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A B S T R A C T

The mechanoregulated proteins YAP/TAZ are involved in the adipogenic/osteogenic switch of mesenchymal
stem cells (MSCs).

MSC fate decision can be unbalanced by controlling substrate mechanics, in turn altering the transmission of
tension through cell cytoskeleton. MSCs have been proposed for orthopedic and reconstructive surgery appli-
cations. Thus, a tight control of their adipogenic potential is required in order to avoid their drifting towards fat
tissue. Substrate mechanics has been shown to drive MSC commitment and to regulate YAP/TAZ protein
shuttling and turnover. The mechanism by which YAP/TAZ co-transcriptional activity is mechanically regulated
during MSC fate acquisition is still debated.

Here, we design few bioengineering tools suited to disentangle the contribution of mechanical from biological
stimuli to MSC adipogenesis. We demonstrate that the mechanical repression of YAP happens through its
phosphorylation, is purely mediated by cell spreading downstream of substrate mechanics as dictated by di-
mensionality. YAP repression is sufficient to prompt MSC adipogenesis, regardless of a permissive biological
environment, TEAD nuclear presence or focal adhesion stabilization.

Finally, by harnessing the potential of YAP mechanical regulation, we propose a practical example of the
exploitation of adipogenic transdifferentiation in tumors.

1. Introduction

Cells are constantly exposed to mechanical forces arising from the
extracellular environment. Along with the biochemical properties of the
cell niche in vivo, the mechanical and nanotopography cues impact on
cell survival and function [1,2].

The transmission of mechanical information to the inner part of the
cell, the nucleus, is achieved by a dynamic regulation of cytoskeleton
integrity and tension [3].

In vitro simplified models have been lately proposed with the aim of
mimicking the mechano-physical properties of in vivo niche [4], trying
to isolate the pure effects of mechanics on cell behaviour. Indeed, such
tools provided evidence that the mechanical properties of the milieu
affect fundamental cellular programs involved in proliferation [5],

migration [6] and differentiation [2].
In this context, a preferential commitment of mesenchymal stem

cells (MSCs) towards adipogenic or osteoblastic phenotype was
achieved by controlling substrate mechanics, nanotopography or cell
spreading [7–10]: conditions inducing low cytoskeletal tension, such as
cell confinement and compliant substrates, enhance adipogenic differ-
entiation, while higher cell spreading and stiffer surfaces are correlated
with the production of osteoblasts.

A complex network of mechanosensitive proteins displays mod-
ifications of their structure or function in response to mechanical forces.
In turn, mechano-regulated proteins transduce the information into a
biological response by shaping cell genetic profile and, finally, function.

Among the mechano-regulated intracellular molecular systems,
Hippo pathway consists in a cascade of kinases that finally regulates the
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phosphorylation status of Yes associated protein (YAP) and WW do-
main-containing transcription regulator protein 1 (WWTR1/TAZ) [11].
Following their phosphorylation by upstream kinases, Hippo effectors
are sequestered in the cytoplasm and/or degraded; non-phosphorylated
proteins can, instead, shuttle to the nucleus, where they act as co-
transcriptional activators [12]. YAP/TAZ do not possess an intrinsic
ability to bind to DNA. Thus, they dock to cell- and stage-specific
transcription factors to build up functional transcriptional complexes.
Among the transcription factors identified as YAP/TAZ interactors, the
most characterized family is represented by TEA domain transcription
factors (TEAD) [13–15].

The nuclear presence and the transcriptional activity of YAP and
TAZ can be modulated by mechanical cues: substrate mechanics [7,16],
fluid flow-induced shear stress [6,17], cell spreading [16,18], stretching
[19] and nanopatterning [8] have all been shown to regulate YAP/TAZ
localization and function.

Moreover, YAP/TAZ activity has been associated with the ability of
MSCs to switch between the osteogenic and adipogenic phenotypes
[7,20]. An activation of the Hippo kinases and concomitant reduction of
YAP nuclear activity is observed during adipogenesis in vitro [21].
Nevertheless, the mechanism by which YAP/TAZ co-transcriptional
activity is mechanically regulated during MSC fate acquisition is still
debated.

MSCs are versatile adult stem cells with the potential to generate
cells of the mesodermal lineage, including osteoblasts, chondrocytes
and adipocytes. For this reason, they have been proposed for a number
of clinical applications, including those related to orthopedics and re-
constructive surgery [22]. Therefore, the tight control of their pheno-
type is of outmost importance.

Several regenerative medicine approaches have been lately pro-
posed that exploit the osteogenic or chondrogenic differentiation of
MSCs [23,24], with adipogenesis being considered a non-desired side
effect of the procedure.

On the other hand, directing MSCs to adipogenic differentiation
may instead be beneficial in cases when reconstructive surgery is re-
quired after cancer surgical removal [25].

In all these scenarios, the possibility to use biomaterials to fine tune
implanted MSC fate and function is of great appeal since it opens the
way to the setup of innovative materials-based clinical applications.

In the present study, we took advantage of a number of bioengi-
neering platforms suited to investigate the pure effect of substrate
mechanics on human MSC adipogenic commitment. In particular, we
exploited unique micropatterns designed for single cell analysis, 2D and
3D hydrogels with controlled physiological Young Modulus in order to
elucidate the possibility that the mechanically-induced MSC commit-
ment is driven by YAP.

We provide evidence that YAP nuclear exclusion through its phos-
phorylation, as determined by a reduction in cytoskeleton tension and
cell spreading, provides the mechanical imprinting needed for MSC
adipogenic differentiation. YAP-mediated mechanical regulation of
adipogenesis is largely independent of TEAD transcription activity:
TEAD proteins are shown to have no mechanical sensitivity.

The mechanism by which YAP is excluded from the nucleus during
the mechanically-driven adipogenic commitment of MSCs appears to be
mediated by a combinatorial effect of F-actin remodeling and the ten-
sion produced by Myosin II motor protein. Therefore, by ruling out the
contribution of focal adhesion dynamics to the mechanical regulation of
adipogenesis, we demonstrate that the mechanical control of YAP co-
transcriptional activity alone is sufficient to regulate adipogenic dif-
ferentiation as a result of cell spreading downstream of substrate me-
chanics and regardless of dimensionality. Finally, to further highlight
the potential clinical relevance of materials-based control of cell me-
chanosensitive pathways, we mechanically impaired YAP activity in
breast cancer cells and demonstrated it is indeed possible to turn these
cells into non-proliferative adipocytes [26].

While emphasizing the importance of the mechanical control of cell

phenotype and fate, these results pave the way to materials-based
therapies for different pathological conditions.

2. Materials and methods

2.1. Cell culture and treatments

ASC52telo, hTERT immortalized adipose derived Mesenchymal
stem cells (AD-MSCs, ATCC® SCRC-4000™) were purchased from
American Type Culture Collection (ATCC, Manassas, USA). Primary
non-immortalized AD-MSCs were obtained from Lonza (Basel,
Switzerland). Both primary and immortalized cells were cultured in
Dulbecco's modified Eagle's medium 4.5 g/L Glucose (DMEM high
Glucose, Lonza) supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine and 100 U/ml penicillin/streptomycin.

Adipogenic differentiation was induced by seeding cells at a density
of 37.500 cells/cm2, and exposing them to adipogenic differentiation
medium (ThermoFisher Scientific). Medium was changed every third
day.

For the described pharmacological treatments, the following re-
agents were used: XMU-MP-1, Super-TDU (Selleckchem), Cytochalasin
D, (−)-Blebbistatin or MnCl2 (Sigma Aldrich). Chemicals were applied
for 24 h in normal medium or for 72 h during adipogenic induction. The
results of each experiment were compared with control preparations
treated with the corresponding vehicle. For Blebbistatin and XMU-
MPU-1 experiments, the medium was changed 4 h before fixation to
avoid the occurrence of autofluorescence.

Cell cycle arrest was achieved by treating floating MSCs with
Mitomycin C (10 μg/ml, Sigma Aldrich) for 24 h. After that period, cells
were washed, seeded and exposed to adipogenic medium for 3 days.

CAL51 breast cancer cells were a gift of Dr L. Krejčí (Department of
Biology, Masaryk University). Cells were cultured in DMEM medium
4.5 g/L Glucose (DMEM high Glucose, Lonza, Basel, Switzerland) sup-
plemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and
100 U/ml penicillin/streptomycin. The YAP-deficient CAL51 line was
obtained by CRISPR/Cas9 as previously described [16]. Adipogenesis
was induced by seeding the cells at a density of 15000 cells/cm2 and by
switching to adipogenic differentiation medium after 24 h (Thermo-
Fisher Scientific). Medium was changed every second day.

2.2. Cell substrate preparation and coating

Fibronectin-coated micropatterned slides with different area, shape
or pattern for single cell analysis were purchased from CYTOO (ref: 10-
950-10-18; 10-950-00-18). Cell suspension at a concentration of
2 × 104 cells/cm2 was applied directly on the slides and then cultured
as described above.

For the inhibition of focal adhesion formation, glass coverslips were
coated overnight with a 1 mg/ml solution of high molecular weight
Poly-L-Lysine (Sigma-Aldrich) at 37 °C and washed with water twice
before cell seeding.

Polydimethylsiloxane (PDMS) high elastically supported surface
corresponding to 1.5 and 28 kPa (μ-Dish 35 mm, IBIDI) were coated
with Fibronectin solution (3 or 30 μg/ml in PBS, Stem Cells
Technology) for 30 min and washed with PBS before seeding the cells.

2.3. Fibrin gel preparation

Fibrinogen (100 mg/ml) and Thrombin stocks (500 U/ml in 40 mM
CaCl2) (Sigma Aldrich) were mixed to produce 50 μl of softer (about
300 Pa, 5 mg/ml of fibrinogen and 2 units/ml thrombin) and stiffer
(around 5 KPa, 50 mg/ml and 50 units/ml) hydrogels [27] in the pre-
sence of 16 TIU/ml of aprotinin (Sigma Aldrich). The components were
allowed to polymerize at room temperature for 30 min. For 2D ex-
periments, cells were seeded on top of the gelified hydrogel, while for
3D experiments, cells were pre-diluted in the thrombin solution so to
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have them embedded when the mixture is polymerized. 25000 MSCs
were used in each gel. After gelification, media with 16 TIU/ml of
aprotinin and with or without XMU-MPU-1 was added to the gels. After
24 h, cells seeded for adipogenesis were changed to adipogenic media
and left for 3 days.

2.4. Poly(ethylene glycol) hydrogels preparation

Functionalized poly (ethylene glycol, PEG) hydrogels were pur-
chased from QGel (Basel, Switzerland). 15 μl gels containing 7500 cells
were casted in non-coated Angiogenesis μ-Slides (IBIDI) according to
manufacturer's instructions. Two pairs of formulations were chosen:
gels with the same ligand density but different Young Modulus values
(NS02-2, soft, 250–450 Pa; NS09-A, stiff, 900–1500 Pa), and two gels
with same Young Modulus values but different ligand densities (NS25-
A, low ligand density; NS84-A, high ligand density). After gelification,
medium was added to the cellularized gels. When indicated, gels seeded
for adipogenesis experiments were switched to adipogenic media after
24 h and fixed at day 3 for analysis.

2.5. Plasmid transfection and lentiviral production

Transient transfections were performed using Lipofectamine 3000
(Thermo Fisher Scientific) following manufacturer's recommendations.
The plasmids 2 × FLAGhYAP1-S127A (17790, gift from Marius Sudol),
pLX304-YAP1_PDZ (59147, gift from William Hahn), pCMV-Flag-YAP-
5SA/S94A (33103, gift from, Kunliang Guan), pcDNA3-EGFP (13031,
gift from Doug Golenbock) were acquired from ADDGENE repository.
After transfection, the cells were left untouched for 24 h before adipo-
genic differentiation medium was added.

Second-generation lentiviral particles were generated by transient
co-transfection of 293 T cells with a three-plasmid combination
(pMD2.G, Addgene #12259; psPAX2, Addgene #12260; and either
FLAG-YAP2 (8SA)-pcw10, Addgene #64637 or YAP-TEAD reporter,
Addgene #68714) using FuGENE (Roche). Supernatants were collected
every 24 h until day 3 after transfection and pooled together. Viral
supernatant was applied for 4 h to 50% confluent AD-MSCs in the
presence of 8 μg/ml polybrene (Santa Cruz Biotechnology). Two days
after infection, infected cells were selected by adding 2 μg/ml pur-
omycin (Santa Cruz Biotechnology) or by sorting GFP-positive cells.

2.6. Immunocytochemical staining

Cells were fixed with 4% paraformaldehyde for 15 min, washed
with PBS, permeabilized with phosphate-buffered saline containing
0.1% Triton X (PBS-Tx-0.1%) and blocked in PBS with 2.5% bovine
serum albumin for 30 min. Cells were incubated for 1 h with primary
antibodies (mouse anti-YAP (Santa Cruz), mouse anti-vinculin (Sigma),
rabbit anti-YAP, rabbit anti-panTEAD, rabbit anti-FABP4 (Cell Signaling
Technologies). Cells were washed twice and then incubated with the
corresponding Alexa-conjugated donkey secondary antibodies
(ThermoFisher Scientific) for 1 h. Lipid droplets were stained using
LipidTox, (ThermoFisher Scientific) and nuclei were counterstained
with 4′,6-Diamidino-2-phenylindol (DAPI, Thermo Fisher Scientific).

For cell proliferation analysis, Edu was added to the media at a final
concentration of 10 μM. After 24 h (MSCs) or 12 h (CAL51), cells were
fixed with paraformaldehyde 4% and stained by Click-iT™ EdU Alexa
Fluor™ 647 Imaging Kit (Sigma Aldrich). After the reaction, MSCs were
also immunostained with Ki67 antibody (Abcam). Cell were finally
counterstained with LipidTox and DAPI.

2.7. Confocal imaging and image quantification

Immunofluorescent stainings were analyzed with Zeiss LSM 780
confocal microscope with either 20× (air) or 40× (oil-immersion)
objectives. Z-stacks were acquired with the optimal interval suggested

by the software, followed by the application of maximum intensity al-
gorithm.

Lipid accumulation was quantified by measuring with Image J the
total positive area for Lipidtox staining, calculated from maximum
projections confocal images. The results were divided by the number of
DAPI-stained nuclei.

YAP and TEAD nuclear:cytoplasmic ratios were calculated by ana-
lyzing with Image J the maximum intensity of the confocal images
according to what we previously described [16].

YAP-TEAD-dependent co-transcriptional activity was calculated by
dividing mCherry for GFP mean intensities in living reporter cells.

High-resolution confocal image stacks of reporter WT MSCs em-
bedded in fibrin gels were reconstructed by iso-surface rendering using
Imaris software v9.0 (Bitplane).

2.8. FACS analysis

Mesenchymal and hematopoietic markers were quantified in un-
differentiated MSCs. For this purpose, cells were detached using Tryple
express and stained in PBS- BSA 0.2% containing antibody cocktail
(CD90-APC, CD34-PE/Cy7, CD105-eFluor 450, CD73−eFluor450, HLA-
DR-FITC (ebioscience) CD45-PE, CD14-APC (Biolegend)) for 30 min at
4 °C.

For adipogenesis quantification, cells treated for were cultured for 7
days in adipogenic medium, stained with Lipidtox Deep Red
(Thermofisher), washed twice and detached with TrypLE Express
(Thermofisher).

The percentage of positive cells was analyzed by BD FACS Canto II
and plots prepared using FlowJo software v10 (Tree Star).

2.9. RNA isolation and real-time quantitative PCR analysis

Total RNA was isolated by using the High Pure RNA Isolation Kit
according to the manufacturer instructions. One μg of RNA was used to
generate the corresponding cDNA with the First Strand cDNA Synthesis
Kit (Roche). SYBR Green-based qRT-PCR reactions (LightCycler 480
SYBR Green I Master Kit (Roche)) were run in triplicate in a LightCycler
480 Instrument (Roche). The expression level of individual genes was
analyzed by the ΔCt method and normalized according to the expres-
sion of the housekeeping gene 18S [28]. Primers sequences are pro-
vided in Supplementary Table 3.

2.10. Western blotting

Cells were lysed in RIPA buffer (Merck Millipore) containing 1%
protease and phosphatase inhibitor cocktails (Sigma-Aldrich) on ice and
then centrifuged at 13.000 g for 10 min at 4 °C. Protein concentration
was quantifi3ed by BCA method. 40 μg of proteins per sample were
loaded in a 10% polyacrylamide gels (Bio-Rad), pre-run at 40 V for
30 min and then at 100 V until ladder proteins (Bio-Rad) were resolved.
Proteins were transferred to a polyvinylidene difluoride membrane
using the Trans-Blot Turbo transfer system (Bio-Rad). Membranes were
blocked with 5% BSA in TBST, incubated with diluted primary antibody
in 5% BSA in TBST at 4 °C overnight. The following antibodies were
used: rabbit anti-SLUG (9585), rabbit anti-E-cadherin (3195), rabbit
anti-N-cadherin (13116), rabbit anti-claudin-1 (13255), rabbit anti-ZEB-
1 (3396), rabbit anti-vimentin (5741) (1:1000, Cell Signaling
Technology). After washes, blots were incubated with anti-rabbit IgG,
HRP-linked antibody (7074) (Cell Signaling Technology) at RT for 1 h.
Chemiluminescence was using Clarity™ Western ECL Substrate (Bio-
Rad) and imaged in a ChemiDoc imaging system (Bio-Rad). Mouse anti-
GAPDH-HRP (Thermo Fisher Scientific) was used as loading control.

2.11. RNA sequencing and data analysis

Libraries were prepared using NEBNext® Ultra™ II Directional RNA
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Library Prep Kit for Illumina® with NEBNext® Poly(A) mRNA Magnetic
Isolation Module and NEBNext® Multiplex Oligos for Illumina® (Dual
Index Primers Set 1). Kits were employed according to manufacturers'
protocol, input for library preparation was 200–300 ng total RNA.

Sequencing was done on Illumina NextSeq 500 using NextSeq 500/
550 High Output v2 kit (75 cycles). We have done single-end 75 bp
sequencing in multiple sequencing runs until all samples had at least 30
million passing filter reads. Fastq files were generated using bcl2fastq
software without any trimming.

The quality of the raw sequencing data was assessed using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
aligned to the hg38 reference genome using the TopHat2 aligner [29].
Raw gene counts were obtained by calculating reads mapping to exons
and summarized by genes using reference gene annotation (Ensembl
90; Homo sapiens GRCh38. p10, GTF) by HTSeq [30]. Differential gene
expression was performed using DESeq2 [31] bioconductor package.
Genes were considered as differentially expressed when the Benjamini-
Hochberg adjusted P-value ≤0.05 and log2 fold-change
(log2FC) ≥ 1.5. Biological-term classification and the enrichment ana-
lysis of gene clusters were performed using clusterProfiler [32]. All
computations were performed with R 3.5.1 (R Core Team 2018), and
the R packages gplots [33] and GOplot [34] were used.

2.12. Statistical analysis

Unless differently stated, depicted results are expressed as the
means ± SEM of at least 3 independent experiments, with more than 5
fields to achieve the count of at least 100 cells for experiments. For
singles cell analysis, three technical replicates were performed, and
10 cells per condition were acquired. Differences between groups were
compared with Graphpad software using the t-test or one-way ANOVA
with Holm-Sidak's analysis for multiple comparisons. Two-ways
ANOVA followed by Tukey's test analysis were applied to verify the
effect of Fibronectin concentration and matrix stiffness. Differences
were considered significant when P < 0.05.

3. Results

3.1. YAP hinders AD-MSC adipogenic differentiation through its co-
transcriptional activity independently of TEAD

The mechano-activated Yes Associated Protein (YAP) has been
proposed to control mesenchymal stem cell (MSC) fate by perceiving
substrate stiffness. YAP nuclear accumulation occurring when cells are
grown onto a stiff surface favors osteogenesis, while it hinders adipo-
genesis [7].

We asked whether YAP inhibition of adipogenesis requires its
transcriptional activity as mediated by the TEAD transcription factor
family, which is considered responsible for almost 80% of YAP tran-
scriptional function [15].

We thus generated a stable adipose tissue-derived mesenchymal
stem cell (AD-MSC) line expressing nuclear mCherry under the control
of 8xTEAD binding sites [35], in order to monitor the activation state of
genes directly controlled by YAP-TEAD during adipogenic differentia-
tion.

We exposed transduced AD-MSCs to adipogenic differentiation and
monitored live mCherry intensity for one week. A progressive reduction
in YAP-TEAD transcriptional activity was detected during adipogenic
differentiation, which was not mirrored by cells cultured in growth
medium for the same period of time (Fig. 1A, Supplementary Fig. 1A).
On a parallel experiment, we co-stained YAP and TEAD in differ-
entiating AD-MSCs and detected a progressive reduction of YAP nuclear
presence by immunofluorescence. No change in TEAD localization was
found at the same time-points (Fig. 1B). The same results were obtained
in non-immortalized primary AD-MSCs (Supplementary Fig. 1B). These
results clarified that the reduction observed in YAP-TEAD

transcriptional activity during AD-MSC adipogenesis was due to YAP
nuclear exclusion and was independent of TEAD localization in the cell.

We then tried to understand whether YAP nuclear exclusion was
needed for adipogenesis in AD-MSCs. To this goal, we prompted the
differentiation of AD-MSCs transiently transfected with a YAP mutant
(YAP-S127A) which cannot be excluded from the nucleus by phos-
phorylation, thus stably activating its gene program through TEAD
[36]. Additionally, we prompted adipogenesis in AD-MSCs transfected
with YAP mutant being permanently localized in the nucleus but unable
to interact with TEAD (YAP-5SA/S94A) [37]. This mutant activates
only the residual 20% of YAP transcription which is independent of
TEAD binding. Finally, we repeated the experiment with cells trans-
duced with YAP mutant lacking the PDZ domain (YAP_ΔPDZ), which
cannot translocate into the nucleus to activate the transcription
[38,39]. Green Fluorescent Protein (GFP) co-transfection was used to
identify transduced cells.

The results showed that both transcriptionally active forms of YAP
(YAP-S127A and YAP-5SA/S94A) were able to significantly inhibit
adipogenic differentiation of AD-MSCs. Instead YAP_ΔPDZ mutant had
no effect on adipogenesis. These results confirmed that YAP co-tran-
scriptional activity is needed to hinder adipogenesis. Also, the data
suggested a marginal role for TEAD in AD-MSCs commitment towards
adipocytes.

To confirm this hypothesis, we induced adipogenesis in AD-MSCs
overexpressing two different isoforms of TEAD: TEAD1 and TEAD4.
While the overexpression of the former failed in reducing the adipo-
genic potential of AD-MSCs, the latter had only a limited, although
significant effect (Fig. 1C).

This contrasting result prompted us to validate YAP exclusive role in
adipogenesis impairment and definitely rule out TEAD participation in
the process. Therefore, we enhanced YAP availability for transcription
either by: (1) blocking Hippo phosphorylation cascade by MST1/2 in-
hibitor XMU-MP-1 [40]; or (2) by releasing YAP from TEAD binding
through super-TDU, a small molecule designed to physically compete
with YAP for TEAD binding site [41].

When adipogenesis was induced, while differing in their ability to
activate YAP genetic program through TEAD as quantified by mCherry
signal, both small molecules significantly impaired adipogenesis in AD-
MSCs, most likely by making YAP more available in the nucleus for
TEAD-independent transcription. Collectively, these results showed
that YAP availability within the nucleus of AD-MSCs poses an obstacle
to adipogenic commitment by activating a genetic program largely in-
dependent of TEAD contribution. Therefore, YAP provides the me-
chanical sensitivity to YAP-TEAD transcriptional complex.

3.2. The depletion of YAP co-transcriptional activity is required for the
rearrangement of the cell-ECM interaction and proliferation arrest during
adipogenesis

In order to dissect YAP transcriptional program impairing adipo-
genesis in AD-MSCs, we generated a stable mesenchymal stem cell line
overexpressing the transcriptionally hyperactive mutant YAP-5SA,
which cannot be phosphorylated and excluded from cell nucleus [42].
First, we confirmed that no change in AD-MSC undifferentiated phe-
notype was induced by YAP-5SA expression (Supplementary Fig. 2A).
Then, by prompting YAP-5SA cell adipogenesis, we demonstrated that
the mechanosensitive protein could not be excluded from the nucleus
when exposed to adipogenic stimuli, indicating that this phenomenon
requires its phosphorylation (Supplementary Fig. 2B). When YAP could
not be phosphorylated and excluded from the nucleus, MSCs lost their
capacity to commit to adipogenic lineage.

In fact, YAP-5SA AD-MSCs displayed reduced expression of adipo-
cyte markers ADIPOQ, PPARG, PLIN1, failed to acquire FABP4 protein
and to accumulate lipid droplets when appropriately stimulated
(Fig. 2A, Supplementary Fig. 2C).

Next, we set out to determine which genes are transcriptionally
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altered as a result of YAP-5SA stable expression as compared to the wild
type AD-MSCs. By RNA sequencing (RNA-seq) we identified 621 and
696 genes being down- or up-regulated, respectively, by at least 1.5-
folds in YAP-5SA cells as compared to the wild type (WT) counterpart

(Fig. 2B). The functional annotation of the disregulated genes revealed
YAP as a critical modulator of cell-matrix interface (i.e.: cell adhesion,
extracellular matrix organization and cell migration) (Fig. 2C). Heat-
maps corresponding to the most represented categories can be found in

Fig. 1. YAP inhibits adipogenesis through its co-transcriptional activity in a TEAD-independent fashion. A. Top: Representative confocal images of the GFP-
positive reporter Mesenchymal Stem Cell (MSC) line with mCherry production being dependent on YAP-TEAD transcription. Bottom: Daily in vivo quantification of
YAP-TEAD activity during the first week of adipogenic differentiation (red dashed line) as compared to the same cells cultured in growth medium (black line). B. Left:
Representative immunostaining showing the nuclear presence of YAP and TEAD at the indicated days during adipogenesis. Right: Percentage of MSCs with nuclear
YAP or TEAD during the first week of adipogenic differentiation. C. Left: Representative confocal fluorescence images of MSCs transfected with plasmids encoding for
GFP, alone or in combination with the indicated mutant forms of YAP, TEAD1 and TEAD4, exposed to adipogenic differentiation and stained for lipids (red). Right:
Quantification of transfected cells positive for LipidTOX in each indicated condition. D. Confocal fluorescence images of MSCs exposed for 3 days to adipogenic
stimuli in the presence of MST1/2 inhibitor (XMU-MP-1, 5 mm) or YAP-TEAD inhibitor (SuperTDU, 1 μg/ml) and stained for lipids (red). Nuclei were counterstained
with DAPI. Data in the graphs are presented as mean ± SD. ****p-value < 0.0001, ***p-vale < 0.001, **p-value < 0.01, *p-value < 0.05 as obtained by one-way
ANOVA followed by Holm-Sidak's tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Supplementary Fig. 3. Among the regulated genes, the expression
profile of integrin subunits was found altered (ITGB2, ITGA6, ITGA7,
ITGB3, ITGA1, ITGA9, ITGA11), evidencing the control of YAP over
adhesion molecules, in a fashion similar to what previously demon-
strated by our group in other cell types [16]. TAZ gene expression was
not affected by YAP overexpression.

Focal Adhesion (FA) remodeling is required for MSC adipogenic
differentiation [43,44] while the stabilization of adhesion foci - as in-
duced by mechanical stimulation - inhibits adipogenesis [43,45].
Therefore, we quantified by qRT-PCR the expression of a number of key
genes encoding for FA- and cytoskeleton-associated proteins in YAP-
5SA line under adipogenic stimulation and compared it to the WT line
exposed to the same stimuli. Strikingly, the reduction in the expression
of several of the genes selected was observed during AD-MSC

differentiation. This phenomenon was blunted in YAP-5SA cells ex-
posed to adipogenic stimulation, with TLN1, FAK1, VCL, VASP and ZYX
being significantly regulated as compared to the control at the same
time point (Fig. 2D).

Our RNA-seq analysis of the genes differentially regulated in YAP-
5SA AD-MSCs also confirmed previous observations indicating that YAP
targets genes involved in cell proliferation [15,46]. The regulation of
cell cycle is an important event in adipocyte differentiation: during
adipogenesis cells undergo limited rounds of proliferation before be-
coming quiescent [47,48]. Therefore, we monitored the amount of YAP-
5SA and WT cells in active phases of cell cycle by staining with Ki67
antibody or proceeding to proliferation by quantifying EdU incorpora-
tion during the first week of adipogenic differentiation.

While WT cells lost the proliferation markers promptly after the

Fig. 2. YAP nuclear exclusion is required for cell/matrix interface remodeling and cell cycle exit during adipogenesis. A. Left: FABP4 (red) and LipidTOX
(green) staining in WT and YAP-5SA MSCs at day 0, day 3, day 5 and day 7 of adipogenic differentiation. Right: qRT-PCR analysis of the adipocyte markers ADIPOQ,
PPARG and PLIN1 at the indicated time points. B. Heatmap showing the clustering of upregulated and downregulated genes in YAP-5SA MSCs as compared to WT
MSCs. Four replicates are shown for each category. C. Diagram and table showing the 13 most significant gene ontology (GO) categories of genes significantly
regulated in YAP-5SA line as compared to WT MSCs. Blue and red dots indicate genes belonging to a given category that are significantly down- or upregulated in
YAP-5SA cells, respectively. D. qRT-PCR analysis of the expression of the indicated Focal Adhesion-related genes in WT and YAP-5SA MSCs at the indicated
timepoints of adipogenic differentiation. E. Left: Representative confocal images of WT and YAP-5SA MSCs untreated (day 0) or exposed for 3, 5 and 7 days to
adipogenic differentiation medium and stained for Ki67 (green), EdU (red) or lipids (LipidTOX, yellow). Right: quantification of the percentage of Ki67+ and EdU+

cells in WT (black line) and YAP-5SA (red dashed line) at the indicated times of adipogenic differentiation. In all the stainings presented, nuclei were counterstained
with DAPI. Graphs represent mean ± SD. ****p-value < 0.0001, ***p-vale < 0.001, **p-value < 0.01, *p-value < 0.05 as obtained by one-way ANOVA followed
by Holm-Sidaks statistical analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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adipogenic stimulation started, YAP-5SA cells showed a sustained
proliferation in basal conditions. They encountered only a mild re-
duction in Ki67 during adipogenesis, while the number of cells able to
enter S phase was significantly higher than the control at any given
timepoint (Fig. 2E). To understand whether cell cycle exit was sufficient
for YAP-overexpressing cells to proceed to adipogenesis, we treated
YAP-5SA cells undergoing adipogenic stimulation with Mitomycin C.
No evidence of differentiation could be detected following Mitomycin
treatment of YAP-5SA cells (Supplementary Fig. 4), thus confirming
previous results from other groups [9].

These results indicated that the depletion of YAP co-transcriptional
activity acts upstream of FA-cytoskeleton rearrangement and pro-
liferation arrest in AD-MSCs induced to adipogenesis. Since cell cycle
exit in the presence of nuclear YAP was not able to restore adipogenesis
(Supplementary Fig. 4), we focused on the interplay between cell ad-
hesion and YAP in controlling adipogenesis.

3.3. Cell spreading modulates AD-MSC adipogenic differentiation by
controlling YAP nuclear localization independently of focal adhesion
formation

The chemical inhibition of FA formation has been shown to increase
MSC adipogenic differentiation [49,50]. Given the predominant anno-
tation for cell adhesion genes found by RNA-seq in YAP-5SA line and
the inability of such cell line to proceed to adipogenic commitment, we
decided to decouple the role of cell adhesion and YAP mechanosensing
during adipogenesis.

Therefore, we seeded AD-MSCs on substrates coated with Poly-L-
Lysine (PLL), and confirmed that they displayed impaired FAs and re-
duced cell spreading. These cells also exhibited low nuclear YAP pre-
sence (Fig. 3A). As expected, when appropriately stimulated, cells on
PLL acquired the adipogenic features more promptly than on TCPS
(Fig. 3B).

A limited reduction in YAP presence was also induced by PLL in
YAP-5SA cells, thus indicating that this event mostly depends on YAP
phosphorylation. These cells continuously formed FAs even when sti-
mulated with adipogenic medium and failed to accumulate lipid dro-
plets (Fig. 3B). The stabilization of FAs via manganese (Mn2+) integrin
activation [51,52] reduced the adipogenic potential in WT cells and had
no effect on YAP-5SA cell phenotype (Supplementary Fig. 5).

In order to discriminate between the contribution to adipogenesis of
FAs remodeling and YAP nuclear presence as determined by cell
spreading, we designed fibronectin-coated micropatterned surfaces
suited for single-cell culture, allowing to keep a constant cell spreading
area (4900 μm2), while reducing the adhesion surface (4900 μm2,
1000 μm2, 450 μm2 or 254 μm2) [16].

The reduction of the adhesion area caused a steady decrease in total
FA area, as quantified by vinculin-rich spikes. Interestingly, when the
adhesion area was reduced below the total area of FA formed in un-
restricted conditions (458,5 ± 62,68 μm2), cells became unable to in-
duce the assembly of FAs and vinculin appeared completely cyto-
plasmic (Fig. 3C).

Despite the changes observed in FAs due to the reduction of adhe-
sion site availability, YAP nuclear presence remained unaltered in all
the adhesion areas studied.

We then exposed these cells to adipogenic stimulation and mon-
itored the appearance of lipid droplets after 3 days (Fig. 3D). Only WT
AD-MSCs which did not spread completely and displayed a reduced
YAP expression exhibited lipid staining.

Overall, these data compellingly indicate that cell spreading re-
stricts AD-MSC adipogenic potential by controlling YAP nuclear pre-
sence and co-transcriptional activity, independently of FA formation.

3.4. F-actin stability mechanically controls AD-MSC adipogenic potential
through YAP nuclear exclusion independently of its phosphorylation

As previously demonstrated by our group and others, YAP nuclear
translocation is controlled by the transmission of tension through the
cell cytoskeleton [18,19,53]. Cell tension, resulting from the contribu-
tion of F-actin stability and Myosin II activity, has been shown to
control hMSC fate [9]. Also, selective inhibitors of F-actin poly-
merization and of Myosin II activity were proven to trigger YAP cyto-
plasmic accumulation [48]. No causal correlation between cytoskeleton
tension and adipogenesis through YAP has been so far established.

Therefore, we seeded AD-MSCs at a density which would favour
adipogenesis without inducing YAP cytoplasmic shuttling through cell-
cell interaction, and stimulated them with adipogenic supplements in
the presence of increasing concentrations of either F-actin disruptor
cytochalasin D or the inhibitor of the ATPase activity of Myosin II,
blebbistatin.

In this experimental setting, we confirmed that both tension in-
hibitors were able to exclude YAP from the nucleus of WT AD-MSCs in a
dose-dependent fashion (Fig. 4A). As expected, YAP exclusion was ac-
companied by a concomitant, concentration-dependent, increase in
adipogenesis. On the other hand, only F-actin inhibitor was able to
partially exclude YAP from the nucleus of YAP-5SA cells, as shown by
YAP nuclear/cytoplasmic ratio, and restore adipogenesis in YAP-5SA
AD-MSCs when appropriately stimulated. Such effect was not phe-
nocopied by treating the cells with Myosin II inhibitor blebbistatin
(Fig. 4A and B).

Cytoskeleton tension can be finely tuned by confining single cells on
fibronectin-coated micropatterned surfaces of defined areas ranging
from 300 to 10000 μm2 [7,16,18]. Confined cells having a reduced
cytoskeleton tension display YAP cytoplasmic accumulation [7]; the
same culture condition was proven to prompt adipogenic differentia-
tion as compared to spread cells [9].

We confirmed that in single micropatterned AD-MSCs exposed to
adipogenic stimulation, the ability to accumulate lipid droplets in-
versely correlated with cell area, tension and YAP nuclear localization:
smaller cells having a lower YAP nuclear:cytoplasmic ratio as a result of
reduced tension, were more prone to differentiate as compared to
bigger cells with a higher cytoskeleton tension and YAP ratio (Fig. 4C).
A similar correlation between cell area, nuclear YAP and adipogenic
differentiation was obtained in primary non-immortalized AD-MSCs
(Supplementary Fig. 6). In fact, lipid accumulation was not significantly
different in cells seeded onto micropatterns with constant surface area
but with different circularity index and inducing no changes in YAP
nuclear presence (Supplementary Fig. 7A).

On the contrary, micropatterned YAP-5SA cells showed a sustained
nuclear presence of the protein when the area was ranging from
1024 μm2 to 10000 μm2, while YAP nuclear:cytoplasmic ratio was
slightly reduced on 300 μm2 as compared to 10000 μm2 islands, but still
comparable to 1024 and 2025 μm2. The amount of nuclear YAP in YAP-
5SA cells grown onto 300 μm2 was still sufficient to impair adipogen-
esis. In fact, none of the cells analyzed could accumulate lipids in the
presence of appropriate biological supplements (Fig. 4C).

In the conditions tested, cell spreading did not affect TEAD locali-
zation (Fig. 4D), thus arguing against the possibility that the tran-
scription factor could be mechanoregulated per se, likely previously
suggested elsewhere [54]. TEAD also remained nuclear after adipogenic
induction regardless of cell area (Supplementary Fig. 7B).

Altogether, these data demonstrate that the mechanical regulation
of AD-MSC adipogenesis occurs as the result of two regulatory systems:
one mediated by cytoskeletal integrity, which is independent of YAP
phosphorylation, and another pathway dependent on myosin II cell
tension, which relies on the phosphoregulation of the Hippo effector.
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3.5. Dimensionality dictates substrate mechanics effects on adipogenesis by
controlling YAP phosphorylation through cell spreading

A recent report indicated YAP localization displaying divergent
dependency on substrate stiffness in 2D and 3D culture conditions [55].
This study considered YAP response to substrate stiffness in terms of
protein localization, but did not connect matrix mechanics to YAP ac-
tual transcriptional activity nor proved its effect on differentiation.

We cultured our mCherry-based YAP-TEAD AD-MSC mechano-

reporter line onto or within fibrin hydrogels with controlled stiffness.
Also, we combined our YAP-5SA AD-MSC line with mCherry YAP-TEAD
mechano-reporter system and used this new cell line in the following
experiments.

Hydrogels of different stiffnesses were obtained by mixing different
proportions of thrombin and fibrinogen according to previously pub-
lished data [27], in order to produce compliant (300 Pa) and stiff
(5 kPa) hydrogels able to differentially control YAP nuclear localization
[56]. To avoid the degradation of the hydrogels, which would hinder

Fig. 3. Cell spreading controls adipogenesis by regulating YAP nuclear presence regardless of adhesion area. A. Representative confocal images of WT and
YAP-5SA MSCs seeded on tissue culture polystyrene (TCPS) or Poly-L-lysine (PLL)-coated surfaces and stained for YAP (red), vinculin (VCL, green), F-actin (white)
and DAPI (blue). The bargraph shows the comparison between YAP nuclear/cytoplasmic ratio in MSCs cultured on PLL-coated- as compared to the same cells grown
on non-coated TCPS. The values are indicated as fold changes. B. Left: Representative confocal images of WT and YAP-5SA MSCs cultured on tissue culture
polystyrene (TCPS) or Poly-L-lysine (PLL)-coated surfaces in adipogenic medium for the indicated days and stained for vinculin (VCL, green), F-actin (red), lipids
(LipidTOX, yellow) and counterstained with DAPI (blue). Right: quantification of lipid area per cell as obtained at the indicated timepoints and conditions. C.
Representative confocal images of single WT MSCs cultured onto micropatterns having constant spreading area (4900 μm2) and the indicated adhesion areas. Cells
were stained for vinculin (green, left) and YAP (green, right). In both panels cells were stained for fibronectin (white), F-actin (red) and DAPI (blue). Down: Boxplot
representing the median ± min/max of total focal adhesion area (left), YAP nuclear/cytoplasmic ratio (center) and dotplot representing the distribution of the
indicated parameters (right) in a subset of 10 cells having the reported adhesion area. D. Representative confocal images of WT and YAP-5SA MSCs cultured onto
micropatterns having constant spreading area (4900 μm2) and the indicated adhesion areas, induced to adipogenic differentiation for 3 days and stained for F-actin
(green), lipids (LipidTOX, red) and counterstained with DAPI (blue). ****p-value < 0.0001, **p-value < 0.01 as calculated by one-way ANOVA followed by Holm-
Sidak's tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. The mechanical regulation of adipogenesis by cell spreading is mediated by YAP in a Filamentous Actin/YAP-phosphorylation independent and
Myosin II/Phospho-YAP-dependent manner. A. Representative confocal images of YAP staining in WT and YAP-5SA MSCs treated with the F-actin disruptor
Cytochalasin D (up) and Blebbistatin (down) at the indicated concentrations for 24 h. Graphs: quantification of YAP nuclear/cytoplasmic ratio in WT and YAP-5SA
cells treated with F-actin inhibitors. B. Representative confocal images of lipid staining by LipidTOX (red) in WT and YAP-5SA MSCs grown in adipogenic media for
72 h and treated with Cytochalasin D (up) and Blebbistatin (down) at the indicated concentrations. Graphs: corresponding quantification of the lipid area/cell. Bars
represent mean ± SD. Asterisks represent the p-value obtained by comparing WT cells and the respective untreated control, while hashtags indicate the value
obtained by comparing WT cells against the untreated YAP-5SA. C. Up: Representative confocal images of single WT and YAP-5SA MSCs grown onto fibronectin-
coated micropatterns having the indicated adhesion area stained for YAP (green) and F-actin (red). Dashed lines indicate the adhesion area and the inset highlights
YAP intracellular localization. Graph: quantification of the YAP nuclear/cytoplasmic ratio for WT (blue) and YAP-5SA (purple) cells of a given area. Values are shown
as median ± min/max. Down: Representative confocal images of single WT and YAP-5SA MSCs grown onto micropatterns with increasing surface area for 3 days in
adipogenic medium and stained for YAP (green), F-actin (red), and lipids (LipidTOX, yellow). Graph: Quantification of cells positive for lipid staining for each
condition studied. Bars represent mean ± SD ****p-value < 0.0001, *p-value < 0.05. D. Representative confocal images of single WT and YAP-5SA MSCs grown
onto fibronectin-coated micropatterns having the indicated adhesion area and stained for TEAD (red), vinculin (green) and F-actin (white). **** or #### p-
value < 0.0001, ** or ## p-value < 0.01, * or # p-value < 0.05 as calculated by one-way ANOVA followed by Holm-Sidak's tests. In all the presented pictures nuclei
were counterstained with DAPI (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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the nature of the experiment, aprotinin was added to the mixture [57].
As expected, cells cultured onto 2D stiff (5 kPa) hydrogels could

spread better as compared to cells growing onto soft (300 Pa) surfaces.
As a consequence, a significant difference in YAP-TEAD transcrip-

tional activity was found among cells grown onto stiff vs. soft 2D sub-
strates, as quantified by mCherry intensity (Fig. 5A). Instead, no dif-
ference in the transcriptional activity could be found when YAP-5SA
cells were cultured onto soft or onto stiff hydrogels. This result once
again suggests that substrate mechanics regulates YAP transcriptional

activity by phosphorylation. As a control, cells cultured in the presence
of MST1/2 inhibitor XMU-MP-1 showed enhanced YAP-TEAD tran-
scriptional activity regardless of matrix stiffness.

When the cells grown onto the hydrogels were exposed to adipo-
genic stimulation, we found that the lipid accumulation correlated in-
versely with YAP-TEAD transcriptional activity: cells grown onto soft
substrate had an enhanced adipogenic commitment as compared to
MSCs in stiffer gels, and adipogenesis was prevented by the expression
of hyperactive YAP (YAP-5SA) and by MST1/2 kinase activity

Fig. 5. 2D cell spreading is determined by substrate stiffness and controls adipogenesis through YAP phosphorylation. A. Representative confocal images of
WT and YAP-5SA MSCs mechano-reporter cell lines seeded onto soft (300 Pa) or stiff (5 kPa) fibrin hydrogels, treated or not with the MST1/2 inhibitor XMU-MP-1
(left). Right: relative quantification of YAP-TEAD transcriptional activity, as measured by mCherry/GFP fluorescence intensity. Asterisks over the bars represent the
p-value significance for values obtained in WT and YAP-5SA cells as compared to WT cells grown onto soft hydrogel, while hashtags correspond to the comparison
between YAP-5SA cells treated with XMU-MP-1 in soft and stiff hydrogel. B. Representative confocal images and quantification of WT and YAP-5SA cells grown onto
soft and stiff hydrogels, treated or not with XMU-MP-1 and stained for lipids (LipidTOX, green) and nuclei (Hoechst, blue) after 3 days exposure to adipogenic
medium. Bars represent mean ± SD. ****p-value < 0.0001, ***p-vale < 0.001, ** or ## p-value < 0.01, * or # p-value < 0.05, as obtained by one-way ANOVA test
followed by Holm-Sidak's multiple comparison test. C. Quantification of YAP-TEAD activity in WT and YAP-5SA mechanoreporter MSCs seeded onto PDMS dishes
with stiffnesses ranging from 1.5 to 28 KPa, coated with 3 or 30 μg/ml fibronectin, before differentiation (left graph, day 0) and 3 days after being exposed to
adipogenic cocktail (right graph, day 3). D. Representative confocal images and quantification of WT and YAP-5SA cells grown onto PDMS substrates, stained for
lipids (LipidTOX, red) and nuclei (Hoechst, blue) after 3 days exposure to adipogenic medium. Bars represent mean ± SD. *** or #### p-value < 0.001, #### p-
value < 0.0001. Hagstags correspond to the p-values calculated by two-ways ANOVA comparison between stiffness and ligand density, while asterisks correspond to
the post-hoc Tukey's multiple comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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inhibition (Fig. 5B).
Since fibrinogen concentration modifies gel stiffness but can also

change ligand density [58], we decided to decouple both effects by
using PDMS plates with stiffness ranging from 1.5 kPa to 28 KPa and
coated with 2 different concentrations of fibronectin (3 and 30 μg/ml).
While confirming the effect of substrate stiffness on adipogenesis
through YAP (Supplementary Fig. 8), this experiment showed no effect
of ligand density in the range of fibronectin studied over YAP activity
(Fig. 5C left). Adipogenic stimulation caused a significant drop in YAP-
TEAD reporter activity in WT cells, independently of substrate stiffness
or fibronectin concentration (Fig. 5C right), demonstrating that YAP-
TEAD activity at the moment of the adipogenic stimulation determines
the success of the initiated program.

As predicted, again substrate stiffness correlated inversely with lipid
droplet accumulation, this effect being independently of the fibronectin
concentration (Fig. 5D). Consistently, the overexpression of YAP-5SA
fueled YAP-TEAD transcriptional activity and abolished adipogenic
commitment regardless of substrate stiffness and fibronectin con-
centration.

Then, we asked whether a similar interplay among substrate stiff-
ness, YAP-TEAD transcriptional activity and adipogenesis could be
found in 3D hydrogels. We embedded YAP-TEAD AD-MSCs mechano-
reporter cells in 3D fibrin hydrogels having the same stiffness values
observed in 2D and quantified mCherry intensity. Soft 3D hydrogels,
which allowed cell spreading, prompted YAP-TEAD transcriptional ac-
tivity. On the contrary, stiff 3D hydrogels prevented cell spreading, kept
them in a rounded morphology and reduced mCherry intensity (Fig. 6A,
Supplementary Video 1 and 2). Releasing MST1/2 inhibition by XMU-
MP-1 abolished stiff substrate effect and restored YAP-TEAD tran-
scriptional activity. As expected, the impossibility to phosphorylate
YAP in YAP-5SA cells prevented 3D substrate stiffness effect (Fig. 6B).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2019.03.009.

Consistent with the hypothesis that YAP nuclear function impairs
adipogenesis, cells exposed to adipogenic stimulation within stiff ma-
trices were more prone to differentiate as compared to those embedded
into soft hydrogels. In this context, XMU-MP-1 treatment or the pre-
sence of hyperactive YAP-5SA mutant had similar effects and inhibited
adipogenesis (Fig. 6C).

In order to decouple the effects of ligand density and 3D stiffness on
YAP activity and differentiation, we embedded cells in commercially
available PEG-based hydrogels with different stiffnesses (soft: ∼300 Pa,
stiff: ∼1500 Pa) and functionalized to obtain the same ligand density.
Cells embedded in the soft material showed a significantly higher ap-
parent area when compared to cells growing in the stiff PEG hydrogels.

Again, a consistent difference in YAP-TEAD transcriptional activity
was observed in WT cells and correlated with a differential ability to
proceed to adipogenic commitment (Fig. 6D). On the contrary, when we
seeded the cells in PEG-based hydrogels with same stiffness but dif-
ferent ligand density, no significant changes were observed either in
YAP-TEAD activity or adipogenic commitment (Fig. 6F). As expected,
YAP-5SA cells showed no difference in YAP-TEAD activity and no
adipogenic commitment was observed in any condition tested.

These results collectively and compellingly demonstrate that YAP
transcriptional activity, as determined by cell ability to spread over or
within a permissive environment, impairs mesenchymal stem cell adi-
pogenic differentiation.

3.6. Cancer-to-adipocyte reprogramming can be enhanced by targeting YAP
activity

A recent report described a methodology to reduce cancer cell
growth and invasiveness by promoting their epithelial-to-mesenchymal
(EMT) transition and then reprogramming them into non-proliferative
adipocyte-like cells [26]. Given the acknowledged role of YAP as on-
cogene [38,59] and our observations that it acts as an inhibitor of

adipogenic commitment, we decided to investigate whether - by me-
chanically modulating YAP activity - we could induce adipogenic
transdifferentiation in a model of breast cancer. The experimental de-
sign is depicted in Fig. 7A.

We knocked out YAP in breast cancer cell line CAL51 by CRISPR/
Cas9 technology [16]. The analysis of proteins related to EMT showed
that YAP-depleted cells lost the expression of epithelial-related proteins
such as E-cadherin or Claudin-1, while acquired some proteins related
to the mesenchymal phenotype such as SLUG, TCF-8/ZEB1, Vimentin
and N-cadherin (Fig. 7B).

When the cells were exposed to adipogenic medium, YAP−/−

cancer cells accumulated lipid droplets (Fig. 7C), which also correlated
with the de novo expression of the adipogenic marker PLIN2 (Fig. 7D).
Adipogenic stimulation also reduced YAP−/− CAL51 proliferation
by ≈ 50% (Fig. 7E). No adipogenic commitment and a milder inhibition
of the proliferation were detected in wild type cells expressing YAP.

In order to check whether the mechanical control of YAP-TEAD
transcriptional activity in CAL51 tumor cells could trigger their adi-
pogenic reprogramming, we embedded WT and YAP−/− CAL51 cells in
the fibrin hydrogels with controlled stiffness described above. CAL51
mechano-reporter cell line confirmed the mechanical control over YAP-
TEAD transcriptional activity so that it was higher in soft fibrin gels,
where the cells could spread better (Fig. 7F). When exposed to adipo-
genic medium, the accumulation of lipid droplets in WT CAL51 cells
was only induced on the less compliant environment, as a result of the
restriction of YAP-TEAD transcriptional activity. On the contrary,
YAP−/− CAL51 cells accumulated lipid droplets independently of the
stiffness of the hydrogel (Fig. 7G).

Collectively, these results indicate materials control over YAP ex-
pression and YAP-TEAD transcriptional activity as a tool to possibly
decrease tumor proliferation and spreading by promoting their con-
version in postmitotic adipocyte-like cells.

4. Discussion

The implantation of mesenchymal stem cells (MSCs) has been pro-
posed for a number of regenerative medicine applications, due to their
potential to generate functional somatic cells of the mesodermal lineage
(i.e.: osteoblasts, adipocytes, chondrocytes). Besides being an ad-
vantage for their versatility, MSC plasticity poses the issue of the con-
trol of their phenotype, in order to avoid that they drift to differentiate
towards unwanted cell types when implanted in vivo. While prompting
MSC adipogenesis might be beneficial in cases when lipofilling is re-
quired after cancer surgery [25], in bone regeneration applications, fat
formation is considered a side effect. The tight control of adipogenesis
could potentially overcome the accumulation of visceral fat observed in
normal organs and that reduces their functionality during aging [60].

Mesenchymal stem cell fate can be controlled by substrate me-
chanical cues [2], as sensed and propagated through the cell cytoske-
leton [9]. The transmission of mechanical cues inward to the nucleus
directly controls cell function by dictating gene expression [7].

Therefore, the use of biomaterials to tightly regulate implanted MSC
fate paves the way to the setup of innovative materials-based clinical
applications.

The mechanosensing role of Yes Associated Protein (YAP) and WW
domain-containing transcription regulator protein 1 (WWTR1 or TAZ)
has been lately elucidated by showing their ability to dynamically in-
terpret modifications in microenvironment compliance and shuttle to
the cell nucleus [18].

Most of previous studies have only established a correlation be-
tween two coincident phenomena following alterations in ECM me-
chanics: changes in YAP nuclear localization and co-transcriptional
activity were associated with a switch in MSC commitment [6,61,62].

Functional experiments only lately confirmed that silencing of YAP
or its paralog protein TAZ hinders the effect of matrix stiffness [7], flow
stress [17], or spreading [7,16] on MSC adipogenic/osteogenic switch.
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Thus, the question whether substrate mechanics favours one given
phenotype by regulating YAP/TAZ protein shuttling and turnover is still
to be answered.

Here we adopted a number of distinct bioengineering tools based on
single cell patterning, 2D and 3D hydrogels with controlled mechanics
in the physiological range (0.3, 5 kPa) and ligand density in order to
decouple the role of mechanical and biological signals on adipogenesis.
We compellingly demonstrate that the mechanical control of YAP
shuttling to the nucleus and its co-transcriptional activity, in-
dependently of TEAD binding, is of paramount importance for MSCs to
proceed towards the adipogenic phenotype. Moreover, starting from the
recent evidence that tumor cell proliferation and spreading can be ar-
rested by prompting their adipogenic transdifferentiation [26], we
provide evidence that YAP activity can be mechanically controlled in
breast cancer cells to halt their proliferation and induce the formation
of harmless adipose cells.

4.1. The mechanical regulation of MSC fate relies on cell spreading
controlling YAP co-transcriptional activity

Starting from the indication that adipogenesis can be induced in
MSCs by biological stimulation and favoured by either a soft micro-
environment or by cell confinement [7,9], we provide evidence that
MSC adipogenic fate is ruled by cell inability to spread in a non-per-
missive environment. These results are supported by our experiments
entailing the confinement of single MSCs onto 2D micropatterned areas,
confirming what previously demonstrated [9].

More importantly, they are corroborated by imposing constraints to
cell spreading in 2D and 3D hydrogels, in the presence of the same
biological stimuli and chemical composition. In fact, conditions pre-
venting cell spreading regardless of the dimensionality favour MSC
adipogenesis. Interestingly, while cells grown onto a 2D hydrogel need
a soft matrix to become adipocytes, the acquisition of such phenotype
in 3D requires a stiff environment.

The differences in YAP behaviour in 2D versus 3D could partially
explain the discrepancies between the in vitro and in vivo results [63],
making harder the translation of experimental achievements obtained
by reductionist bi-dimensional experiments into a clinical setting.

In our previous study, we correlated YAP subcellular localization
with the ability of the cell to spread and inversely associated Hippo
effector activation with adipogenesis [16].

Here we further the notion that YAP localization is regulated
downstream of cell area, and for the first time establish that cell
spreading, as determined by substrate mechanics, controls YAP co-
transcriptional activity, which, in turn, negatively regulates adipogen-
esis.

In our experimental setup, we also ruled out the possibility that the
effects of ligand density are hidden behind substrate stiffness. Indeed,
functionalized PEG hydrogels and PDMS substrates with controlled
stiffness and ligand density compellingly clarify that substrate com-
pliance determines MSC ability to commit to the adipogenic phenotype
by controlling YAP co-transcriptional activity. Both our 2D and 3D
experiments point at cell ability to spread and subsequently generate
intracellular tension in a permissive environment as key determinants
in YAP control over MSC commitment. Unfortunately, these data do not
allow us to decouple cell spreading from tension, like previously shown
in a more dynamic setting [64].

Recently, the group of Mooney suggested that 3D viscoelastic hy-
drogels having controlled force relaxation mimic better native ECM
response to cell force and show no direct dependence of MSC com-
mitment from YAP nuclear localization [65]. Here we adopted purely
elastic (PEG) and partially viscoelastic (fibrin) hydrogels and measured
how YAP co-transcriptional activity – rather than its mere subcellular
localization - is mechanically regulated.

If put in perspective with previous studies, our original data suggest
that adipogenesis might be regulated in a more complex fashion by
ECM mechanics and viscoelasticity in vivo, rather than being simply
based on the binary regulation of YAP shuttling.

Nonetheless, the reductionist model for cell mechanosensing we
adopted allowed us to determine that the mechanical regulation of MSC
adipogenesis requires YAP nuclear exclusion through phosphorylation.
In fact, adipogenesis was prevented by expressing in MSCs the nuclear
non-phosphorable YAP mutant (YAP-5SA) or by treating the same cells
with pharmacological inhibitor of upstream kinase cascade (XMU-MP-
1). These results were confirmed regardless of the dimensionality, in-
dependently of the adipogenic stimulation being applied to MSCs.

The ability of cells to spread in a permissive environment requires
the correct propagation of internal mechanical forces, as controlled by
cytoskeleton tension being produced by the interplay of filamentous
actin and motor protein Myosin II [66].

By studying the behaviour of the non-phosphorable mutant of YAP,
we concluded that the regulation of adipogenesis by substrate me-
chanics occurs through YAP and needs the concomitant activity of two
axes: the first one relies on the tension generated by myosin II motor
and impacts on the Hippo phosphorylation cascade. The second system
is based on the integrity of actin cytoskeleton itself and is phosphor-
ylation-independent.

Since the contribution of the two-tension axes to the control of
adipogenesis through YAP may depend on the range of force applied,
combined effects are to be expected to act in a physiological environ-
ment.

Fig. 6. Substrate stiffness controls adipogenesis through YAP phosphorylation regulation by determining cell spreading in a 3D environment. A. Isosurface
rendering by IMARIS software of confocal z-stacks obtained from WT MSCs mechano-reporter cell lines embedded in soft (300 Pa) or stiff (5 kPa) fibrin hydrogels.
Graph: Quantification of WT cell sphericity in 3D soft or stiff fibrin hydrogels. The boxplot represents median ± min/max ****p-value < 0.0001, t-test. B.
Representative confocal images of WT and YAP-5SA MSCs mechano-reporter cell lines embedded in soft (300 Pa) or stiff (5 kPa) fibrin hydrogels (left), treated or not
with XMU-MP-1 (left) and relative quantification of YAP-TEAD transcriptional activity by mCherry/GFP fluorescence intensity. C. Representative confocal images of
WT and YAP-5SA cells grown into 3D soft and stiff hydrogels, treated or not with XMU-MP-1 and stained for lipids (LipidTOX, green) and nuclei (Hoechst, blue) after
3 days exposure to adipogenic medium. Hashtags over the bars represent the p-value significance when compared to WT cells embedded in soft hydrogels. Data
presented in the figure were normalized to the value of WT cells in soft hydrogels. Bars represent mean ± SD. ****p-value < 0.0001, ***p-vale < 0.001, ** or ## p-
value < 0.01, * or # p-value < 0.05, as obtained by one-way ANOVA test followed by Holm-Sidak's multiple comparison test. D. Top: Representative confocal images
of WT and YAP-5SA MSCs mechano-reporter cell lines embedded in soft (300 Pa) or stiff (1500 Pa) PEG hydrogels functionalized to have the same ligand density.
Center: Quantification of apparent cell area of WT cells grown in both PEG hydrogels (*p-value < 0.05, t-test) and relative quantification of YAP-TEAD transcrip-
tional activity by mCherry/GFP fluorescence intensity. Bottom: Representative confocal images of WT and YAP-5SA cells embedded in soft or stiff PEG hydrogels and
stained for lipids (LipidTOX, red) and nuclei (Hoechst, blue) after 3 days exposure to adipogenic medium. E. Top: Representative confocal images of WT and YAP-5SA
MSCs mechano-reporter cell lines embedded in PEG hydrogels with the same stiffness but functionalized to have different ligand density (low, high). Center:
Quantification of apparent cell area of WT cells grown in PEG hydrogels (p-value > 0.05 t-test) and relative quantification of YAP-TEAD transcriptional activity by
mCherry/GFP fluorescence intensity. Bottom: Representative confocal images of WT and YAP-5SA cells embedded into soft and stiff PEG hydrogels and stained for
lipids (LipidTOX, red) and nuclei (Hoechst, blue) after 3 days exposure to adipogenic medium. Bars represent mean ± SD. ****p-value < 0.0001, or *p-value <
0.05, as obtained by one-way ANOVA test followed by Holm-Sidak's multiple comparison test. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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4.2. The mechanical regulation of adipogenesis through YAP is independent
of focal adhesion assembly and cell proliferation

Previous reports implied that adipogenic differentiation requires the
rearrangement of cell-ECM discrete contact points, named focal adhe-
sions (FAs) [44,50]. In fact, an augmented cell area correlates with an
increased number of FAs [16].

YAP-FA interplay was lately described as the complex result of a
feed-forward loop in which YAP localization to the nucleus, being
fostered by FA-cytoskeleton stabilization, prompts the transcription of
FA genes, thus reinforcing cell-matrix interaction [16,67].

In our experimental setting, a reduction in FA formation obtained by
coating the surface with poly-L-lysine (PLL), caused an increase in

adipogenesis, probably as a result of cell area being reduced con-
comitantly [16]. This reduction also prompted a decrease in nuclear
YAP.

On the other hand, by exploiting our unique micropatterned fi-
bronectin-coated surfaces controlling the formation of FAs in-
dependently of cell area, we were able to rule out the contribution of FA
remodeling to MSC adipogenesis.

Our results show that cells having the same area but reduced
number of FAs were still not able to accumulate lipid droplets, as a
result of YAP co-transcriptional activity still being active [16,61]. Our
RNA-seq analysis followed by qPCR on YAP-5SA MSC line confirmed
previous data showing that YAP regulates cell adhesion genes [15,16].
The persistent localization of Hippo effector to the nucleus when

Fig. 7. Cancer-to-adipocyte mechanical reprogramming as a strategy to treat cancer. A. Schematic representation of the experimental design adopted to induce
cancer reprogramming into adipocytes through YAP control. B. Western blot analysis of the indicated epithelial-to-mesenchymal (EMT) proteins in WT and YAP−/−

CAL51 breast cancer cells. C. Representative confocal images of WT and YAP−/− CAL51 cells before and after exposure to adipogenic media for 3 days. Cells were
stained with DAPI (Blue), F-actin (green) and lipids (LipidTOX, red). Graph: quantification of lipid area per WT and YAP−/− CAL51 cell after adipogenic treatment.
D. Fold change of the mRNA expression of PLIN2 adipogenic mRNA in WT and YAP−/− CAL51 cells exposed to adipogenesic media for 3 dayys. The values are
normalized to WT. E. Reduction in EdU + proliferative cells in WT and YAP−/− CAL51 treated for 3 days with adipogenic medium. The values are expressed as % of
positive untreated cells. F. Representative confocal images of YAP-TEAD CAL51 mechanoreporter cell line embedded in soft (300 Pa) and stiff (5 KPa) fibrin gels.
Graph: quantification of YAP-TEAD transcriptional activity. ****p-value < 0.0001, ***p-vale < 0.001, ** p-value < 0.01, * p-value < 0.05, as calculated by t-test
analysis.G. Representative confocal images of the WT and YAP−/− CAL51 cell line embedded in soft (300 Pa) and stiff (5 KPa) fibrin gels and stimulated for 3 days
with adipogenic medium. Cells were stained for lipids (LipidTOX, green) and nuclei (Hoechst). Graph: quantification of LipidTOX intensity in WT and YAP−/−

CAL51 cells embedded in soft (300 Pa) and stiff (5 KPa) fibrin gels and stimulated for 3 days with adipogenic medium. The values are expressed as mean intensity
normalized by Hoechst intensity in the respective conditions. ** p-value < 0.01, * p-value < 0.05, as determined by one-way ANOVA test followed by Holm-Sidak's
multiple comparison. All graphs represent mean ± SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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adipogenesis is prompted prevents the remodeling of FAs required for
cell differentiation.

RNA-seq results also pointed at proliferation as main annotation for
YAP co-transcriptional activity, thus confirming previous reports
[14,15]. Interestingly, although MSCs progressing to adipogenesis were
found to steadily reduce their proliferation capability, this effect was
prevented by YAP-5SA expression. Among the genes regulated by YAP
hyperactivation in MSCs we found that CDKN1C and CDKN2A were
significantly downregulated. The repression of such genes, which are
key controllers of cell cycle progression [68,69] might explain the
sustained proliferation of YAP-5SA cells even in the presence of adi-
pogenic stimuli.

The inhibition of cell proliferation in these cells by mitomycin C was
not able to restore their adipogenic potential. This result indicates that
the blockage of adipogenesis by YAP does not depend on cell pro-
liferation.

4.3. The mechanical regulation of adipogenesis by YAP is independent of
TEAD transcription factor

YAP does not bind DNA directly and TEAD transcription factor fa-
mily (TEAD1-4) is acknowledged of 78% of its transcriptional activity
[15].

Nonetheless, few other transcription factors, including RUNX [70],
p73 [71], SMAD [72], ERBB4 [11] or β-catenin [8] were found to form
transcriptional complexes with YAP. By expressing in MSCs different
mutant forms of YAP being able to differentially bind TEAD and the
other transcription factors, our experiments show that YAP hyper-
activation acts mostly independently of TEAD in the negative regulation
of adipogenesis.

In fact, TEAD4 overexpression only mildly reduced adipogenesis
while TEAD1 had no effect. Consistently, TEAD4 has been also shown to
impact on adipogenesis in a VGLL4/ctBP2-dependent and YAP-in-
dependent manner [73].

The specific disruption of YAP-TEAD interaction by pharmacolo-
gical inhibitor super-TDU also reduced the ability of cells to differ-
entiate, very likely because, by interfering with YAP-TEAD binding, the
small molecule makes YAP more available to interact with the other
nuclear partners. Among those possible interactors, SMAD proteins
[72,74] and β-catenin [75] have been already suggested to act during
the osteo/adipo switch.

4.4. Cancer-to-adipocyte reprogramming through the mechanical control of
YAP activity

Given the inhibitory effect YAP exerts on MSC adipogenesis and its
acknowledged role as oncogene [38,76], we figured the mechanical
regulation of YAP transcriptional activity could be exploited to turn
tumor cells into non-proliferative fat cells. Cancer-to-adipocyte repro-
gramming has been lately proposed as a novel approach to the man-
agement of malignancies [26].

Our results prove that the mechanical inhibition of YAP activity in
breast cancer cells and concomitant adipogenic stimulation can indeed
halt tumor cell proliferation and prompt their adipogenic conversion.

Therefore, the mechanical inhibition of YAP in combination with
pro-adipogenic drugs (rosiglitazone, trametinib) already available in
the market could boost the adipogenic transdifferentiation of cancer
cells and improve the effectivity of such therapeutic approaches.

5. Conclusions

In conclusion, our results obtained by single cell analysis, 2D and 3D
culture systems highlight the importance of YAP as the mechan-
oregulated docking protein bringing the mechanical information to the
DNA transcription complex. These data pave the way to the design of
materials to be exploited in medical applications to control not only

mesenchymal stem cell fate downstream of YAP regulation, but also the
reprogramming of cancer cells into harmless adipocytes.
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