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Abstract

Different tissue types are characterized by varying stiffness and biochemical ligands. Increasing
substrate stiffness has been shown to trigger Yes-associated protein (YAP) translocation from
cytoplasm to the nucleus, yet the role of ligand density in modulating mechanotransduction and
stem cell fate remains largely unexplored. Using polyacrylamide hydrogels coated with fibronectin
as a model platform, we showed stiffness-induced YAP translocation occurs only at intermediate
ligand densities. At low or high ligand densities, YAP localization is dominated by ligand density
independent of substrate stiffness. We further showed ligand density-induced YAP translocation
requires cytoskeleton tension and aVVB3-integrin binding. Finally, we demonstrate that increasing
ligand density alone can enhance osteogenic differentiation regardless of matrix stiffness.
Together, the findings from the present study establish ligand density as an important parameter
for modulating stem cell mechanotransduction and differentiation, which is mediated by integrin
clustering, focal adhesion and cytoskeletal tension.
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Introduction

Stem cell fate is modulated by physical stimuli from the surrounding extracellular matrix
(ECM) through a process of mechanotransduction [1], through which stimuli are transduced
into biochemical signals. Transcriptional regulator Yorkie-homologue YAP (Yes-associated
protein) has been identified as a mechanical rheostat of the cell, where YAP localization and
activity correlates with ECM stiffness [2]. High stiffness triggers YAP translocation to the
nucleus and activation and further downstream signaling [2]. Stiffness-induced YAP nuclear
translocation is accompanied by changes in cytoskeletal F-actin and focal adhesions [3, 4].
Inhibiting cytoskeletal tension abolishes stiffness-induced YAP translocation [2].
Furthermore, YAP regulates how cells sense matrix stiffness through controlling
transcription of focal adhesion molecules [5]. These adhesions are comprised of a number of
proteins that are recruited to integrin transmembrane proteins: the site of contact with the
ECM and the primary mechanosensors of the cell. Integrin receptors of the cells adhere to
the ECM through biochemical ligands within the ECM proteins.

As cell adhesion serves as the interface between cells and their niche, it is essential to
incorporate biochemical ligands to allow cells to sense matrix stiffness. Previous
mechanotransduction studies have employed hydrogel substrates of tunable stiffness to
mimic ECM, and substrates were functionalized with various ECM proteins such as type |
collagen [6-9], fibronectin [2, 5, 10-15], and laminin [11, 16, 17]. Varying ligand density
has been shown to alter cell motility [15, 18] and spreading [9, 14, 15, 18-20] as a function
of hydrogel stiffness. However, the trends reported in previous studies were inconsistent.
While some report increasing ligand density resulted in increased cell area [14, 15, 19, 20],
others have observed a biphasic relationship [9, 18]. One factor that contributes to the
inconsistent findings from these studies is that they employ different conjugation protocols
without directly characterizing the actual amount of incorporated proteins. As such, the
protein density vary across different studies, which makes it difficult to directly compare the
trend. Furthermore, previous ligand studies often focused on fully differentiated cell types
such as various epithelial cell lines [2, 8, 11-13]. How ligand density modulate stem cell
mechanotransduction and fate remains largely unclear.

Using a polyacrylamide hydrogel platform with enhanced conjugation efficiency of
biochemical ligands, here we seek to elucidate how varying ligand density modulates
mechanotransduction and differentiation of mesenchymal stem cells. We chose fibronectin
as the model biochemical ligand given its wide use as biochemical ligand for previous
mechanotransduction studies [2, 5, 10-15] and robust efficacy in supporting cell adhesion
[21]. To assess whether ligand density may impact stem cell mechanotransduction, human
mesenchymal stem cells (hnMSCs) were cultured on soft (3 kPa) or stiff (38 kPa)
polyacrylamide hydrogels conjugated with tunable fibronectin density. To probe the
molecular machineries involved in ligand density-induced mechanotransduction in stem
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cells, MSCs were characterized by imaging the localization of YAP, F-actin, and focal
adhesion proteins. Here we report that YAP translocation and stem cell differentiation not
only depend on substrate stiffness, but can also be directly modulated by ligand density. We
further demonstrate that ligand density-induced YAP translocation is mediated through
integrin binding, focal adhesion formation, and cytoskeletal tension.

Biochemical ligand density alters YAP translocation and F-actin formation

Previous studies have reported that biochemical ligand density alters cell morphology, but
how it alters YAP mechanotransduction and the underlying mechanisms remain unclear. To
assess the effect of varying ligand density on mechanotransduction of hMSCs, we chose to
measure YAP translocation and F-actin formation. To enhance the conjugation efficiency of
biochemical ligands to the polyacrylamide hydrogel substrate, we modified the conventional
method of fabricating polyacrylamide hydrogels. Specifically, we introduced primary amine
groups onto polyacrylamide hydrogel surface, which has higher binding efficiency with the
nitrophenyl azide group in sulfo-SANPAH than the amide group in unmodified
polyacrylamide. We verified the incorporation of ligand by imaging gels conjugated with
fluorescently-labelled fibronectin (Fig. 1b). The amount of actually incorporated fibronectin
was quantified using ELISA (Fig. 1c), which confirmed the increase in ligand density. At
any given ligand density, no significant differences in ligand incorporation was observed
between soft and stiff hydrogels (Fig. 1c). Hydrogels were fabricated with young’s modulus
of 3 kPa (designated as soft) or 38 kPa (designated as stiff) (Fig. 1d) to represent a range of
stiffnesses relevant for lineage-specific differentiation. Previous mechanotransduction
studies of hMSCs have shown that soft substrates (1-5 kPa) promote the adipogenic
differentiation [22] whereas stiff substrates (25-40 kPa) promote osteogenesis [23]. We
cultured bone marrow-derived human mesenchymal stem cells (hMSCs) on these soft and
stiff polyacrylamide hydrogel surfaces coated with low, intermediate, and high fibronectin
densities (Fig. 1a, e). Regardless of substrate stiffness, increasing ligand density led to
increase in cell spreading and F-actin cable formation (Fig. 1e, f). Interestingly, stiffness-
induced YAP nuclear translocation was only observed at medium ligand density. At low or
high ligand density, YAP localization is dominated by ligand density regardless of substrate
stiffness, also shown using the fibronectin binding motif, RGD peptide (Fig. S1).
Specifically, low ligand density invariably led to cytoplasmic YAP, whereas high ligand
density always resulted in YAP translocation to nucleus (Fig. 1f, g; Fig. S2). A similar trend
was observed in F-actin cable formation and cell spread area in response to varying ligand
density and substrate stiffness (Fig. 1f, g). We devised a method to assess the amount of F-
actin cables by calculating the ratio between the outer, cortical region of the cells, which we
define by a 2um outer perimeter, and the region inside of this cortical region where F-actin
cables form (Fig. S3).

Ligand density-induced YAP nuclear translocation requires cytoskeletal tension

Given the F-actin formation correlated well YAP translocation as a function of ligand
density (Fig. 1e—g), we next tested the effect of blocking cytoskeletal tension in ligand
density-induced YAP translocation. For stiffness-induced YAP nuclear translocation, YAP
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activity was shown to require actin cytoskeletal tension, and inhibiting cytoskeleton tension
abrogates stiffness-induced YAP activity [2]. Whether ligand density-induced YAP
translocation relies on the same mechanism remains unknown. To block cytoskeleton
tension, hMSCs were treated with blebbistatin, a myosin 1l ATPase inhibitor. Blebbistatin
treatment abolished the ligand density-induced differences in YAP nuclear translocation and
F-actin cable formation (Fig. 2a, b). Regardless of the ligand density or substrate stiffhess,
YAP was sequestered in the cytoplasm when hMSCs were treated with blebbistatin (Fig. 2a,
b). We further demonstrate this process is reversible. Removal of blebbistatin restored ligand
density-induced changes in F-actin and YAP translocation. To corroborate this observation,
we also treated hMSCs with Y-27632, an inhibitor for Rho-associated kinase (ROCK). The
same trend was observed (Fig. 2a, b). Together, these results provide clear evidence that
cytoskeletal tension is required for ligand-induced YAP translocation.

Increasing ligand density leads to increasing focal adhesion formation regardless of
substrate stiffness

Cell adhesions are required for stiffness sensing [12, 22] and integrin-growth factor crosstalk
has been shown to modulate stem cell fate [24]. Increasing focal adhesions generates more
intracellular tension, and has been shown to promote osteogenesis [24—-27]. To understand
how altered ligand density translates into changes in cytoskeletal tension and YAP
localization, we next examined the localization and expression of key adhesion proteins in
response to changes in ligand density, using confocal microscopy to image adhesions at the
bottom surface of the cells (Fig. S4a). Regardless of substrate stiffness, low ligand density
led to minimal focal adhesion formation, as shown by the diffuse localization of phospho-
focal adhesion kinase (pFAK), paxillin and vinculin. In contrast, high ligand density led to
more punctae formation, indicating enhanced focal adhesion formation (Fig. 3a, b). This
trend was verified through quantification of the number of punctae throughout the cells
using an automated image analysis (Fig. 3c; Fig. S4b). We next examined the localization of
B1 integrin and a VB3 integrins, which are the transmembrane proteins in direct contact with
the ligands. A similar trend was observed, with increased punctae formation in response to
increasing ligand density regardless of substrate stiffness (Fig. 3d). Recent evidence also
suggests an interplay between YAP translocation and focal adhesion gene expressions [5].
We assayed for changes in focal adhesion genes using a PCR array of 84 genes. Varying
ligand density resulted in much more dramatic changes in gene expression patterns of focal
adhesion genes than varying substrate stiffness, highlighting ligand density has a more
dominant role in focal adhesion formation (Fig. 3e). A few examples of genes that
upregulates substantially in response to increasing ligand density include GTPase HRAS, an
important enzyme in the MAPK/ERK pathway; RAP1B, a GTP-binding protein that
regulates integrin-mediated signaling; and ROCK?2, a regulator of actin stress fiber formation
and focal adhesion formation (Fig. 3e).

Ligand density-induced YAP translocation requires aVp3-integrin adhesion

As ligand density-induced YAP translocation is accompanied by integrin clustering (Fig.
3d), we next sought to determine which integrin subunits are required. A recent study
suggested that a.5p1-integrin governs cell adhesion, while aVB3-integrin enables
mechanosensing [28]. To test whether aVVB3-integrin adhesion is required for ligand
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density-induced YAP translocation, antibodies were added to block a V3, and were
subsequently removed to test whether the process can be rescued. Blocking aVB3-integrin
abolished YAP nuclear translocation across all groups regardless of ligand densities or
substrate stiffness. Removing the blocking antibody restored the ligand density-induced YAP
translocation, suggesting this process is reversible (Fig. 4a, b). Morphology of F-actin
exhibits similar trend— blocking aVB3-integrin led to cortical actin, and removal antibody
restored F-actin cable formation. (Fig. 44, ¢). These results indicate that ligand density-
induced YAP translocation requires aVVB3-integrin adhesion.

Increasing ligand-density enhances osteogenic differentiation of hMSCs regardless
substrate stiffness

YAP nuclear localization has been shown to enhance osteogenic differentiation [2]. We then
examined the effects of varying ligand density on osteogenic differentiation of hMSCs when
cultured on soft or stiff substrates. Osteogenic differentiation was assessed by staining of
early osteogenic markers alkaline phosphatase (ALP) and runt-related transcription factor 2
(RUNX2). Regardless of substrate stiffness, increasing ligand density more cells staining
positive for ALP (Fig. 5a) and enhanced RUNX2 expression (Fig. 5b). In addition to
staining, we also performed real time gRT-PCR to quantify the expressions of two early
bone markers, ALP and RUNX2 (Fig. S5). Gene expression data showed a similar trend,
with increasing ligand density leading to an increase in the expression level of osteogenesis
markers. The difference, however, was not statistically significant. This may be due to the
relative early time point chosen (day 3).

Discussion

Previous mechanotransduction studies have largely focused on the effects of varying
substrate stiffness on cell fates [2, 22, 23], but the role of ligand density on
mechanotransduction remain largely unexplored. Extracellular matrix contains various
biochemical ligands such as fibronectin, type I collagen, and laminin [29]. Different tissue
types contain different types and density of ligands, and differ substantially in tissue
stiffness. Using fibronectin as a model biochemical ligand, here we demonstrate that varying
ligand density alone can directly impact how hMSCs feel the mechanical cues from the
matrix, and modulate differentiation of hMSCs without altering substrate stiffness. Our work
highlights the importance of taking ligand density into consideration for
mechanotransduction studies. Importantly, our results showed stiffness-induced YAP
translocation is only valid at intermediate ligand density for fibronectin coated
polyacrylamide hydrogels (Fig. 1). In contrast, at low or high fibronectin density, YAP
translocation is dominated by ligand density regardless of substrate stiffness (Fig. 1). We
further demonstrate that ligand density-induced YAP translocation requires cytoskeletal
tension (Fig. 2) and aVp3-integrin adhesion (Fig. 4), which is a shared mechanism through
which substrate stiffness induce YAP translocation (Fig. 6).

Previous studies have reported seemingly contradictory findings about the relationship
between ligand density and cell spreading and stiffness [9, 14, 15, 18-20]. While some
report increasing ligand density increased cell spreading [14, 19], others report a biphasic
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relationship with cell area increasing with increasing ligand density until an optimum and
then decreasing [9, 15, 18]. These studies use different ligand conjugation protocols and
characterize the ligand coatings with different methods. Most of these studies only reported
the concentration of ligand solution used for coating the hydrogel surface, but did not direct
quantify the actual amount of protein successfully conjugated. As such, it is very difficult to
directly compare the results from the different studies. Given the varying conjugation
efficiency from different studies, the inconsistent trend reported from different studies are
likely due to variation of ligand density conjugated on the hydrogel substrate, as suggested
by the results from our study. To facilitate comparing research findings from various
research groups, it is important for future mechanotransduction studies to directly quantify
the amount of the incorporated ligand density while interpreting their results.

A recent study has shown changes in protein tethering may also impact mechanosensing of
stem cells [6]. In our study, we do not expect protein tethering to be a contributing factor for
the observed ligand density-induced YAP nuclear translocation. To validate this, we assessed
the effect of increasing ligand density using a short peptide, RGD, which would be less
affected by potential changes in protein tethering. Our results indeed showed increasing
RGD dosage from 0.1 mM to 2.5 mM led to translocation of YAP from cytoplasm to nucleus
without altering hydrogel stiffness (Fig. S1). These results remove protein tethering as a
confounding factor that may contribute to the ligand density-induced YAP nuclear
translocation. Recent studies have also explored potential mechanisms underlying stiffness-
induced YAP nuclear translocation. Perinuclear stress fibers were found to be required to
compress the nucleus, opening nuclear pores and driving YAP nuclear translocation [30, 31].
It is likely that ligand density-induced YAP nuclear translocation require perinuclear stress
as well, and would be of interest for future mechanistic investigations.

Increasing substrate stiffness [23] has been shown to enhance hMSC spreading and
actomyaosin contractility, which in turn promoted osteogenesis. One important finding from
the present study is that varying ligand density on 2D substrate can directly modulate stem
cell differentiation without changing substrate stiffness (Fig. 5). This finding could
potentially be harnessed for enhancing osteogenesis through priming cells on high
fibronectin ligand density substrates, and may be used to guide rational scaffold design to
enhance stem cell-based bone formation. We chose to focus on early bone markers only in
response to varying ligand density. This is because long term culture would be necessary to
assess mature bone markers. Since these cells can produce new extracellular matrix within a
few days, the initial ligand density would be quickly masked by the newly deposited ECM
cues. As such, we intentionally chose to focus on short term studies over a few days to avoid
confounding factors from newly deposited ECM cues. In the present study, we have chosen
fibronectin as the biochemical ligand given its abundance in ECM, important role in tissue
pathology and wound healing, [21] and wide use as cell adhesive ligand in previous
mechanotransduction studies. In addition to fibronectin, the ECM also contain other
important proteins including collagen I, collagen 1V, laminin, elastin [29]. The ratio and
compositions of these ECM proteins vary across different tissue types and during
morphogenesis. In addition, different ECM proteins engages different integrin subunit types
[32]. While the present study focuses on the fibronectin as a model ligand, the principles that
arise from this study may be broadly applicable to other types of ECM proteins. Future
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studies can further examine the effect of varying ECM ligand types and ratios on
mechanotransduction and stem cell differentiation.

In summary, the present study validate ligand density as a niche cue that directly modulates
mechanotransduction and differentiation of adult stem cells. Ligand density-induced YAP
translocation requires cytoskeleton tension and a\VVB3-integrin adhesion, which are also
shared by stiffness-induced mechanotransduction. Increasing ligand density alone can
enhance osteogenesis of hMSCs even when cultured on soft substrates. Our results highlight
that mechanotransduction not only depends on substrate stiffness, but also on ligand density.
Findings from the present study not only fill in a gap of knowledge in mechanobiology, but
also shed lights into harnessing ligand density as a parameter to enhance desirable stem cell
fates and tissue regeneration.

Materials and Methods

Hydrogel Fabrication

Polyacrylamide hydrogels were fabricated by adapting a previously reported protocol [33,
34] to incorporate primary amine end groups, for the purpose of enhancing protein
conjugation efficiency. In brief, 2-aminoethyl methacrylate (Aldrich 516155, 15 mM in
deionized water) was added to hydrogel precursor solution containing acrylamide (Sigma
A4058,40% (v/v)) and N,N’-methylenebisacrylamide (Sigma M1533, 2% (v/v)). Soft or
stiff hydrogels were fabricated by maintaining acrylamide concentration constant (8% (v/v))
while varying the concentration of bis-acrylamide (0.08 or 0.48% (v/v)). To initiate
photocrosslinking, photoinitiator 2-Hydroxy-1-[4-(2-hydroxyethoxy) phenyl]-2-methyl-1-
propanone (Irgacure 2959, Ciba, 0.05% (w/v)) was used. Hydrogel precursor solution (65 ul)
were loaded between two round glass coverslips (15 mm in diameter) and exposed to
ultraviolet light (365 nm, 4 mW/cm?2, 5 min) to form a hydrogel substrate with thickness of ~
370 um. The hydrogel surface was then modified with sulfo-SANPAH (Life Technologies
22589, 0.83 mg/ml in PBS) and exposed to light (365 nm, 4 mW/cm2, 5 min). To
incorporate biochemical ligand, hydrogel substrates were washed with PBS and incubated
overnight at 37 °C in fibronectin (BD Biosciences 354008) diluted in PBS with varying
concentrations of 1 ug/mL (low), 7 pg/mL(intermediate), and 10 pg/mL (high). RGD-
incorporated hydrogels were fabricated according to previously reported methods [7]. In
brief, acrylated-PEG3400-Maleimide (Laysan Bio, Inc.) was reacted with CRGDS peptide
(Bio Basic) and incorporated at 0.1 or 2.5 mM into the hydrogel precursor solution
described above.

Mechanical testing

The stiffness of polyacrylamide hydrogels was measured using an Instron 5944 materials
testing system (Instron Corporation, Norwood, MA). Hydrogels were immersed in PBS at
room temperature and placed on custom-made aluminum compression plates lined with
PTFE to minimize friction. Before each test, a preload of approximately 2 mN was applied.
The upper plate was then lowered at a rate of 1% strain/sec to a maximum strain of 30%.
Load and displacement data were recorded at 100 Hz. The Young’s modulus was calculated
using linear curve fit of the stress vs strain curve with a strain range of 10-20%.
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Characterization of protein conjugation

To visualize the incorporation of ligand on the hydrogel, fluorescently-labeled protein
(Hylite 488, Cytoskeleton FNR02-A) was conjugated to the hydrogel at the various ligand
densities. Hydrogel surfaces were visualized under low magnification fluorescent imaging.

To quantify protein incorporation, hydrogels with various ligand density and stiffness were
punched out using a 6-mm biopsy punch and placed in wells of a 96-well plate. Fibronectin
was assayed using a human fibronectin ELISA kit (Thermo Fisher Scientific BMS2028).
Hydrogel substrates were incubated with 1:100 biotin-conjugated anti-human Fibronectin
antibody, washed 6 times for 10 min in 12-well plate to ensure thorough washing, incubated
with 1:200 streptavidin-HRP, washed another 6 times, incubated with a substrate solution
where a colored product was formed proportionally to the amount of human fibronectin
present on the hydrogel. The reaction was terminated through addition of acid. Absorbance
of hydrogels was measured at 450 nm in the 96-well plate. A standard curve was determined
according to the kit protocol to calculate the actual amount of fibronectin contained on
hydrogel surfaces.

Cell culture

hMSCs (Lonza) were cultured in growth medium comprised of Dulbecco’s Modified Eagle
Medium (Gibco), fetal bovine serum (10% v/v, Gibco), penicillin-streptomycin (1% v/v,
ThermoFisher Scientific), and recombinant human fibroblast growth factor-basic (10 ng/mL,
Peprotech). For all mechanotransduction characetetization studies, passage 6 hMSCs were
plated at 2,500 cells/cm? onto the hydrogels, and cultured 6 hours before analyzed by
immunofluorescence staining. For osteogenic studies cells were seeded at 30,000 cells/ cm?
and cultured for in osteogenic media comprised of DMEM, FBS (10%), penicillin-/
streptomycin (1% v/v, ThermoFisher Scientific), dexamethasone (100 nM), ascorbic-2-
phosphate (50 pug/mL, Sigma), and beta glycerol phosphate (10 mM, Sigma). Runx2
expression was assessed after 3 days and ALP expression was assessed after 5 days.

Inhibitor experiments

For inhibitor studies, cells were seeded on substrates and allowed to adhere for 3 hours.
Blebbistatin (50 uM, Abcam ab120425) or Y27632 (10 uM, Abcam ab120129) was diluted
in fresh culture medium and applied to the culture for 2 hours prior to cell fixation. For
rescue experiments, culture media with inhibitors were replaced with growth medium and
allowed to recover for 2 hours prior to cell fixation. Integrin blocking experiments were
conducted by incubating the cells in growth medium in the presence of a\VVp3-integrin (25
pg/mL, Abcam ab78614) for 1 hour at 37C and then seeded onto the substrates. For integrin
blocking rescue experiments, culture medium was replaced and cells were allowed to
recover for 4 hours. The overall length of culture for all inhibitor studies was 5 hours.

Immunofluorescence imaging

Cells were fixed using 4% paraformaldehyde/PBS for 15 min at room temperature, washed
three times with washing buffer (0.1% Tween-20/PBS, 5 min), and permeabilized with 1%
Triton X-100/PBS for 30 min. Samples were incubated in blocking buffer (3% BSA, 2%
goat serum in PBS) for 30 min, then incubated with various primary antibodies including

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 November 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stanton et al.

Page 9

mouse anti-YAP (Santa Cruz Biotechnology, sc-101199), mouse anti-aVp3-integrin (Abcam
ab78614), mouse anti-p1-integrin (Abcam ab24693), rabbit anti-paxillin (Abcam ab32084),
rabbit anti-pFAK (Abcam ab81298), mouse anti-RUNX2 (Abcam ab76956) overnight at

4 °C on a shaker. All antibodies were diluted in buffer at 1:100 except YAP antibody was
diluted at 1:300. After washing, samples were incubated with corresponding secondary
antibodies including Alexa 488 Goat-anti-mouse (Invitrogen A11001), rhodamine goat-anti-
rabbit (Millipore AP132), rhodamine-phalloidin (Sigma P1951) for 1 h at room temperature
on a shaker. All secondary antibodies were diluted at 1:300. Cell nucleus counter stain was
performed using Hoeschst nuclear stain (Cell Signaling Technology 4082S, 2 ug/mL).
Samples were washed with washing buffer (three times, 5 min per wash) before being
imaged using a confocal microscope (40x oil immersion, Leica SP8 confocal system). All
images were processed using open-source Fiji software [35, 36].

Gene Expression

Cells were cultured for 48 hours in growth medium for focal adhesion gene expression
analysis and for 3 days in osteogenic medium for osteogenic marker analysis. RNA was
extracted using an RNeasy mini kit (Qiagen 74106). cDNA was synthesized using
SuperScript 111 First-Strand Synthesis (Invitrogen 18080-051). For focal adhesions, RT-PCR
was performed on cDNA using RT2 Profiler™ PCR Array of human focal adhesions
(Qiagen PAHS-145Z7A-2) in thermocyclers (Stratagene Mx3000p). A total of three
experimental groups were examined including: (1) low ligand density/stiff hydrogels, (2)
high ligand density/stiff hydrogels, and (3) high ligand density/soft hydrogels. Both groups 2
and3 display nuclear localization of YAP (Fig. 1f). The following cycling parameters were
used: 1 cycle at 95 °C for 10 min; 45 cycles at 95 °C for 15 s and 60 °C for 1 min. The
internal panel of housekeeping genes provided by the manufacture was used for
normalization. To compare the relative impact of increasing the stiffness versus increasing
ligand density, ddCt values were calculated for these two comparisons. Genes showing
minimal expressions in all the experiments (with Ct values ranging between 35 and 40) were
not included in the analyses. Relative fold of change in gene expressions were reported as
27(-ddCt) values, and plotted in a heatmap using a statistical software (R-project) as
previously reported [37]. For osteogenic markers, gRT-PCR was performed following the
manufacturer’s protocol using Power SYBR Green PCR Master Mix (Life Technologies).
All samples underwent 40 cycles on an Applied Biosystems 7900 Real-Time PCR System.
The relative expression level of target genes was determined and plotted as 2”(-ddCt) values.
Target gene expression was first normalized to an endogenous housekeeping gene
(glyceraldehyde 3-phosphate dehydrogenase, GAPDH), followed by a second normalization
to the expression level measured in day 0 control cells. The primers used are provided here
in the 5’ to 3’ direction: GAPDH — ATGGGGAAGGTGAAGGTCG,
GGGGTCATTGATGGCAACAATA; ALP - ACCACCACGAGAGTGAACCA,
CGTTGTCTGAGTACCAGTCCC; RUNX2 - TGGTTACTGTCATGGCGGGTA,
TCTCAGATCGTTGAACCTTGCTA.

Image analysis

To characterize YAP localization in a quantitative manner, we employed a method [13]
which reports the ratio of nuclear YAP intensity vs. cytoplasm YAP intensity. In brief, a
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region of interest (ROI) in the nucleus and a region of interest of equal area in the cytoplasm
immediately adjacent to the nucleus were selected. The nuclear region was defined using
Hoechst staining. The fluorescence intensity of YAP staining within the nucleus ROI and the
cytoplasm ROl were then quantified. Results are reported as the ratio of fluorescence
intensity within nucleus vs. fluorescence intensity in cytoplasm (Fig. S2). To characterize
the degree of F-actin polymerization in individual cells, images of phalloidin-stained cells
were imported into Fiji software (Fig. S3a). The outer perimeter of the cell was selected as a
region of interest (ROI) by thresholding the image and using the wand selection tool (Fig.
S3b). The selection was then shrunk radially by 2 pm to define an inner perimeter (Fig. S3c).
This allows us to calculate the integrated intensity within the inner region. The integrated
intensity of the cortical region was calculated by subtracting the integrated intensity of the
inner region from the integrated intensity from the total cell area. The final result was
reported as the ratio between the integrated intensity within the inner region to the integrated
intensity from the outer cortical region. The number of focal adhesions was quantified
following a previously reported method [5]. The adhesion proteins were stained and imaged
on a confocal microscope. The adhesions were imaged at a z-position in which the staining
was in focus (Fig. S4a), as shown from our results (Fig. S4a). Single cross-section from this
z-position was used for data analysis. In brief, confocal images acquired at the same
magnification and exposure were imported into ImageJ software. Background was first
subtracted using a sliding paraboloid and rolling ball. The contrast in images was then
automatically adjusted (0.35 saturation) using the Clahe plug in. Images were binarized
using the threshold command and the resultant particles were analyzed given dimensional
constraints (size: 0.3-15; circularity: 0.00-0.99).

Statistical Analysis

Data are presented as mean + standard deviations. For comparisons, data were analyzed with
GraphPad Prism using one-way ANOVA by Tukey’s multiple comparisons test or two-way
ANOVA by Bonferroni’s multiple comparisons test. Confidence intervals were kept at 95%,
and P-values less than 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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YAP Yes-Associated Protein
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Figure 1: Stiffness-induced YAP translocation occursonly at intermediate ligand densities, not at
low or high densities.

(a) Schematic illustrating experimental set up, (b) images of fluorescently-labeled
fibronectin surfaces across ligand densities for our modified protocol and the standard
protocol with high ligand density for comparison (Scale bar, 500 um), (c) quantification of
fibronectin incorporated on hydrogel surfaces with ELISA assay, (d) quantification of
stiffness on polyacrylamide gel substrates, (e) cell morphology across a range of ligand
densities at each stiffness, as shown by F-actin staining, (f) YAP localization (green) and F-
Actin arrangement (red) on soft and stiff gels coated with low and high densities of
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fibronectin (Scale bars, 30 pm), and (g) quantification of YAP and F-Actin localization and
cell areas. ****p<0.0001.
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Figure 2: Ligand density-induced YAP nuclear translocation requires cytoskeletal tension.
(@) YAP (green) and F-Actin (red) localization after the disruption and subsequent rescue of

cytoskeletal tension through addition and removal of blebbistatin and with ROCK-inhibitor
Y27632. hMSCs were cultred on soft and stiff substrates with low and high ligand densities.
Scale bar: 30 um. (b) Quantification of YAP nuclear localization, ****p<0.0001.
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Figure 3: Increasing biochemical ligand density leadsto increased focal adhesion punctae
formation regardless of matrix stiffnesses.

hMSCs were cultured on soft and stiff substrates with low or high ligand densities. (a)
Immunostaining of pFAK, a focal adhesion marker;(b) immunostaining of paxillin (green)
and vinculin (red); (c) quantification of focal adhesion punctae; and (d) immunostainings of
B1- and a VPR3- integrins; (e) PCR array analyses of genes related to focal adhesion
expressed by hMSCs cultured on stiff substrates at low and high fibronectin densities. Scale
bars, 30 um.
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Figure 4. Ligand density-induced YAP nuclear translocation and F-actin formation requires
aVB3-integrin binding.

(a) Immunostainings of YAP (green) and F-Actin (red) localization on hydrogels with
varying ligand density (low vs. high) and varying stiffnesses (3 kPa and 38 kPa). aVp3-
integrin binding was blocked and rescued. Scale bars: 30 um. Quantification of ligand
induced YAP (b) and F-Actin localization (c) in response to aVVp3-integrin blocking and

rescue, ****p<0.0001.
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Figure5: Increasing biochemical ligand density enhances osteogenic differentiation of hMSCs
regardless of matrix stiffness.
Increasing ligand density enhances expression of early osteogenic markers (a) ALP (Scale

bar, 100 um) and (b) and RUNX2 (green), indicated by nuclear localization (Scale bar, 30
um).
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Figure 6: Schematic summary.
(a) Ligand density alters actin and YAP localization and (b) ligand-induced YAP nuclear

localization is mediated through integrin clustering, focal adhesions, and cytoskeletal
tension.
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