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Abstract

Extracellular matrix (ECM) is comprised of different types of proteins, which change in
composition and ratios during morphogenesis and disease progression. ECM proteins provide

cell adhesion and impart mechanical cues to the cells. Increasing substrate stiffness has been
shown to induce Yes-associated protein (YAP) translocation from the cytoplasm to the nucleus,
yet these mechanistic studies used fibronectin only as the biochemical cue. How varying the

types of ECM modulates mechanotransduction of stem cells remains largely unknown. Using
polyacrylamide hydrogels with tunable stiffness as substrates, here we conjugated four major
ECM proteins commonly used for cell adhesion: fibronectin, collagen I, collagen IV and laminin,
and assessed the effects of varying ECM type and density on YAP translocation in human
mesenchymal stem cells (hMSCs). For all four ECM types, increasing ECM ligand density alone
can induce YAP nuclear translocation without changing substrate stiffness. The ligand threshold
for such biochemical ligand-induced YAP translocation differs across ECM types. While stiffness-
dependent YAP translocation can be induced by all four ECM types, each ECM requires a
different optimized ligand density for this to occur. Using antibody blocking, we further identified
integrin subunits specifically involved in mechanotransduction of different ECM types. Finally, we
demonstrated that altering ECM type further modulates hMSC osteogenesis without changing
substrate stiffness. These findings highlight the important role of ECM type in modulating
mechanotransduction and differentiation of stem cells, and call for future mechanistic studies

to further elucidate the role of changes in ECM compositions in mediating mechanotransduction
during morphogenesis and disease progression.
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1. Introduction

Stem cell behavior is altered by the mechanical and biochemical properties of the
surrounding extracellular matrix (ECM) [1]. ECM support cell adhesion, among many other
functions, and is comprised of over 300 proteins and 200 glycoproteins [2]. These adhesive
proteins are sensed by integrin receptors on the cell membrane, which bind to the matrix
and recruit focal adhesion proteins and cytoskeletal elements to form stable adhesions that
can transmit and transduce force [1]. Stiffer matrices lead to more stable adhesions and

actin stress fibers that result in cell spreading [3] and translocation of the transcriptional
regulator Yes-associated protein (YAP) from the cytoplasm to the nucleus [4]. The types
and amount of ECM can vary greatly between tissue types, and often change during tissue
development and disease progression [1]. For example, fibronectin is the most abundant
ECM component in fetal heart tissue. The proportion of fibronectin decreases during
development and type | collagen becomes the most abundant ECM component in adult
heart tissues [5]. Bone matrices are comprised primarily of a type | collagen matrix [6], but
vary in calcium phosphate deposition [7]. Several bone dysplasias are caused by mutations
in ECM components [8]. ECM composition also changes during disease progression such as
cancer. Epithelial cancer has been shown to induce increases in collagen, fibronectin, elastin,
and proteoglycans in ECM, as compared to healthy epithelial tissues [9].

Integrins are transmembrane receptors on cell membranes that support cell-ECM adhesion
[10]. Integrins are heterodimers, composed of two subunits, a and B, and in mammals
there are twenty-four a and nine B subunits that exist in various combinations [11].
Depending on the type of ECM, different integrin subunits are engaged to support cell
adhesion [12]. Recent mechanotransduction studies have sought to investigate the role

of different integrin subunits in various steps of in mechanotransduction [1]. Using
fibronectin-coated beads and mouse embryonic fibroblasts, Roca-Cusachs, et. al showed
a5p1-integrin determines adhesion strength, while av3 is required for cells to sense the
matrix stiffness and generate contractile forces [13]. A more recent study showed B1-

and av-class integrins cooperate to regulate myosin Il during mechanosensing of kidney
fibroblasts on fibronectin-coated substrates [14]. Most mechanotransduction studies have
used type | collagen as the biochemical ligand to support cell adhesion. When cultured

on collagen I-coated hydrogel substrates of varied stiffness, Engler, et al., showed aortic
smooth muscle cells can change morphology [15] and Elosegui-Artola, et al., showed breast
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myoepithelial cells generate different amounts of traction force [16]. However, collagen-I
does not bind to avp3 integrin, suggesting that other integrin subunits are involved in
collagen-1 mediated mechanotransduction. Together, these results suggest that the different
integrin subunits engaged by different ECM types may have implications for the process of
mechanotransduction, though this remains largely undemonstrated.

Polyacrylamide hydrogels have been widely used in previous mechanotransduction studies
given their bioinert nature and ease for achieving tunable stiffness by changing the ratio
of monomers. To support cell adhesion on polyacrylamide hydrogels, ECM proteins need
to be chemically conjugated, often through the use of sulfo-SANPAH chemistry [17].

The most common used ECM proteins for supporting cell adhesion and for conjugation
to polyacrylamide hydrogels include fibronectin [3, 4, 16, 18-22], type | collagen [15,
23-26], and laminin [19, 27-29]. Type | collagen is the most abundant protein in the
body, and can be found in most tissue types with varying densities. In contrast, type IV
collagen and laminin are major constituents of basement membrane (BM), a specialized
structure in epithelial and endothelial tissues [30]. Most detailed studies of YAP-mediated
mechanotransduction have been conducted only with fibronectin [4, 20, 29, 31]. It
remains unknown how changing ECM type would impact mechanotransduction and YAP
localization.

Using human mesenchymal stem cells (hMSCs) as a model cell type, the goal of this study
was to assess the effects of varying ECM types and density on mechanotransduction and
osteogenic differentiation of hMSCs. Cells were cultured on polyacrylamide hydrogels with
tunable stiffness and biochemical ligands. In the present study, we chose two substrate
stiffnesses (3 kPa and 38 kPa), which have been reported to induce adipogenesis and
osteogenesis, respectively [26, 32]. Our recent work also validate that this stiffness range
was sufficient to induce differential responses in YAP translocation [33, 34]. Four ECM
types were compared including fibronectin, collagen-1, collagen-1V and laminin. We chose
these ECM proteins based on their prevalence in native tissue ECM, common use for cell
adhesion and with polyacrylamide hydrogels, and diversity in adhesive ligand sequences.
We first sought to examine if YAP localization is dependent on ligand type. For each ECM
type, we also varied the ligand density across a broad range (from 1 pug/ml to 100 pg/ml) to
determine the optimal ligand density range that support stiffness-induced YAP translocation
for each ECM type. To facilitate comparison, we chose a range of protein densities that
cover a broad range used in previous studies [15, 17, 23, 24, 29, 35, 36]. To determine

the types of integrin subunits required by each ECM type for mechanotransduction, hMSCs
were incubated with antibodies blocking specific integrin subunits, and then cultured on
hydrogels that were found to induce YAP nuclear localization without antibody blocking.
Finally, the effects of varying ECM type on modulating osteogenesis were assessed

by growing hMSCs on hydrogels coated with varying ECM types that support either
cytoplasmic or nuclear YAP. Outcomes were analyzed by immunostaining of YAP, F-actin,
and bone markers including RUNX2 and alkaline phosphatase (ALP).
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2. Materials and Methods
2.1. Hydrogel Fabrication

Polyacrylamide hydrogels were fabricated by adapting a previously reported protocol

[17, 37] 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/cm2, 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 (human, BD Biosciences 354008), type

I collagen (rat tail, Corning CB40236), type 1V collagen (from Engelbreth-Holm-Swarm
murine sarcoma basement membrane, Sigma C0543), or laminin (from Engelbreth-Holm-
Swarm murine sarcoma basement membrane, Sigma L2020) diluted in PBS at various
densities.

2.2. Cell culture

Bone marrow-derived human mesenchymal stem cells (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 studies,
passage 6 hMSCs were plated at 5,000 cells/ cm? onto the hydrogels, and cultured 6 hours
before analyzed by immunofluorescence staining. For osteogenic studies cells were seeded
at 50,000 cells/ cm? and cultured for 5 days in osteogenic media comprised of DMEM,
FBS (10%), penicillin-/streptomycin (1% v/v, ThermoFisher Scientific), dexamethasone
(100 nM), ascorbic-2-phosphate (50 ug/mL, Sigma), and beta glycerol phosphate (10 mM,
Sigma).

2.3. Antibody blocking experiments

Integrin blocking experiments were conducted by incubating the cells in growth medium
in the presence of avp3-integrin (25 ug/mL, Abcam ab78614), a5-integrin (25 pg/mL,
Abcam ab78614), a2p1-integrin (25 pg/mL, Abcam ab24697), al-integrin (25 ug/mL,
Millipore MAB1973) for 1 hour at 37C and then seeded onto the substrates with integrin
antibody-containing medium and fixed after 5 hours.
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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
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) 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

(10x air, 40x oil, or 100x oil immersion, Leica SP8 confocal system). To visualize protein
coatings, substrates were washed with PBS and then immediately stained following the
above protocol with blocking buffer, 1:100 primary antibody (anti-fibronectin in mouse,
Sigma F0916; rabbit anti-collagen-1, Abcam ab34710; rabbit anti-collagen-1VV Abcam
ab6586; or rabbit anti-laminin, Abcam ab23753), and Alexa 488 Goat-anti-rabbit (Invitrogen
A11034). All images were processed using open-source Fiji software [38, 39]. Focal
adhesions were characterized in hMSCs grown on stiff hydrogels coated with a ligand
density found to support YAP translocation for each ECM type (10 pg/mL for fibronectin,
50 pg/mL for collagen-I, 20 ug/mL for collagen-1V, and 20 pg/mL for laminin).

Image analyses

To characterize YAP localization in a quantitative manner, we employed a method [21]
which reports the ratio of nuclear YAP intensity vs. cytoplasm YAP intensity. In brief, a
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 ROI were then quantified for an average of 35 (Fig. 2) to 45 (Fig. 4)

cells per group in at least 2 independent experiments. Results are reported as the ratio of
fluorescence intensity within nucleus vs. fluorescence intensity in cytoplasm. This same
method was used to characterize RUNX2 localization and for this we used an average of

84 cells per group in at least 2 independent experiments (Fig. S7). To characterize the
degree of F-actin polymerization in individual cells, images of phalloidin-stained cells were
imported into Fiji software. The outer perimeter of the cell was selected as a region of
interest (ROI) by thresholding the image and using the wand selection tool. The selection
was then shrunk radially by 2 um to define an inner perimeter. 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.
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2.6. Western Blot

To further characterize YAP localization, a nuclear and cytoplasmic extraction kit (Thermo
Scientific) according was used to extract YAP following the manufacturer’s instructions.
Immediately following extraction, the protein was mixed with sample buffer (NUPAGE,
Thermo Fisher Scientific) and TCEP. The protein was incubated at 75 °F for 5 minutes

and then loaded into a polyacrylamide gel (NUPAGE 4-12% Bis-Tris Protein Gels, Thermo
Fisher Scientific). The gel was run at 200V for 30 minutes in SDS MES running buffer,
and then transferred to a membrane (Immobilon-P PDVF; EMD Millipore) at 20 V for

1 hour in transfer buffer (NUPAGE, Thermo Fisher Scientific). Membranes were rinsed

in water and incubated in 3% BSA, 2% goat serum blocking buffer for 2 hours at room
temperature. Membranes were then rinsed in Tris Buffered Saline solution with Tween 20
(TBST) and incubated in primary antibody for 1 hour at room temperature (1:1000 YAP
(D8H1X) XP, Cell Signaling Technology; 1:1000 Histone H3 (D1H2) XP, Cell Signaling
Technology; 1:1000 HPRT, Abcam; 1:1000 Runx2, Cell Signaling Technology; 1:500 ALP,
Abcam; 1:10,000 GAPDH, Cell Signaling Technology in SuperBlock T20, Thermo Fisher
Scientific). Samples were washed 3 times, 5 minutes each in TBST, then incubated in
secondary antibody (1:50,000 goat anti-rabbit HRP, Abcam in 3% BSA in TBS). After
washing 3 times, 5 minutes each in TBST, membranes were rinsed in water and developed
using SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).

2.7. Gene Expression

To further quantify the effect of varying ECM types on osteogenesis without changing
substrate stiffness, RUNX2 localization was quantified, and quantitative RT-PCR was
performed for RUNX2 and ALP after hMSCs were cultured for 3 days in osteogenic
medium (Fig. S10). RNA was extracted using an RNeasy mini kit (Qiagen 74106).
cDNA was synthesized using SuperScript Il First-Strand Synthesis (Invitrogen 18080-
051). 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 3phosphate
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.

2.8. 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.
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3. Results

3.1. Characterization of hydrogels coated with varying types and densities of ECM

proteins

Previous studies of YAP mechanotransduction have relied widely on fibronectin-coated
hydrogel substrates. However, ECM is comprised of many other proteins that are known
to have different effects on cell behavior. We fabricated soft (3 kPa) and stiff (38

kPa) polyacrylamide hydrogels coated with one of four ECM protein types: fibronectin,
type | collagen, type 1V collagen, and laminin (Fig. 1a). Hydrogels were coated with
ECM solutions containing 1 to 100 pg/mL of ECM protein to test a range of coating
densities covering what has been used in other studies. Immunohistochemistry for each
specific ECM type revealed different ECM types exhibited different distributions and
incorporation efficiencies on soft (Fig. 1b,c) and stiff (Fig. 1d,e) hydrogels. Fibronectin
and laminin produced a more homogeneous distribution, whereas collagen-1 and collagen-
IV formed bundle-like structures on the hydrogel surface after coating. In addition to
different distributions, different ECM protein types also exhibited different incorporation
efficiencies, as shown by the fluorescence intensity. Among the four ECMs tested,
fibronectin showed highest incorporation efficiency, and exhibited a higher incorporation
efficiency on stiffer hydrogels (Fig. 1). Overall, the intensity increased with increasing
density, though fibronectin and laminin incorporation peaked at 50 ug/mL and decreased at
100 pg/mL.

3.2. ECM type modulates YAP translocation in a dose-dependent manner

We then assessed whether stiffness-induced YAP nuclear translocation also depends on
ECM type. To minimize confounding factors from cell-secreted ECM, we fixed the cells

6 hours after seeding for analyses. At low ECM density (1 pg/mL), both soft and stiff
hydrogels led to cytoplasmic localization of YAP regardless of ECM type. Without changing
hydrogel stiffness, increasing ECM density triggered nuclear YAP translocation, although
the ligand density threshold required for such transition differs depending on ECM type
(Fig 2a,b). For example, when cultured on stiff hydrogels, YAP nuclear translocation occurs
at low density (5 pg/mL) for fibronectin, collagen | and collagen 1V, but required higher
density (20 pg/mL) for laminin. Interestingly, on soft hydrogels, which has been reported

to result in consistent cytoplasmic YAP localization in previous literature, increasing ligand
density can induce nuclear YAP translocation using most of the tested ECM types. The only
exception is laminin, with YAP remaining sequestered in the cytoplasm on soft hydrogels
even at the highest density tested (100 ug/mL). Higher ligand density is also required

for laminin to induce nuclear YAP translocation on stiff hydrogels as well—only 20 to

50 pg/mL of laminin on stiff hydrogels supported YAP translocation. We also provide

these images at a higher magnification in the supporting information (Fig. S1). Regardless
of substrate stiffness, increasing ligand density increased YAP nuclear translocation in a
relatively biphasic relationship for collagen I and collagen IV. A similar trend was observed
for fibronectin and laminin on stiff gels. In contrast, for fibronectin and laminin, YAP
remained mostly cytoplasmic on soft hydrogels (Fig. S2). The trends observed in YAP
localization correlated with F-actin cable formation (Fig. S3).
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While the ligand density supporting nuclear translocation of YAP differs depending on
ECM types, we report a ligand density for each ECM type that supports stiffness-induced
YAP translocation (Fig. 3a, b). At this optimized ligand density, all ECM types supported
increased cell spreading and F-actin cable formation in response to increasing hydrogel
stiffness (Fig. 3a, b). We include larger versions of these images (Fig. S4) and lower
magnification images to visualize cell attachment (Fig. S5) in the supporting information.
In addition to immunostaining, YAP localization was also characterized by western blot
following a procedure reported previously [40] (Fig. S6). The trend of western blot results
is consistent with immunostaining (Fig. 3). For all ECM types, at the chosen optimal ligand
density that supports stiffness-induced YAP translocation, higher nuclear YAP was observed
on stiff hydrogel substrates, and higher cytoplasmic YAP was observed on soft hydrogel
substrates.

3.3. Different ECM types engage different integrin subunits in YAP translocation

Next, we characterized focal adhesions expressed by hMSCs when cultured on hydrogels
coated with different types of ECM proteins. For each ECM type, we chose a ligand
density that induced strong YAP nuclear translocation on stiff substrates (10 pg/mL for
fibronectin, 50 pg/mL for type I collagen, 20 pg/mL for type IV collagen, and 20 pg/mL
for laminin). Immunostaining confirmed focal adhesion formation with positive staining of
pFAK, vinculin, and paxillin punctae (Fig. S7).

Using a functional assay, we blocked the adhesion of specific integrins and allowed them
to adhere to stiff substrates coated with the various ECM protein types at these densities
found to support strong YAP translocation (Fig. 4a,b). As expected, blocking adhesion of
avp3-integrin, a fibronectin receptor [12], only inhibited YAP translocation on fibronectin.
Interestingly, we observed that blocking adhesion of a5-integrin, another fibronectin
receptor, inhibited YAP translocation not only on fibronectin but on all ECM protein types
tested. Blocking adhesion of a.1-integrin, a receptor for collagens and laminin, failed to
inhibit YAP translocation on any ECM protein type. Blocking adhesion of a2f1-integrin,
a subunit known to adhere to collagen and laminin proteins, inhibited YAP translocation
on laminin and fibronectin coatings, while YAP remained nuclear on both type | and 1V
collagen. These results thus suggest that on different types of ECM protein, cells harness
different integrin subunits to sense substrate stiffness and trigger YAP translocation (Fig.
4c).

3.4. Varying ECM type further modulates osteogenesis

As we have observed that YAP translocation is altered by varying ECM protein type and
integrin interactions (Fig. 5a), we wanted to test the downstream effects on a pathway related
to YAP translocation. We thus tested the effect of ECM protein type on osteogenesis. We
cultured hMSCs in osteogenic medium on stiff substrates coated with two different densities
of protein for each protein type—one that supported nuclear YAP translocation (Fig. 5b) and
one that elicited cytoplasmic YAP sequestration (Fig. 5¢) in short-term studies. Osteogenic
differentiation was assessed by staining early osteogenic markers runt-related transcription
factor 2 (RUNX2) and alkaline phosphatase (ALP) (Fig. 5b,c). At low ligand densities,
while YAP localization was cytoplasmic for all ECM types, we observed low osteogenic
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commitment, as indicated by cytoplasmic RUNX2 and low ALP expression, for cells on
hydrogels coated with collagen type | or fibronectin, consistent with the literature. However,
some nuclear RUNX2 was observed on type IV collagen and laminin coated hydrogels.

At high ligand densities leading to nuclear YAP localization, RUNX2 localization was
nuclear, and higher levels of ALP were expressed on all ECM types except collagen type
IV. Less RUNX2 and ALP expression was observed on type IV collagen-coated hydrogels.
Quantification of RUNX2 location shows high density of FN, collagen I, and laminin
coatings supported higher ratios of nuclear RUNX2, whereas collagen IV coating led to the
lowest nuclear RUNX2 regardless of ligand densities (Fig. S8). To further characterize the
effects of varying ECM type on modulating osteogenesis, western blot was performed for
early bone markers ALP and RUNX2. Given the goal of the present study is to assess the
effect of initial ECM coating on cell fates, it is important to limit the analyses to early time
points only to avoid the confounding factors induced by new pericellular ECM deposited
by MSCs. The trend of western blot results (Fig. S9) is consistent with the trend observed
in immunostaining of RUNX2 and ALP staining (Fig. 5). For fibronectin and laminin,
increasing bone marker expression was observed at high ligand density associated with YAP
nuclear localization. A reverse trend was observed with Collagen IV, and no significant
difference in bone markers was observed when Collagen | was used as the biochemical cue.
Quantitative RT-PCR confirmed a similar trend for RUNX2, while high density of laminin
led to the highest level of ALP expression among all groups (Fig. S10). These results
indicate that ECM type further modulates osteogenic commitment of hMSCs.

4. Discussion

In the present study, we demonstrate that YAP translocation in hMSCs depends not only on
substrate stiffness, but also on the ECM type used as biochemical ligands. We chose four
major ECM types that are abundant in matrix, and have been widely used as coatings to
support cell adhesion including fibronectin, type | collagen, type 1V collagen, and laminin.
The threshold range of ECM protein coating density to trigger nuclear YAP is ECM type-
and substrate stiffness-dependent. We further demonstrate that YAP translocation requires
different integrin subunits depending on the ECM type, and that altering ECM type further
modulates osteogenic commitment independent of substrate stiffness.

Using fibronectin as the biochemical cue, one well established theory in the field of
mechanotransduction is YAP localization is solely dependent on substrate stiffness, with
soft substrates inducing cytoplasmic YAP, and stiff substrates inducing nuclear YAP. This
trend was reproduced in our study as well, but it is only valid with a subset of fibronectin
concentrations (5, 20, 50, and 100 pg/mL) (Fig. 2). Importantly, such stiffness-dependent
YAP localization was no longer valid when hMSCs were cultured on hydrogels coated
with certain fibronectin concentrations. Regardless of substrate stiffness, hydrogels coated
with 1 pg/mL fibronectin consistently induced cytoplasmic YAP, whereas hydrogels coated
with 10 pg/mL fibronectin supported nuclear YAP. The trend of YAP localization as a
function of fibronectin density also varies with substrate stiffness. For soft hydrogels, peak
YAP nuclear localization was observed at intermediate fibronectin density. In contrast, for
stiff hydrogels, increasing fibronectin density led to increased YAP nuclear localization,
which then plateaued. We also note that the ligand incorporation efficiency at a given
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ECM concentration varies on hydrogels with different stiffnesses (Fig. 1). This could

be due to further differences in protein-surface interactions or porosity that could affect
protein incorporation amount and distribution. We also observed a decrease in incorporation
efficiency of fibronectin and laminin at higher densities, which was unexpected (Fig. 1). One
possible interpretation for such a decrease is that when the protein concentration is increased
beyond 50 pug/mL, more proteins bind to each other in the solution and form aggregates,
decreasing the protein available for conjugation to the hydrogel substrate. These results
suggest it is important to optimize protein concentration used for coatings to reach optimal
conjugation efficiency.

For all four tested ECM types, varying ECM density can further modulate YAP
translocation. However, the range of ligand density that leads to nuclear YAP differs across
different ECM types. For example, when used in combination with soft substrates, type |
collagen can induce YAP nuclear translocation for densities as low as 5 pg/ml, but type

IV collagen required 50 ug/ml to induce YAP nuclear translocation. YAP translocation on
collagen-1 and collagen-1V is rather biphasic on both soft and stiff substrate substrates (Fig.
2). Interestingly, laminin was the only protein that maintained cytoplasmic YAP on soft
substrates across all tested ligand density. Laminin only supported YAP nuclear translocation
within a narrow range of ligand densities (20 to 50 ug/mL) on stiff substrates for the
densities tested.

It is worth clarifying that different ligand densities were chosen for different experiments
depending on the purpose of each experiment. The goal of Fig. 3 was to choose a ligand
density that supports stiffness-dependent YAP localization. As such, we chose a ligand based
on the dose-response curve for each ECM as shown in Fig. 2. Differently, we chose a

ligand density that supports maximal nuclear YAP localization for each ECM type for other
experiments (Fig. S6) (10 ug/mL for fibronectin, 50 pg/mL for type I collagen, 20 ug/mL
for type IV collagen, and 20 pg/mL for laminin).The same ligand density was chosen for
the integrin blocking experiments (Fig. 4) and the osteogenesis study (Fig. 5). We expect
conditions with strong nuclear YAP localization to have strong focal adhesion formation,
consistent with previous literature by other groups [20] and our group [33]. Immunostaining
confirmed focal adhesion formation with positive staining of pFAK, vinculin, and paxillin
punctae at these densities (Fig. S7).

The observed impact on YAP localization in response to varying ECM types may be
explained by several factors. First, different ECM types exhibit different incorporation
efficiencies and distributions (Fig. 1) — differences that are inherent to each ECM type,

for example, the availability of residues that can conjugate to the polyacrylamide surface.
These differences could further influence mechanotransduction through changes in protein
tethering and the availability of binding domains for integrin adhesion. Second, previous
studies suggest that altering ECM type can change cell spreading [41], which is a cell fate
that has been linked to mechanotransduction. Using fibronectin-coated substrates, previous
studies have reported that increasing ligand density increases cell area [3, 22, 42]. In
contrast, studies using type | collagen-coated substrates have reported a biphasic relationship
with cell area reaching an optimum at intermediate ligand densities [15, 43]. Furthermore,
varying ECM type can also modulate cell traction forces in a differential manner. A study
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directly compared cell traction forces when cultured on hydrogels coated with similar
concentration of type | collagen or fibronectin and showed fibronectin coatings induced
higher traction forces than that of type I collagen for myoepithelial cells [16]. All of these
factors may collectively contribute to the observed differences in YAP translocation in
response to varying ECM types and density.

Cells sense matrix stiffness through cell adhesions and integrins play an important role

in mechanotransduction. Our results fill an important gap of knowledge by identifying
specific integrin subunits that are required to induce YAP translocation for different ECM
types. While previous literature showed different ECM proteins require different integrin
subunits for supporting cell adhesion, the role of integrin subunits in modulating YAP
translocation remains unclear [12]. It has been suggested that avp3 may play a role

in mechanotransduction [13]. Using fibronectin-coated hydrogels as a model system, our
group recently reported that avp3-integrin is required for YAP nuclear translocation in
hMSCs [33] for hMSCs on fibronectin-coated hydrogels. However, the role of integrin
receptors in modulating YAP translocation for other ECM coatings remain largely unknown.
To our knowledge, the present study is the first report that identifies specific integrin
subunits that are involved in YAP translocation for different ECM types. In addition to
avp3, we found that fibronectin-mediated mechanotransduction also requires a2p1- and
a5-integrins, suggesting the cooperation of multiple integrin subunits. Unlike fibronectin,
only a5-integrin was required for mediating YAP translocation using collagen I- and
collagen 1\VV-coated hydrogels. Interestingly, a5-integrin was found to be required for
mediating YAP translocation in all four tested ECM types, an integrin that has previously
been shown to mediate adhesive strength [13]. While it is known that a5-integrin adheres
to the RGD domain of fibronectin [12], it has not been shown to adhere directly to collagen
or laminin. Further work is needed to probe the mechanism involved, but a5-integrin is
known to associate with other cell receptors, like integrin-associated protein CD47 [44] and
the protein GIPCL1 [45], which reportedly interacts with a number of different G-protein
signaling and cytoskeleton-related proteins as well [46].

Mechanotransduction has been shown to play an important role in mediating stem

cell differentiation. Using fibronectin-coated polyacrylamide hydrogels, recent studies in
mechanotransduction have showed osteogenic differentiation of mesenchymal stem cells
were enhanced with cell spreading and nuclear YAP localization [4]. ECM protein types
have been shown to have differential effects on osteogenesis, with type I collagen [47]
and laminin [48], for example, enhancing osteogenesis. Specific integrin subunits, such
as a2, a subunit shown to adhere to collagen and laminin, have also been shown to
upregulate osteogenic pathways [49]. However, the relationship between YAP translocation
and osteogenesis for hMSCs adhered to different ECM types is largely unknown. Here
we provided new evidence that even when hMSCs exhibit comparable levels of YAP
localization, varying ECM protein type can directly impact osteogenesis. For example,
when cultured on hydrogels that support nuclear YAP, fibronectin, collagen-I, and laminin
induce much higher level of osteogenesis than collagen-1V, as shown by immunostaining
of early bone markers RUNX2 and alkaline phosphatase (Fig. 5). In contrast, collagen-
IV promotes osteogenesis when cells were exhibiting cytoplasmic YAP. Together, our
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results showed biochemical cues could be harnessed as a new parameter to synergize with
mechanotransduction to promote desirable cell fates.

Future studies into the effects of other ECM proteins, as well as other ECM components,
such as glycosaminoglycans, are of interest to further understand the cell niche.
Combinations of different components and with different doses can also be used to
understand combinatorial effects and to recapitulate complex niche environments. To better
understand how varying ligand density and ECM types modulate mechanotransduction and
cell fate, future studies can further characterize changes in protein tethering [23] and protein
structural conformation [50], which have been shown to modulate cell fate. The interplay
between cell-matrix and cell-cell interactions in this context is another interesting future
direction. In this study we have intentionally chosen to use a low cell seeding density,

so the observed changes are driven by cell-matrix interactions. It has been shown that
cell-cell interactions can impact YAP localization [4] and the effect of varying cell density
on mechanotransduction with substrates of varying ligand type could be tested.

The results from the present study provide a solid foundation for future work to further
elucidate the role of ECM changes in normal tissue development or disease progression.
For example, hydrogels with stiffnesses and ECM compositions that mimic different stages
of cardiac tissue ECM during heart development [5] could enable mechanistic studies on
how changes in these interactive niche cues drive heart development. Collagen-I matrices
could also be incorporated with various concentrations of calcium phosphate to further probe
changes in bone compositions during development or disease states on cell fate. Similar
concepts could be used to model the cancer niche by mimicking the changes in ECM

types and densities as well as tissue stiffnesses during cancer progression [9]. Since the
parameters of such hydrogel platforms are well defined with cleaner compositions than

in vivo tissues, they provide a more high-throughput platform for analyzing how changes
in ECM cues modulate cell phenotype at various levels such as genetic, epigenetic, or
proteomic differences.

5. Conclusions

In summary, the present study validates that the choice of ECM type directly modulates
mechanotransduction of hMSCs, requires different integrin subunits, and can further
modulate stem cell osteogenesis independent of substrate stiffness. These results highlight
the necessity of considering biochemical ligand type and density in designing future
mechanistic studies of mechanotransduction, as well as for optimizing choice of biochemical
cues to promote stem cell differentiation and tissue regeneration. We demonstrate different
ECM types exhibit varying degree of conjugation efficiency and distribution on hydrogels,
which is likely due to inherent differences in the structures and properties ECM proteins.
Future mechanistic studies could characterize the physical properties of different ECM
proteins to further elucidate the underlying mechanisms that explain the differences
observed in this study. With over 300 proteins comprising the ECM [2] and at least 24
different integrin subunit combinations [12], this study provides a solid foundation and
opens up doors for future work to assess other ECM proteins and the combinatorial effects
of multiple ECM types. Together, such investigations will guide a more rational biomaterials
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design that can harness the cell-ECM interface to control cell fates both for promoting
normal tissue development and for preventing disease progression.
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Our study addresses a critical gap of knowledge in mechanobiology. Increasing
substrate stiffness has been shown to induce nuclear YAP translocation, yet only

on fibronectin-coated substrates. However, extracellular matrix (ECM) is comprised
of different protein types. How varying the type of ECM modulates stem cell
mechanotransduction remains largely unknown.

We here reveal that the choice of ECM type can directly modulate stem cell
mechanotransduction, filling this critical gap.

This work has broad impacts in mechanobiology and biomaterials, as it provides

the first evidence that varying ECM type can impact YAP translocation independent
of substrate stiffness, opening doors for a more rational biomaterials design tuning

ECM properties to control cell fate for promoting normal development and for preventing
disease progression.
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Figure 1: Characterizing ECM protein incorporation with varying type on hydrogel substrates.
(a) Schematic of experimental set up, (b) incorporation of various ECM proteins

with tunable density on 3 kPa soft and (d) 38 kPa stiff hydrogels visualized with
immunohistochemistry for the corresponding protein (first row, green: fibronectin; second
row, green: collagen-1; third row, green: collagen-1V; fourth row, green: laminin) (Scale bars:
30 um) and (c) quantification on 3 kPa soft and (e) 38 kPa stiff hydrogels of fluorescence
intensity of immunohistochemistry staining of hydrogels coated with various doses of
fibronectin (top left), collagen-I (top right), collagen-iv (bottom left), or laminin (bottom

right).
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Effect of protein type on YAP translocation for hMSCs seeded on (a) soft and (b)

stiff substrates with different ECM protein types and densities shown through individual
cell images (green: YAP; Scale bar, 30 um) and quantification of YAP localization.
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Figure 3: Stiffness-dependent YAP translocation can be induced by all four ECM types, but each

ECM requires a different optimized ligand density for this to occur.

(@) Immunohistochemistry of hMSCs displaying conventional differences in YAP
localization, F-actin formation, and cell spreading area with stiffness are observed for
substrates coated with 5 pg/mL fibronectin, 5 pg/mL collagen-1, 5 pg/mL collagen-1V, and
20 pg/mL laminin (Scale bar: 30 um) and (b) quantification of YAP localization, F-actin, and

cell area. ****p<0.0001.
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Figure 4: Integrin subunit roles in YAP translocation depend on ECM type.
(@) Immunostaining of YAP location in hMSCs when treated with antibodies blocking

different integrin subunits. For each ECM type, hMSCs were cultured on stiff hydrogels
coated with optimized ECM density that induce strong YAP nuclear translocation (10 pg/mL
for fibronectin, 50 pg/mL for type I collagen, 20 pg/mL for type 1V collagen, and 20 pg/mL
for laminin) (green: YAP; Scale bar: 30 um). (b) Quantification of YAP localization for each
ECM type, ****p<0.0001 and (c) summary schematic of the integrin subunits engaged by
each of the ECM types tested in YAP translocation.

Acta Biomater. Author manuscript; available in PMC 2022 January 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Stanton et al.

b Nuclear YAP

ALP

Page 22

Nuclear YAP Cytoplasmic YAP
4
Actin cables Cortical actin
A
Integrin Clustering & Adhesions
4
Sufficient Insufficient
ECM-Integrin ECM-Integrin
IsorErstEN nteractions ISR  nteractions
C Cytoplasmic YAP
Fibronectin Collagen-I Collagen-IV Laminin Fibronectin Collagen-| Collagen-IV

/ -

ALP £
¥

-~ja ; "?
T4

Figure 5: Varying ECM type further modulates hMSC osteogenesis when cultured on stiff
hydrogels that support either (b) nuclear YAP or (c) cytoplasmic YAP localization.

Summary schematic illustrating (a) YAP localization is mediated through ECM-integrin
interactions and actin assembly. For each ECM type, an optimized ligand density was
chosen that supports the desired YAP localization. (b) High ligand densities were chosen for
each ECM type that support nuclear YAP translocation (10 pg/mL for fibronectin, 50 pg/mL
for collagen-1, 20 pg/mL for collagen-1V, and 20 pg/mL for laminin) and (c) a low ligand
density (1 ug/mL) was chosen for all ECM types that leads to cytoplasmic YAP. Cells in

all groups were cultured in osteogenic medium. Immunostaining of YAP localization was
performed at 6 hr after to avoid confounding factor from cell-secreted ECM later (green:
YAP; Scale bar: 30 um); immunostaining of early bone markers, RUNX2 (Cyan) at day 3
and alkaline phosphatase (ALP, purple) at day 5. Scale bar: 30 um for staining of YAP and
RUNX2, 200 pm for ALP staining.
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