 0.085, P = 0.02) was observed on US patterns,
with cells near the edge signaling with greater frequency (S
Appendix, Fig. S1D, Right; other pattern configurations did not
show significant correlations at any time point). Thus, spatially
varying signaling differences within patterns were minimal across
all pattern types and time points. Taken together, these findings
suggest that in MSCs, oscillating Ca®* signaling (including the
portion specifically mediated by TRPV4) is insensitive to the
specific patterned microenvironment, subpattern spatial posi-
tion, or the presence of an aligned fibrillar collagen matrix.

Ca?* Signaling at Later Stages of Aligned Collagen Matrix Formation
Does Not Require Extracellular Ca?* Influx and Is Insensitive to Actin
Cytoskeletal State. We further investigated the source of oscilla-
tory Ca®* signals at later time points that were independent of
TRPV4 signaling. Depletlon of intracellular Ca** stores via thap-
sigargin eliminated Ca®" signaling at all tlme points (SI Appendix,
Fig. S24), 1ndlcat1ng all observed MSC Ca®* signaling involved in-
tracellular Ca®" store release. When extracellular Ca®* was re-
moved from imaging media (SI Appendix, Fig. S2B), signaling was
abolished at day 1, but only partially reduced at later times (80%
and 74% of control at days 7 and 14, respectively). This result is
consistent with our finding of a reduced effect of blocking TRPV4
at later time points on collagen alignment and suggests that the
additional Ca** s1gna11ng observed at later times does not 1nv01ve
extracellular Ca** influx via an alternate (i.e., non-TRPV4) Ca**
channel. Inhibition of inositol trlphosphate (IP3) receptors via
2-aminoethoxydiphenyl borate (2-APB) in Ca *_free imaging media
(SI Appendix, Fig. S2B) further reduced Ca** 51gna11ng at later time
points (day 7) or completely abolished Ca®* signaling (day 14),
suggesting IP3 as a mediator of intracellular store release at later
times, independent of TRPV4. Disruption of the actin cytoskeleton
via cytochalasm D (SI Appendix, Fig. S2C) resulted in a modest
decrease of Ca”* signaling at days 1 and 14 (24-31% of control, no
difference at day 7). Altogether, these flndlngs suggest that the
TRPV4-independent portion of MSC Ca®* 51gna11ng observed at
later time points does not require extracellular Ca®* influx and is
insensitive to the state of the actin cytoskeleton.

TRPV4 Modulates Force Across the Focal Adhesion Protein Vinculin.
As the assembly of fibrillar collagen is dependent upon cell-
generated contractile forces (22), and Ca®" signaling has been
linked to MSC mechanical force sensing (28), we investigated
whether blocking or stimulating TRPV4 affected intracellular
forces across vinculin, a key load-bearing protein within focal
adhesions, by using an FRET-based molecular tension sensor
(40). The vinculin tension sensor (VinTS, Fig. 34) consists of a
tension sensor module (TSMod, with the FRET pair mTFP and
Venus separated by a [GGSGGS]y linker sequence) inserted be-
tween the head and tail domains of the vinculin protein. Individual
MSC:s stably expressing VinTS exhibit spatially varying patterns of
VinTS FRET efficiency (Fig. 3B), which is inversely related to
load across vinculin. Following 3 d of continuous TRPV4 in-
hibition (via GSK205 treatment), vinculin load in MSCs was sig-
nificantly reduced relative to controls (FRET efficiency increased,
Fig. 3C), but retained higher average load than a VinTS mutant
that fails to bind actin (VinTS 1997A) (41, 42). However, in-
hibition of TRPV4 did not induce detectable differences in focal
adhesion size (Fig. 3C, Right). We then examined the short-term
vinculin-loading response to TRPV4 activation. Following expo-
sure to GSK101 (10 nM, 30-min exposure), vinculin load initially
decreased (FRET efficiency increased), as shown in Fig. 3D, Left,
GSK 101 0 h), and then over the next 48 h increased beyond the
initial control state (GSK101 48 h, Fig. 3D). The size of focal
adhesions also followed a similar pattern, with an initial decrease
and then recovery following TRPV4 activation (Fig. 3D, Right).
Altogether, these findings indicate that sustained blocking of
TRPV4 in MSCs leads to a long-term decrease in tensile loading
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Fig. 3. TRPV4 signaling modulates tension across vinculin. (A) FRET-based VinTS
consisting of a TSMod inserted between head (Vh) and tail (Vt) domains of the
focal adhesion protein vinculin. A mutant sensor which fails to bind actin (VinTS
1997A) was utilized as a control. (B) MSCs stably expressing VinTS (FRET efficiency
inversely related to load). (Scale bars, 20 um.) (C) Inhibiting TRPV4 (GSK205, 3 d)
increases vinTS FRET efficiency (decreases force; different letters significantly
different, P < 0.05, n = 20-22 images fields per condition, >16,700 focal adhe-
sions per condition), but does not affect focal adhesion size (P = 0.124). (D)
Stimulating TRPV4 with a single dose of GSK101 (10 nM, 30 min) increased
VinTS FRET efficiency (Left) immediately following activation (0 h), fol-
lowed by recovery over 48 h (*,** higher/lower than control, P < 0.05; n =
21-27 image fields per condition, >17,000 focal adhesions per condition).
Correspondingly, focal adhesion size decreased and then recovered following
TRPV4 activation (Right, conditions with different letters different, P < 0.05).
n.s.d., no significant differences.

across vinculin, whereas a pulse of TRPV4 activation results in a
dynamic unloading and reloading of vinculin, as well as a decrease
and then recovery in focal adhesion size.

Discussion

The formation of highly ordered fibrillar collagenous tissues of
the musculoskeletal system requires multicellular alignment and
coordination. Although several key cellular and subcellular processes
involved in collagen fibrillogenesis have been previously documented
(4, 43), the details of the cell-signaling mechanisms underlying
aligned collagen matrix assembly by cells in general, and by MSCs
specifically, remain to be determined. Here, using a defined micro-
patterned geometry to 1nduce controlled formation of aligned col-
lagen, we found that Ca®" signaling mediated by the TRPV4 ion
channel is an important regulator of vinculin tension and necessary
for aligned fibrillar collagen formation by MSCs (summarized in S7
Appendix, Fig. S3). Furthermore, we found that by modulating sig-
naling through this ion channel using TRPV4-specific inhibitors or
agonists, aligned collagen matrix formation could be either inhibited
or accelerated respectively. These findings indicate that TRPV4-
mediated Ca®* signaling is necessary for aligned collagen forma-
tion by MSCs in response to microarchitectural cues.

Oscillating Ca®* signaling has previously been observed in
MSCs (26), as well asa variety of other cell types. In myofi-
broblasts, these Ca** oscillations have been shown to directly
correlate with microcontractions that directionally move ECM-
coated beads attached to the cell surface and are distinct from
long-lived isometric forces mediated by actin stress fibers, with the
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two contraction modes potentlally working in concert to drive
ECM remodeling (44). Ca** oscillations in myofibroblasts were
observed every ~100 s (44), in close agreement with our MSC
findings (SI Appendix, Fig. S1B), and increasing myofibroblast
oscillation frequency was shown to increase microcontraction
frequency, which may relate to our finding of accelerated matrix
assembly with TRPV4 activation (Fig. 21). Interestingly, oscillating
mechanical contractions with periods in this same range (60-100 s)
have recently been observed in tendon fibroblasts during in vitro
collagen fibrillogenesis (45). In combination, our findings and
these previous studies raise the intriguing possibility that oscillating
contractions may be due to TRPV4-mediated calcium oscillations,
although further work is required to verify this hypothesis. Fur-
thermore, Ca®" oscillations in MSCs have also been linked to other
processes which may affect matrix assembly, including migration
(30), transcription factor activation and differentiation (25, 31), and
mechanosensing (28, 29).

TRPV4 has previously been shown to play a critical role in
matrix biosynthesis by chondrocytes (36), with TRPV4 activation/
inhibition (in combination with dynamic compressive loading)
leading to large increases/decreases in neocartilage matrix
accumulation, respectively. Here we observed that a daily pulse
of TRPV4 activation promoted greater aligned collagen forma-
tion at 7 d, but not at 14 d. This finding was consistent with our
observatlon of the major contribution that TRPV4 makes to
MSC Ca** signaling early in aligned matrix formation (as shown
in Fig. 2D). Alternatively, the downstream effects of TRPV4
stimulation, including our findings of the dynamic unloading/
reloading of vinculin and disassembly/reassembly of focal adhe-
sions (Fig. 3D), could be beneficial early in the matrix formation
process (promoting dynamic changes during cell realignment,
migration, etc.) but detrimental at later times (possibly disrupt-
ing established cell/cytoskeleton organization and force genera-
tion). We also found that blocking TRPV4 interfered with MSC
aligned collagen assembly (Fig. 2D). TRPV4 inhibition did not
cause overt changes in MSC proliferation or cell morphology, but
significantly reduced both matrix accumulation and cell organiza-
tion (as evidenced by polarized light as well as nuclear shape, Fig.
2H). Despite having much less of an effect on Ca** signaling at later
culture times, TRPV4 inhibition significantly impaired aligned
matrix formation over the course of 2 wk, suggesting that early
signaling may be particularly critical to establishing the initial
alignment for ongoing collagen fibril formation.

Cell-generated actomyosin-driven tension is a Ca**-dependent
process that is critical to the assembly of both fibronectin and
collagen fibrils (22 46, 47) and may be modulated via TRPV4. In
fibroblasts, Ca®* influx mediated by TRPV4 channels localized
to cell-matrix adhesions enables the generation of cell extensions
essential for collagen remodeling by regulating the interaction
between the actin-binding protein flightless-1 and nonmuscle
myosin IIA (48). Here, using a molecular tension sensor that
measures piconewton-scale forces inside of cells, we found that
blocking TRPV4 reduced tensile loading across vinculin, a focal
adhesion protein that mediates load transfer between the cyto-
skeleton and ECM, but did not alter focal adhesion size (Fig. 3C).
This finding suggests that TRPV4 inhibition may decrease the
overall contractile state in MSCs, and/or modify local focal ad-
hesion assembly or signaling, both of which are regulated by vin-
culin loading (40). In contrast, we found that a pulse of TRPV4
activation first led to a decrease in vinculin tension to levels
approaching those of a mutant sensor that fails to bind actin
(I997A, Fig. 3D) and the unloaded sensor [FRET efficiency of
~0.28 (49)], and was followed by recovery above the original
baseline (control) tension levels after 48 h. Additionally, this ac-
tivation pulse resulted in an initial decrease in focal adhesion size,
followed by subsequent recovery. Altogether, these findings sug-
gest TRPV4 can regulate forces at cell-matrix adhesions (as
summarized in SI Appendix, Fig. S3B) and may affect the me-
chanics of collagen matrix assembly.

Given that TRPV4 may be regulated mechanically (36, 50-53),
we investigated whether Ca”" signaling in our system might vary
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spatially within a given multicellular pattern [due to possible
differences in cell-generated traction stresses (39)], or between
pattern types where distinct differences in fibrillar collagen
content and alignment develop over time (17) and might contribute
to altered mechanical signaling. We found that differences in Ca”*
signaling among pattern types where fibrillar collagen is/is not
produced (i.e., long/square patterns, respectively) were not signifi-
cantly different at any time point (SI Appendix, Fig. S1B), and that
TRPV#4’s contribution to this signaling was similar across pattern
types (SI Appendix, Fig. S1C). Additionally, differences based on
subpattern spatial position were minimal (SI Appendix, Fig. S1D),
and signaling persisted even when the actin cytoskeleton was dis-
rupted (SI Appendix, Fig. S2C). Thus, our data suggest that MSC
oscillating Ca* signaling is relatively insensitive to external micro-
environment mechanical cues or feedback from developing colla-
gen. We find that this TRPV4-dependent signaling mechanism is
necessary for the assembly of aligned collagen (Fig. 2 E and G), but
not sufficient in the absence of physical (microarchitectural) cues
that force multicellular alignment (S Appendix, Fig. S1) and end-to-
end cell positioning [overall pattern lengths > ~500 pm (17)]. As
such, we propose fibril assembly may be considered an emergent
behavior arising from a group of properly arranged and autono-
mously signaling cell “units."

Overall, our findings show that TRPV4-mediated Ca®* signal-
ing regulates vinculin tension and the formation of aligned fibrillar
collagen by MSCs on patterned substrates, and that modulation of
this signaling could be used to inhibit or enhance aligned collagen
formation. This work may have useful ramifications in under-
standing the development of aligned collagenous tissues, as well as
for improving or accelerating tissue regeneration.

Methods

pPP. Cell-adhesive patterns with microscale architecture and macroscale
boundaries (Fig. 2A) were created via two-photon photoablation of thin
(~150 nm) polyvinyl alcohol hydrogel layers (17, 54). Ablated cell-adhesive
regions were functionalized with fibronectin (20 pg/mL) via adsorption.
Patterns are stable in culture for over 2 wk.

Cell Culture. Human MSCs isolated from bone marrow aspirates (cells pooled
from three donors) were expanded in monolayer (passage 5) and seeded onto
WPP substrates, and cultured (5% CO,, 37 °C) for 1-14 d on pPPs (full details in
SI Appendix).

TRPV4 Expression and Activity. MSC TRPV4 protein expression was assessed via
immunostaining, Western blot analysis, and flow cytometry using a TRPV4-
specific antibody (ACC-034; Alamone Labs) and standard protocols (S/ Appen-
dix). Dose-response to TRPV4-specific chemical agonist GSK101 (GSK1016790A;
Sigma-Aldrich) was assessed using a fluorometric imaging plate reader
(Molecular Devices). MSCs were plated in a 96-well plate, cultured overnight
(unpatterned, semiconfluent cultures), and loaded with the Ca®*-sensitive
dye Fluo-4 No Wash (Sigma-Aldrich). GSK101 solutions (2-400 nM) were
added to each well and fluorescence measured over 70 s. Peak fluorescence
intensity for each well was recorded and normalized to vehicular control.

2+ Signaling on pPPs. Cells grown on puPPs (for 1, 7, or 14 d) were loaded
with fura-red and fluo-4 calcium-sensitive dyes for ratiometric Ca>* confocal
imaging as described previously (37, 55). Square patterns were imaged en-
tirely; long patterns were imaged in two pattern regions, middle and end
(Fig. 1C). The mean fluorescence ratio was measured for each cell in the
image over 5 min of imaging (~2 s acquisition intervals). A Ca®* signal was
defined as an increase in fluorescence ratio greater than 3 SDs above
baseline. For TRPV4 inhibition experiments, uPPs were cultured with GSK205
(10 or 50 pM), RN-1734 (10 uM; Sigma-Aldrich), HC067047 (10 pM; Tocris
Bioscience), or vehicle control (DMSO), continuously (up to 14 d) or for 1 h
before imaging. For continuous inhibition experiments, fresh inhibitor was
added with each media change (2-3 d). To further elucidate the calcium
signaling pathway, MSCs grown on pPPs (1-14 d) were treated with the
following compounds (80 min pretreatment before imaging): thapsagargin
(1 uM), 2-APB (100 pM in Ca®*-free HBSS), cytochalasin D (2 pM).

Polarized Light Analysis. Fibrillar collagen deposition was assessed using po-
larized light. Samples were fixed (4% formaldehyde), stained with picrosirius
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red, and imaged via a polarized light microscope equipped with rotating
polarizer/analyzer (see S/ Appendix for full details). To assess the effects of
TRPV4 inhibition, MSCs on pPPs were cultured continuously with GSK205 (10 or
50 pM), RN-1734 (10 pM), HC-067047 (10 pM) for 14 d, then fixed and imaged.
For TRPV4 activation experiments, MSCs on pPPs were treated with GSK101
(1 or 10 nM, or DMSO control) for 30 min/d (in culture media) for 7 or 14 d.

VinTS. MSCs were transduced to stably express an FRET-based intracellular
biosensor designed to measure force across the focal adhesion protein vin-
culin [VinTS (40)]. A mutant sensor that fails to bind actin (VinTS 1997A, ref.
42) was used as a control. VinTS MSCs were seeded in a semiconfluent
monolayer on fibronectin-coated (10 pg/mL) glass and cultured (3 d) with or
without TRPV4 inhibitor GSK205 (10 pM, 50 pM, or DMSO control). Treated
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VinTS MSCs were fixed, imaged, and focal adhesions analyzed for FRET via
sensitized emission (ref. 49, see S/ Appendix details). In a separate experi-
ment, TRPV4 was activated for 30 min (10 nM GSK101), with cells allowed to
recover for various times (0, 4, 24, 48 h) before fixation and analysis.

Statistical Analysis. All data are presented as mean + SEM unless otherwise
noted, with differences considered significant where P < 0.05. Full details of
statistical methods are provided in S/ Appendix.
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