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Abstract

The tight regulation of cytoskeleton dynamics is required for a number of cellular processes, including migration, division
and differentiation. YAP-TEAD respond to cell—cell interaction and to substrate mechanics and, among their downstream
effects, prompt focal adhesion (FA) gene transcription, thus contributing to FA-cytoskeleton stability. This activity is key to
the definition of adult cell mechanical properties and function. Its regulation and role in pluripotent stem cells are poorly
understood. Human PSCs display a sustained basal YAP-driven transcriptional activity despite they grow in very dense
colonies, indicating these cells are insensitive to contact inhibition. PSC inability to perceive cell-cell interactions can be
restored by tampering with Tankyrase enzyme, thus favouring AMOT inhibition of YAP function. YAP-TEAD complex is
promptly inactivated when germ layers are specified, and this event is needed to adjust PSC mechanical properties in
response to physiological substrate stiffness. By providing evidence that YAP-TEAD1 complex targets key genes encoding
for proteins involved in cytoskeleton dynamics, we suggest that substrate mechanics can direct PSC specification by
influencing cytoskeleton arrangement and intracellular tension. We propose an aberrant activation of YAP-TEADI axis
alters PSC potency by inhibiting cytoskeleton dynamics, thus paralyzing the changes in shape requested for the acquisition
of the given phenotype.

Introduction

Edited by J.P. Medema During cell differentiation and organogenesis, cells

encounter a rearrangement in their shape and size which is
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and is guided by an interplay between biochemical and
mechanical cues arising from the extracellular matrix
(ECM) or provided by the neighbouring cells [2-5].

Gradients in intracellular tension within the embryo are
thought to play a role in the differential regulation of Yes-
associated protein (YAP) [6]. During foetal heart and liver
development, YAP is critical to achieve the correct cell
number [7]. Aberrant YAP expression or defects in
mechanosensitive Hippo pathway lead to tissue overgrowth,
organomegaly [7-9] and embryonic lethality [10].

YAP acts downstream of Hippo kinase network and
integrates mechanical and biochemical signals arising from
the ECM and the surrounding cells to shuttle to the nucleus
and activate given genetic programmes, by interacting with
cell- and stage-specific transcription factors [11-15]. Our
group recently showed YAP co-transcriptional activity in
breast cancer cells is triggered by cell spreading [16] and
reinforces cell-matrix interaction by promoting focal adhe-
sion (FA) assembly [17].

The cooperation of YAP with transcriptional regulators
to maintain embryonic stem cell (ESC) pluripotent state has
been recently questioned: the effects of its depletion are
mild [18, 19], while elevated YAP levels favour adult cell
reprogramming to pluripotency [20]. Its transient over-
expression in somatic cells reverts their maturation to the
state of tissue-specific progenitors [21].

Substrate mechanical cues regulate adult progenitor fate
[22], and differentiated cell function [23-27] through YAP
[14]. Whether YAP function is mechanically regulated in
human embryos and pluripotent stem cells (PSCs) and if its
co-transcriptional activity can be exploited to maintain their
potency or drive their specification is still debated.

Here we demonstrate that undifferentiated PSCs display
a sustained YAP-TEAD transcriptional activity, which is
not sensitive to contact inhibition. Tampering with
Tankyrase-AMOT axis restores contact inhibition of YAP
nuclear shuttling. YAP-TEAD can be—instead—further
stimulated by ECM stiffening to regulate PSC mechanical
properties by controlling the expression of proteins
involved in cytoskeleton stabilization. The fine tuning of
YAP-TEAD-induced cell tension is required during PSC
mesoderm specification in order to allow the timely rear-
rangement of the cytoskeleton these cells need to acquire a
new identity.

Materials and methods

Cell culture, differentiation and drug treatments of
human PSC lines

The human iPSC line DF 19-9-7T (iPSCs, karyotype: 46,
XY) was purchased from WiCell (Madison, WI, USA). The
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STENF iPSC line was a gift from Prof. I. Koutna (Masaryk
University, Brno, Czech Republic). The YAP knockout
(YAP—/— or KO) and isogenic H9 (WT or CTR) human
embryonic stem cell lines (hESCs) were a kind gift of
Miguel Ramalho-Santos and Han Qin. Their generation and
culture were described in [20]. The cells were maintained in
an undifferentiated state by culturing them onto Matrigel
Growth Factor Reduced (1:100 in DMEM/F12, Corning,
NY, USA) in complete Essential 8™ Medium (E8, Thermo
Fisher Scientific, Waltham, MA, USA) containing peni-
cillin/streptomycin (0.5%, VWR).

Mesoderm and Cardiac differentiation followed the
protocol of Lian et al. with slight modifications [19].
Briefly, PSC colonies were dissociated into single cells
(TrypLE Select, Thermo Fisher Scientific) and re-seeded
onto Matrigel-coated plates at 2.0 x 10° cells/cm® in com-
plete medium with Rock Inhibitor Y27632 (2.5 pm, Selleck
chemicals, Houston, TX, USA). The following day, the
medium was replaced and then changed daily until the cells
reached 100% confluence. At day 0, the medium was sub-
stituted with mesoderm induction medium consisting of
RPMI 1640 (Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with penicillin/streptomycin, L-glutamine (2 mm,
Biowest, Riverside, MO, USA), B-27™ supplement minus
insulin (1%, Thermo Fisher Scientific) and CHIR99021
(8 uM, Sigma-Aldrich). At day 2, the medium was replaced
with RPMI/B-27 minus insulin (4+B-27 —Ins) supple-
mented with IWP-2 (5 um, Selleck chemicals). At day 4, the
medium was substituted with RPMI + B-27 minus insulin
and replaced every other day until the cells started beating
(iPSC-CMs); at that time RPMI was supplemented with B-
27 plus insulin (+B-27 4 Ins) and changed every 2-3 days
throughout differentiation to maintain the beating cells.

For trilineage differentiation assay, a Human Pluripotent
Stem Cell Functional Identification Kit (R&D System,
Minneapolis, MN, USA) was used. Briefly, undifferentiated
iPSCs or hESCs (0.5 x 10°/cm?) were plated and after 48 h
they were challenged with ectoderm, endoderm and meso-
derm differentiation medium according to the manu-
facturer’s instructions.

For drug treatments, iPSCs, at day O of differentiation,
were stimulated for 24 h Leptomycin B (20nMm, Sigma-
Aldrich). After 24 h, the cells were processed for qPCR or
immunofluorescence. hESCs were stimulated with jaspla-
kinolide (50 nm, Thermo Fisher Scientific), WNT3A (1 nm,
R&D System) for 24h, and XAV939 (10 um, Absource
Diagnostic, Munich, Germany) for 48 h in undifferentiation
medium for Atomic Force Microscopy (AFM) analysis or at
day O of differentiation and then processed at day 2 for RT-
gPCR. CALS51 and YAP—/— CALS51 cell lines were cul-
tured as previously described [17]. All the cell lines used in
the study have been tested for mycoplasma contamination
regularly.
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Micropatterned cell culture

For micropatterned cell culture, CYTOOchips™ ARENA
glass coverslips (CYTOO, Grenoble, France), with different
sizes of round areas (140, 225, 500 and 1000 um), were
activated with Poly-L-Lysine Hydrobromide (40 pg Sigma-
Aldrich) in distilled water (1 mL) for 2 h at room tempera-
ture and then treated with diluted Matrigel (1:100 in PBS)
for 24 h at 37 °C according to the manufacturer’s instruc-
tions. After 24 h, undifferentiated PSCs were seeded (2 x
10° cell/coverslip) onto the Matrigel-coated coverslips
without letting the surfaces dry out throughout the cell
seeding. After 48 h culture in complete medium, or medium
supplemented with XAV939 the cells were analyzed by
immunofluorescence. Detailed ‘“Materials and methods” can
be found in Supplemental materials section.

Results

YAP-TEAD1 axis controls PSCs mechanics
independently of cell-cell contact

YAP nuclear activity is sensitive to substrate stiffness and
negatively regulated by cell—cell interactions in numerous
adult cell types [11, 12]. In such cells, YAP shuttling to the
nucleus was observed on substrates stiffer than 0.5 [12] or
5kPa [28].

Human embryonic stem cell lines (hESCs) and induced
pluripotent stem cells (iPSCs) grow in compact colonies at
high cell density; while this condition is usually associated
in somatic epithelial cells to YAP inactivation and nuclear
exclusion, YAP remains predominantly expressed in PSC
nuclei (Supplementary Fig. 1a). We cultured iPSCs onto
micropatterned substrates that allow precise manipulation of
colony size (diameter: 140, 225, 500 and 1000 um) and cell
density, and compared YAP subcellular localization to adult
human mesenchymal stem cells (hMSCs) or dermal fibro-
blasts (hNDFs) grown at a similar density. iPSC density in
micropatterned colonies correlated inversely with colony
area (Fig. 1a), while YAP appeared mostly expressed in the
nucleus and co-localized with pluripotency markers
NANOG (Fig. 1b), OCT4 and B-CATENIN. (Supplemen-
tary Fig. 1b).

YAP intracellular localization was largely independent
on the position of the cell within the iPSC colony, while
being affected by cell density in hMSCs and hNDFs
(Fig. 1c, d). We confirmed YAP-TEAD transcriptional
activity (as measured by luciferase assay on 8xGTIIC-lux-
transduced cells) was significantly reduced in dense culture
of adult cells, consistent with YAP exclusion from the
nucleus (Supplementary Fig. 1c). Instead, YAP-TEAD
transcriptional activity in PSCs was homogeneous

throughout the micropatterned colonies regardless the
increasing density, as shown by hESC reporter line based
on the expression of mCherry fluorescent tag under
YAP-TEAD promoter (Fig. le) [16].

Our data indicate that PSCs show a sustained activation
of YAP, raising the question of what is its function in this
context. Thus, we pulled down endogenous YAP in iPSCs
and performed chromatin immunoprecipitation (ChIP) fol-
lowed by DNA sequencing (Seq) analysis. YAP ChIP-seq
analysis yielded 5208 unique binding sites, mostly located
in intergenic and intronic regions (Supplementary Fig. 1d, e,
Supplementary Table 1). Bioinformatics analysis of the
ChIP-seq data identified possible TFs interacting with YAP
in PSCs, which were not previously described in adult cells
(Fig. 1), and detected TEAD1 and TEAD4 binding motifs
as the most overrepresented in proximity of YAP binding
sites (Fig. 1g). Indeed, the density of TEAD-binding motifs
within 500-base pair (bp) distance of YAP ChIP-seq peaks
and co-immunoprecipitation analysis confirmed the physi-
cal interaction between YAP and TEAD in iPSCs (Fig. 1h).
TEAD transcription factor family is deemed responsible for
~78% Y AP co-transcriptional regulation in adult cells [29].
Of note, TEAD proteins showed nuclear localization
regardless of PSC density (Supplementary Fig. 1f).

Our group recently found YAP-TEAD controls adult cell
mechanical properties by reinforcing their interaction with
the ECM [17, 30]. We, hence, measured by AFM the
stiffness of single iPSCs co-transfected either with YAP-
S127A mutant (constitutively activating gene transcription
through TEAD) or its transcriptionally active form unable to
bind TEAD (YAP-5SA/S94A) [13], and GFP. Cells over-
expressing TEAD-dependent mutant were significantly
stiffer (5300 = 3553 vs. 2466 + 1666 kPa) than those trans-
fected with the TEAD-independent and GFP control (1677
+ 1287 kPa). TEAD-independent mutant also induced a
slight but significant increase in cell Young’s Modulus
(Fig. 1i).

Given that TEAD1 and TEAD4—the two TEAD iso-
forms identified by our bioinformatics analysis—play dis-
tinct roles in development [31, 32], we asked
which component of TEAD family was responsible for PSC
stiffening following YAP overexpression. We ectopically
expressed either TEAD1 or TEAD4 in CTR or in
YAP—/— hESCs [33]. When compared to the GFP control
(Ectr.grp = 4170.0 £891.7 Pa), TEADI overexpression
significantly =~ increased  cell ~ Young’s  Modulus
(ECTR—TEADI =6466.08 +1131.70 Pa), while TEAD4 had a
modest, non-significant effect (Ectrtpaps =4310.21+
919.63 Pa). No effect was found when TEAD1 or TEAD4
were transfected in YAP—/— hESCs (Exo.grp = 2894.0 +
308.9 Pa; EKO—TEADI =3056.2 +206.9 Pa; EKO—TEAD4 =
2988.1 +150.6 Pa) (Fig. 1j). We next probed the elasticity
of cells located in different positions within the colony and
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found no significant changes in the stiffness of cells at the
centre (Egenre =4 620 = 3 622 Pa) or at the edge (Ecqee =
4510+ 3380 Pa) of the colony (Fig. 1k). In contrast, the
exclusion of YAP from the nuclei of confluent adult cells
correlated with a significant reduction in cell mechanics
(Econfluent = 8078 £4275Pa vs. Egyee = 17,726 £ 4279 Pa)
(Supplementary Fig. 1g).

The results suggest that YAP-TEADI activity supports
the mechanical properties of PSCs independently of
cell—cell contacts.
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Contact inhibition of YAP-TEAD1 transcriptional
activity is restored by AMOT downstream of
Tankyrase

Next, we tried to unveil the molecular mechanism involved
in YAP restriction in confluent adult/differentiated cells,
which is missing in PSCs.

To address this issue, we used PSC-derived cardiomyo-
cytes (Supplementary Fig. 2a) as a model of differentiated
cells able to control YAP localization [34] (Supplementary
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Fig. 1 YAP-TEADI1 transcriptional activity controls pluripotent
stem cell mechanical properties regardless of contact inhibition. a
Barplot representation of the quantification of cell density in iPSCs
grown onto micropatterned surfaces with the indicated diameters (um),
high density hMSCs and hNDFs. Values are expressed as means + SD
(n=6, ¥*P <0.05, one-way ANOVA followed by Holm-Sidak’s mul-
tiple comparisons test). b Representative confocal images (n = 10)
depicting YAP (green) and NANOG (red) expression in iPSCs grown
onto micropatterns of the given diameters (um). ¢ Quantification of
YAP distribution within the micropatterned colonies of
controlled diameter as quantified by image analysis and expressed as
the Pearson’s product moment correlation coefficient (n(149 (m) = 19;
s (my =95 100 (m) =95 Moo (my = 6). d Barplot representation of
the quantification of YAP nucleus/cytoplasm intensity ratio in iPSCs
grown onto micropatterned surfaces with the indicated diameters (um),
high-density hMSCs and hNDFs. Values are expressed as means + SD
(n=6, *P<0.05, one-way ANOVA followed by Holm-Sidak’s mul-
tiple comparisons test). e Representative confocal images of
YAP-TEAD-mCherry reporter hESC line cultured onto micropatterns
with the indicated diameters (um) (n = 3). f wordcloud representation
of the most significantly represented transcription factors known to
bind the sequences identified as YAP targets by ChIP-seq analysis.
Font size correlates inversely to —logl0(P value). g Left: motif ana-
lysis identification of enriched YAP ChIP-seq peaks with the relative
statistical significance. Right: barplot representation of enriched YAP
ChIP-seq peaks with the relative statistical significance. h Left: gra-
phical representation of TEAD-binding motif density within a 500-bp
distance from YAP ChIP-seq peak. Right: western blot analysis for
anti-YAP and -panTEAD antibodies in iPSCs immunoprecipitated for
YAP endogenous protein. Input and IgG were used as positive and
negative controls, respectively (n = 3). i Boxplot representation of the
Elastic Modulus (or Young’s Modulus) of single iPSCs transfected
with GFP (day 0) or co-transfected with GFP and either YAP-S127A
or YAP-5SA/S94A mutants, as obtained by Atomic Force Microscope
(AFM) analysis. Values are shown as median + min/max (n =12,
**P <0.01, Kruskal-Wallis test followed by post hoc Dunn’s test for
multiple comparison). j Boxplot representation of the data obtained by
analyzing the Elastic Modulus of single CTR or YAP—/— hESCs
transfected with GFP (—) or co-transfected with GFP and either
TEADI or TEADA4. Values are shown as median + min/max (n = 12,
**P <0.01, Kruskal-Wallis test followed by post hoc Dunn’s test for
multiple comparison). k Top: representative confocal images of
NANOG (red) and YAP (green) expression at the centre or at the edge
of hESC colonies (n = 3). Bottom: bright-field images of AFM can-
tilever contacting cells at hESC colony centre or edge and the
respective Elastic modulus maps obtained from the measurement.

Fig. 2b). We looked for YAP negative upstream regulators
exclusively expressed in the differentiated state. As expec-
ted, the differentiation process was highlighted by the
downregulation of pluripotency genes and the concomitant
upregulation of early and late cardiac markers (Supple-
mentary Fig. 2c—e) and confirmed Hippo was one of the
pathways regulated during the process (Supplementary
Fig. 2f). Among the negative upstream regulators of YAP,
we found Angiomotin (AMOT), Angiomotin-like protein 2
(AMOTL?2), Dachsous Cadherin-Related 1 (DCHSI) and
FAT Atypical Cadherin 4 (FAT4) consistently upregulated
during cardiac differentiation (Supplementary Fig. 2g). The
list of genes significantly regulated in day O hESCs as
compared to day 15 hESC-derived cardiomyocytes is
shown in Supplementary Table 2.

We confirmed by RT-qPCR the upregulation of AMOT,
AMOTL2, FAT4 and DCSHI, together with Angiomotin-
like protein 1 (AMOTLI) and Neurofibromin 2 (NF2) in
both day 15 and day 30 cardiomyocytes, as compared to
undifferentiated cells (Supplementary Fig. 3a, b). In paral-
lel, we immunoprecipitated endogenous YAP in undiffer-
entiated iPSCs (day 0) and iPSC-derived beating
cardiomyocytes (day 15) and performed mass spectrometry
(MS) analysis of YAP-interacting proteins. The differential
analysis identified 146 proteins interacting with YAP at day
0, and 76 at day 15. Only ten of these interactors were
common to both stages (Fig. 2a). We focused on the 66
unique YAP interactors in day 15 iPSC-cardiomyocytes and
pointed at AMOT as the main YAP negative upstream
regulator being absent in undifferentiated cells (Fig. 2b).
AMOTL1 and AMOTL2 were instead found also among
YAP interactors in undifferentiated iPSCs, while FATA4,
NF2 and DCHS1 were not detected in either condition
(Supplementary Table 3), likely due to indirect or weak
interactions. A schematics of YAP interactors in iPSCs and
iPSC-derived cardiomyocytes is indicated in Supplementary
Fig. 4.

P130-AMOT isoform was recently found to restrict
YAP nuclear presence in adult cells [35] and during PSC
neural differentiation [36]. We detected by western blot an
accumulation of AMOT-p130 and p80 protein isoforms at
day 2, 5 and 15 of cardiac differentiation. This event was
paralleled by the YAP phosphorylation (Fig. 2c). Next,
we asked whether AMOT would be able to restore YAP
sensitivity to cell contacts in PSCs and affect their
mechanical properties. Hence, we stably expressed p130-
AMOT in YAP-TEAD-mCherry hESCs and obtained a
twofold mRNA overexpression, similar to the threefold
increase observed during differentiation (Supplementary
Fig. 3b). We also expressed pl130-AMOT-Y242/287A
mutant (1.8-fold), which is not able to bind YAP [36]. By
checking mCherry fluorescence, we noticed p130-AMOT
re-expression—but not the mutant—was able to reduce
YAP-TEAD transcriptional activity in confluent hESCs
(Fig. 2d). To provide independent evidence for AMOT
role, we took advantage of the observation that Tankyrase
regulates p130-AMOT degradation, such that Tankyrase
inhibitors result in AMOT-dependent YAP inhibition
[37]. We therefore treated hESCs with Tankyrase inhi-
bitor XAV939 and found increased AMOT protein
expression and YAP shuttling to the cytoplasm (Fig. 2e).
In fact, XAV939 treatment caused an accumulation of
p130-AMOT in the nuclei of PSCs and a reduction in both
nuclear and cytoplasmic YAP (Fig. 2f).

Finally, we measured the stiffness of hESCs transduced
with p130-AMOT, p130-AMOT-Y242/287A mutant, or
exposed to XAV939. PSCs in which p130-AMOT inhibitory
function was restored had significantly reduced stiffness, in

SPRINGER NATURE
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Fig. 2 Contact inhibition of YAP nuclear localization in PSCs is
restored by Tankyrase-p130-AMOT. a Venn diagram representation
of the common pool of YAP-interacting proteins in iPSCs (day 0, n =
3) and iPSC-derived cardiomyocytes (iPSC-CMs, day 15, n=3) as
obtained by mass spectrometry analysis of the endogenous YAP
protein. b Graphical representation of YAP interactome in day 15
iPSC-CMs (blue) versus day 0 iPSCs (red). Mass spectrometry results
were fed to Cytoscape and analyzed by KEGG database. The size of
the origin of the nodes is proportional to the P value (P <0.01; Kappa
score = 0.3). The fractions of the colours are weighted on the number
of proteins belonging to the given node at day O or day 15. ¢ Western
blot analysis of the indicated proteins in iPSCs at the indicated days of
cardiac differentiation. Alpha sarcomeric actinin (a-ACTININ) was
used as a marker of differentiated cardiomyocytes. GAPDH was used
for total protein loading normalization. The blots are representative of
three independent experiments. d Left: barplot representation of
AMOT RNA fold regulation in H9 hESCs transduced with AMOT-
p130 (AMOT), AMOT-p130-Y242/287A or empty vector (mock).
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The data are indicated as average = SD n =2. Right: representative
fluorescence-brightfield superimposed image and relative quantifica-
tion of YAP-TEAD-mCherry hESCs transduced with either AMOT-
p130 (AMOT) or AMOT-p130-Y242/287A vectors. Image analysis of
mCherry fluorescence within PSC colony is shown. e Representative
confocal images depicting AMOT (red) and YAP (green) expression in
H9 hESCs treated or not with XAV939 for 48h (n=3). (f) Top:
western blot analysis of the indicated proteins in cytoplasm (cyto) or
nucleus (nu) of iPSCs treated or not with XAV939 for 48 h. GAPDH
and LAMIN A/C were used to normalize cytoplasmic and nuclear
proteins, respectively. Bottom: quantification of YAP protein levels in
cytoplasm (cyto) or nucleus (nu) of iPSCs treated or not with XAV939
for 48 h. The blots are representative of three independent experi-
ments. g Barplot representation of the Elastic Modulus of hESCs
(CTR) transfected with either AMOT-p130 (AMOT) or AMOT-p130-
Y242/287A, or treated with XAV939 for 48 h as obtained by AFM
analysis (n =12, ****P <(0.0001, Kruskal-Wallis test followed by
post hoc Dunn’s test for multiple comparisons).
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keeping with inhibited YAP activity, while expression of
p130-AMOT-Y242/287A mutant had no effects (Ecrg: 2148
+837.3 Pa; Ep130—AMOT: 1131 +£280.7 Pa; EplSO—AMOT—Y242/287A
=2030+224.7Pa; Exavozg =553.6+240.2Pa; Fig. 2g).
Collectively, these results suggest that increased degradation
of AMOT in PSCs accounts, at least in part, for the reduced
ability of cell-cell contacts to regulate YAP.

YAP-TEAD1 control over cytoskeleton-related genes
mediates PSC stiffening in response to substrate
rigidity

We next quantified mCherry fluorescence in YAP-TEAD-
mCherry hESCs cultured onto soft PDMS-coated surface
(0.5 kPa) that were switched to either 2, 20 or 64 kPa
(Fig. 3a). YAP-TEAD transcriptional activity was not sig-
nificantly affected by switching cells from 0.5 to 2 or 20 kPa
surface (mCherryg skpa = 45.2 +3.9%; mCherry,p, =41.6
+ 1.1%; mCherry,gxp, = 40.5 = 1.0%, respectively). On the
contrary, a consistent increase in mCherry-positive cells
was found on 64 kPa (mCherrygqp, 75.5 +£3.8%, Fig. 3b).
These data suggested the mechanical activation of
YAP-TEADI complex in PSCs occurs on substrates with
very high stiffness (E> 20 kPa) compared to somatic cells
where the threshold is around 0.5-5 kPa [29]. We therefore
asked whether this delayed increase in YAP-TEAD tran-
scriptional activity induced by substrate stiffening altered
PSC mechanical properties.

hESCs cultured on 60kPa were significantly more rigid
than those cultured on softer substrates, which were not sig-
nificantly different among themselves (Egsp,=2112.26+
60154, EZOkPa =1239.70 29857, EZkPa =117090
350.33). Moreover, YAP—/— hESCs were significantly softer
than the isogenic counterpart and unable to respond to sub-
strate  stiffening  (Eggkpa = 593.74 £242.27Pa;  Erpp, =
599.43 +149.29 Pa; Ejp, = 753.52 +£121.26 Pa), thus indi-
cating that high physiological substrate stiffness controls PSC
mechanical properties through YAP-TEAD1 (Fig. 3c).

Cell nanoscale stiffness correlates with the accumulation
of F-actin bundles during breast cancer dissemination [38].
We stained F-actin in control hESCs cultured on substrates
with increasing stiffness and found higher degree of actin
fibre organization paralleled increased cell stiffness in
control cells. On the contrary, no changes were detected in
the actin of YAP mutant cells in response to substrate
stiffening (Fig. 3d).

In cells lacking YAP cortical actin was lost and the
apico-basal polarity of the adherent monolayer altered in
comparison to control cells (Fig. 3e). Also, perinuclear actin
cap was deranged and the overall thickness of the cell
monolayer reduced. The reintroduction of YAP in knockout
hESCs was, instead, sufficient to restore F-actin organiza-
tion, similar to the isogenic control (Fig. 3e, Supplementary

videos 1-3). This condition was phenocopied by treating
PSCs with Tankyrase inhibitor XAV939 (Fig. 3f), which is
able to hinder YAP-TEADI1 axis and hESC stiffness (see
Fig. 2e, f). As expected, YAP reintroduction in knockout
cells also restored their elastic modulus (Ectr =2148 +
873.3 Pa; Evpap_/— = 648.7 +£227.6 Pa; ERgscug = 1642 +
317.2 Pa) (Fig. 3g).

We next looked for YAP-TEADI transcriptional targets
accounting for PSC mechanical properties (Fig. 3h). YAP
controls the transcription of genes encoding for proteins
involved in F-actin polymerization in murine heart [39]. We
performed differential RNA-seq analysis on YAP—/— and
isogenic hESCs on substrates with increasing stiffness,
which proved to have limited (soft: 0.5 kPa) or high (stiff:
64 kPa, TCPS) effects on YAP-TEAD transcriptional
activity and PSC cytoskeleton arrangement. As expected,
the number of genes regulated by substrate stiffness through
YAP increased steadily with stiffness (0.5 kPa: 2299; 64
kPa: 2796; TCPS: 4825) (Fig. 3i), with TCPS and 64 kPa
sharing a higher number of genes in comparison to 0.5 kPa
(Fig. 3j). Next, we looked for mechanically activated
YAP transcriptional targets having an annotation for
cytoskeleton organization (GO:0007010), which were
physically bound by YAP in iPSC ChIP-seq analysis on
TCPS. We selected those genes that were found sig-
nificantly regulated in YAP—/— hESCs RNA-seq on stiff
(TCPS or 64 kPa) as compared to soft (0.5 kPa) surfaces.
Detailed data coming from the ChIP-seq and RNA-seq
analysis are reported in Supplementary Tables 1, 4 and in
Supplementary Fig. 5a, b.

We matched these results with differences in
cytoskeleton-bound proteins in YAP—/— hESCs by quan-
titative TMT-MS and uncovered 266 cytoskeletal proteins
differentially regulated (>1.5-fold) in cells depleted for
YAP (Fig. 3k) out of 6014 total proteins (Supplementary
Table 5).

Among these, we found few well-known controllers of
cytoskeleton integrity: TRAF2 and NCK-interacting protein
kinase (TNIK) [39], P21 (RAC1) Activated Kinase (PAK1)
[40], Thy-1 Cell Surface Antigen (THY1) [41, 42], and
Neurofilament Medium [43] were found upregulated by
1.55, 1.54, 1.62 and 1.82 folds, respectively. Midline 1
(MID1) [44] was, instead, found downregulated by 1.7
times in the absence of YAP. We confirmed by bioinfor-
matics that all the genes identified harbour a binding site for
TEADI transcription factor, either in the enhancer or in the
promoter (Fig. 31).

Altogether, we hypothesized that changes in the
expression of such key cytoskeleton proteins would make
YAP-depleted PSCs unable to promptly assemble cortical
actin and respond to substrate stiffening by increasing their
mechanics. To confirm this hypothesis, we forced actin
polymerization in YAP-depleted and isogenic hESCs by
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jasplakinolide [45], and mapped cell stiffness by AFM.
Control cells treated with jasplakinolide became sig-
nificantly stiffer than the untreated control. Instead, the
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effect could not be phenocopied in cells lacking YAP
(Fig. 3m), since they were not induced to stiffen by the
pharmacological agonist of actin polymerization.
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Fig. 3 YAP-TEADI1 acts downstream of substrate stiffness to
transcriptionally control cytoskeleton-related genes and PSC
mechanics. a Graphical representation of the experimental setup
used to assess pluripotent stem cell (PSC) response to changes in
physiological substrate stiffness. YAP-TEAD-mCherry hESC
reporter cells were cultured onto soft surface (0.5 kPa) and then
moved to surfaces with increasing stiffness (2, 20 and 64 kPa).
b Representative FACS plots depicting mCherry fluorescence in
YAP-TEAD-mCherry hESC reporter cells cultured for 48h on
substrates with physiological stiffness (n=3). ¢ Boxplot repre-
sentation of the Elastic Modulus of CTR and YAP—/— hESCs
grown onto substrates with increasing stiffness (2, 20 and 60 kPa).
The values were obtained by AFM and are expressed as Pascal (Pa)
(n=12, *P<0.05, one-way ANOVA test followed by Holm-
Sidak’s test for multiple comparison). d Left: representative con-
focal images depicting F-actin (green) cytoskeleton arrangement in
isogenic (CTR) and YAP—/— hESCs (YAP—/—) grown onto sub-
strates with increasing physiological stiffness. Right: barplot repre-
sentation of the intensity of green channel (F-actin) in isogenic
(CTR) and YAP—/— hESCs (YAP—/—) grown onto substrates with
increasing physiological stiffness (n =3). e Left: orthogonal sec-
tions from Z-stack confocal images showing the basal (left) and
apical (right) distribution of F-actin in CTR, YAP—/— and YAP
—/— hESCs in which YAP has been re-expressed (RESCUE). F-
actin is stained with Phalloidin (green) and nuclei counterstained
with DAPI (blue). Side views show sagittal sections of the mono-
layered cells. Right: 3D Z-stack reconstruction and cross-sectional
view of the perinuclear actin of CTR, YAP—/— and RESCUE
hESCs (n = 3). The images were obtained by IMARIS software after
staining with Phalloidin (F-actin, green) and DAPI (nuclei, blue).
f Orthogonal sections from Z-stack confocal images showing F-actin
organization (green) in CTR and XAV939-treated hESCs for 48 h.
Side views show sagittal sections of the monolayered cells. F-actin
was stained with Phalloidin (green) and nuclei were counterstained
with DAPI. g Boxplot representation of the elastic modulus of CTR,
YAP—/— and RESCUE hESCs (n = 12, ****P <(0.0001; *P <0.05,
Kruskal-Wallis test followed by post hoc Dunn’s test for multiple
comparisons). h Schematic representation of the strategy followed to
discover proteins involved in cytoskeleton organization which are
regulated by substrate stiffness through YAP in pluripotent stem
cells (PSCs). i Volcano plot representation of differentially regulated
genes in CTR versus YAP—/— hESCs grown on substrates with
physiological (0.5 and 64 kPa) and tissue culture polystyrene
(TCPS). (n=3, P<0.05, log2 Fc < 10.58l). j Venn diagram repre-
sentation of differentially regulated genes in CTR versus YAP—/—
hESCs grown on substrates with physiological (0.5 and 64 kPa) and
tissue culture polystyrene (TCPS). k Venn diagram representation of
PSC YAP bona fide targets that have an annotation for cytoskeleton
organization (GO: 0007010) and found dysregulated onto substrate
with controlled stiffness (0.5 and 64 kPa) and Tissue culture poly-
styrene (TCPS). 1 Volcano plot representation of cytoskeleton-bound
proteins significantly regulated in YAP—/— compared to CTR
hESCs, as identified by TMT Mass Spectrometry. (n =5, P<0.05,
log2 Fc > 10.58l). 1 Left: barplot representation of cytoskeleton-
bound proteins significantly regulated in YAP—/— compared to
CTR hESCs, as identified by TMT mass spectrometry, that were
defined as YAP bona fide targets with cytoskeleton annotation
(G0O:0007010). Right: identification of TEADI-binding sites in
selected YAP targets with cytoskeleton organization annotation. m
Dotplot representation of elastic modulus in CTR and YAP—/—
hESCs treated or not with F-actin polymerizing agent jasplakinolide
for 24 h as obtained by AFM analysis. (n =12, ****P <(0.0001,
Kruskal-Wallis test followed by post hoc Dunn’s test for multiple
comparisons).

Altogether, these results demonstrated that YAP-TEAD1
determines PSC stiffening in response to substrate
mechanical cues by transcriptionally controlling the
expression of key cytoskeleton-related genes.

YAP-TEAD1-driven cell stiffening correlates with
intracellular tension and determines cell
contractility

Next, we investigated whether cell mechanical properties
correlated with the magnitude of tension propagated across
cell FAs through F-actin cytoskeleton, like previously
suggested [46]. To this aim, we transiently transfected
YAP—/— [17] and isogenic Cal51 cells with a Forster
Resonance Energy Transfer (FRET) vinculin tension sensor
[47]. YAP—/— cells displayed a significantly lower elastic
modulus than the isogenic control (Fig. 4a) and a higher
FRET index, which correlates inversely with the mechan-
ical tension applied on vinculin at FAs (Fig. 4b, c).

The intracellular tension generated throughout the
cytoskeletal network is transmitted through the FAs to the
ECM, and can be measured by traction force microscopy
[48]. We seeded Paxillin-GFP YAP—/— Cal51 cells and
their isogenic control onto poly-acrylamide gels (15 kPa)
embedded with fluorescent microbeads (Fig. 4d). We cal-
culated the median stress generated by single cells by
computing microbead displacement and found YAP-
depleted cells developed a lower force than the control
(Fig. 4e). These results indicated that soft YAP-depleted
cells display reduced intracellular tension throughout the
cytoskeleton, which reflects in a limited ability to exert
force on the ECM.

YAP-TEAD1-guided cytoskeleton remodelling is
needed for mesoderm specification

The control of cytoskeleton integrity is crucial for PSC [49],
MSC [1, 11, 50] and keratinocyte differentiation [51]. We
asked whether changes in cytoskeleton arrangement, as
those described in cells depleted of YAP-TEADI tran-
scriptional activity, would be instrumental to PSC specifi-
cation. We noticed YAP-TEAD-mCherry reporter hESCs
exposed to trilineage specification underwent a consistent
drop in mCherry signal regardless of the lineage (ectoderm:
19.04 +=2.0%; mesoderm: 27.04 +5.8%; endoderm: 4.5 +
1.2%) as compared to the undifferentiated control (74.6 =
5.5%, Fig. 5a). Moreover, we found YAP mutant cells were
more prone to acquire mesoderm and endoderm markers as
compared to their isogenic counterpart when appropriately
stimulated, while no difference in ectoderm specification
could be detected (Fig. 5b). YAP involvement in mesoderm
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Fig. 4 YAP-TEADI1-driven cell stiffening correlates with intra-
cellular tension and determines cell contractile force. a Boxplot
representation of the elastic modulus of isogenic CAL51 and YAP—/—
CALS51 cells as obtained by AFM. The values are expressed in Pascal
(Pa). (n=12, ****P<(0.0001, Mann-Whitney test). b Schematic
representation of the genetically encoded Forster Resonance
Energy Transfer (FRET) sensor based on vinculin tension. ¢ Dotplot
representation of FRET index in isogenic CAL51 and YAP—/—

lineage specification was confirmed by RT-qPCR showing
an accumulation of EOMES and T RNAs in YAP—/—
cells (Fig. 5c). Therefore, we focused on the role of
YAP-TEADI on cytoskeleton remodelling and intracellular
tension during PSC mesoderm specification.

We compared F-actin arrangement in CTR and YAP—/—
cells before (day 0) and during mesoderm induction (day 2).
Cortical actin—a typical feature of undifferentiated control
cells found deranged in YAP-depleted hESCs—was sub-
stituted by stress fibers during mesoderm specification. Cells
induced to mesoderm appeared significantly smaller than
their pluripotent counterpart and displayed a distinct elon-
gated shape (Fig. 5d).

Next, we triggered mesoderm specification in isogenic
and YAP—/— hESCs exposed to jasplakinolide and found
the ability of isogenic hESCs to acquire mesoderm markers
EOMES, T and MESPI] was significantly affected when
actin remodelling was impaired (Fig. 5e). Again, no change

SPRINGER NATURE

CALS] cells as determined by FRET for vinculin tension sensor (n =
6, ****P<(0.0001, Mann-Whitney test). d Representative traction
force maps for paxillin-GFP transfected CTR and YAP—/—
CALS51 cells. Stress values are expressed in Pascal (Pa). e Barplot
representation of traction forces exerted by CTR and YAP—/—
CALS51 cells. The values are represented as median+SD (n=06,
**P <0.01, Mann—Whitney test).

could be found in YAP—/— cell ability to undergo meso-
derm specification (Fig. 5f).

In addition, we transfected iPSCs with either YAP-
S127A or YAP-55A/S94A, which differentially regulate
intracellular tension and cell stiffness (see Fig. 1j), and
induced mesoderm specification. While stiffer YAP-S127A-
transfected PSCs showed a significant reduction in the
expression of mesoderm genes EOMES, T and MESPI,
cells transfected with YAP-5SA/S94A showed only
reduced T (Fig. 5j and Supplementary Fig. 7a). This result
was phenocopied by Leptomycin B treatment of mesoderm-
induced cells, which causes YAP nuclear retention (Fig. 5g,
Supplementary Fig. 7b).

These results indicated that sustained activation of
YAP-TEADI1  transcriptional  axis  hinders = PSC
mesoderm specification by interfering with the fine tuning
of cytoskeleton remodelling required for the process
(Fig. 5h).
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The role of YAP protein in PSC maintenance and differ-
entiation is still debated [18—21]. Here we demonstrate that
the transcriptional activity of YAP-TEAD complex is sus-
tained in PSCs and insensitive to contact inhibition, while
being promptly repressed during cell specification. Similar
to adult cells [17], YAP transcriptionally drives PSC stif-
fening, mainly by interacting with TEADI transcription
factor. TEAD-independent transcription also induces a mild
but significant stiffening of PSCs, very likely because genes
involved in cell stiffening harbourbinding domains for
transcription factors other than TEAD.
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As a result of the inability of YAP protein to perceive
cell—cell contacts, pluripotent cell colonies are mechanically
homogeneous. This property distinguishes PSCs from adult
cells, which adjust their rigidity by responding to cell
density so that cells packed in dense colonies are softer than
sparse ones.

The response of YAP-TEAD to substrate mechanics also
marks a difference between PSCs and adult cells. The
transcription complex displays a delayed sensitivity to
physiological changes in ECM mechanics in PSCs, with a
threshold for YAP nuclear shuttling being above 20 kPa.
This threshold is way higher than the one described for
adult cells [12, 28]. The reduced sensitivity of PSCs to
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<« Fig. 5 YAP-TEADI sustained activation hampers the remodelling

of cytoskeleton required for PSC mesoderm specification.
a Representative FACS plots depicting mCherry fluorescence in
YAP-TEAD-mCherry PSC reporter cells cultured for 48 h in control
(hESCs) or in mesoderm, ectoderm or endoderm media. The data are
presented as percentage+SD (n=3). b Representative confocal
images for the indicated lineage-specific markers (mesoderm, ecto-
derm and endoderm, in red) as detected in CTR or YAP—/— hESCs
after 3 days stimulation with lineage-specific differentiation medium.
Nuclei were counterstained with DAPI (blue) and image analysis is
shown to quantify the intensity of the fluorescent signals (n =3).
¢ Barplot representation of the expression of the indicated mesoderm
genes in CTR or YAP—/— hESCs induced to mesoderm specification
for 2 days (n =4, *P <0.05, one-way ANOVA test followed by post
hoc Holm-Sidaks test for multiple comparisons). The data are shown
as fold regulation +SD in YAP—/— as compared to CTR hESCs.
d Representative confocal images depicting F-actin organization
(green) in CTR and YAP—/— cells in the undifferentiated state (day 0)
or induced to mesoderm specification (day 2) (n=3). e Barplot
representation of the expression of the indicated mesoderm genes in
CTR hESCs cultured in mesoderm differentiation medium, supple-
mented with jasplakinolide (24 h) for 2 days. The data are shown as
fold regulation + SD in treated as compared to untreated cells (n =3,
*P<0.05, ANOVA test followed by post hoc Holm-Sidaks test for
multiple comparisons). f Barplot representation of the expression of
the indicated mesoderm genes in YAP—/— hESCs cultured in meso-
derm differentiation medium, supplemented with jasplakinolide for
3 days. The data are shown as fold regulation+SD in treated as
compared to untreated cells (n=3, no significance found after
ANOVA test followed by post hoc Holm-Sidaks test for multiple
comparisons). g Barplot representation of the expression of the indi-
cated mesoderm genes in iPSCs transfected with either YAP-S127A or
YAP-5SA-S94A, or treated with nucleus export blocker Leptomycin B
and induced to mesoderm differentiation for 3 days. The data are
shown as fold regulation + SD in treated cells as compared to CTR (n
=4, *P<0.05, one-way ANOVA test followed by post hoc Holm-
Sidaks test for multiple comparisons). h Schematic representation of
the model proposed for YAP-TEADI interference with cytoskeleton
remodelling during PSC mesoderm specification.

Fig. 6 Proposed model for Tankyrase-mediated regulation of
cytoskeleton stability and cell mechanics through AMOT and
YAP-TEAD1 during PSC specification. Left: pluripotent stem cells
(PSCs) growing into high confluence colonies display high Tankyrase
activity, in turn keeping the levels of AMOT low, independently of
cell—cell interactions. Under such circumstances, YAP is free to shuttle
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substrate stiffening and cell-cell contacts could be con-
sidered as a shield embryonic cells put in place against
mechanical stress.

Given the unique response of YAP to mechanical cues in
PSCs, we looked for exclusive upstream regulators that
were absent in the pluripotent cells and active in differ-
entiated ones. YAP-TEAD transcriptional activity is pro-
gressively reduced during cardiac maturation, so that
cardiomyocytes are able to restrict YAP nuclear shuttling to
the nucleus [15]. By exploiting PSC differentiation to car-
diomyocytes, we identified Tankyrase-AMOT axis as the
missing link impeding YAP inhibition downstream of
cell—cell interaction in PSCs. Tankyrase keeps AMOT
levels low in PSCs, so that the protein cannot physically
bind to YAP and hamper its function. The ectopic expres-
sion of p130-AMOT, the isoform able to physically interact
with YAP, or Tankyrase pharmacological inhibition were
indeed sufficient to reduce YAP activity in PSCs, thus
driving cell softening. A similar role for AMOT was
described in PSC neural commitment [36], while inhibitors
of Tankyrase have been recently proposed to negatively
regulate YAP by stabilizing AMOT in tumor cells [37].
Nonetheless, these inhibitors have a wide spectrum of
activities, and thus the possibility that other pathways (i.e.,
Whnt, Akt) are also involved in YAP inhibition cannot be
excluded.

Breast cancer cell stiffening has been lately correlated
with the accumulation of F-actin bundles [38]. In inde-
pendent investigations, YAP itself has been associated
with tumor spreading and a poor prognosis [52]. The
protein also contributes to gastric cancer cell cytoskeleton

to the nucleus and modulate, among the others, the expression of genes
involved in actin stability, like TNIK, PAKI, THYI and MID]. Right:
during mesoderm specification, Tankyrase activity is low, AMOT
protein expression increases, so that in confluent cells, YAP can be
restricted to the cytoplasm in response to cell-cell contact. In these
conditions, cytoskeleton remodelling can occur.
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remodelling [53]. A direct effect on genes encoding for
cytoskeleton proteins was suggested for YAP in murine
heart [54].

We found PSC stiffening in response to physiological
surface rigidity depends on YAP-TEADI transcriptional
activation of a handful of genes encoding for proteins
involved in the control of cytoskeleton dynamics. Among
these proteins, YAP-TEADI represses the transcription of
TNIK, which disrupts F-actin structure [40] and contribute
to the activity of ARP2/3, the complex controlling the
nanoscale architecture of cortical actin in ESCs [55, 56].
Together with the dysregulation of THYI, PAKI and MID]
genes [40, 44], TNIK upregulation in YAP-depleted cells
most likely explains why their cytoskeleton appears less
organized and they develop less intracellular tension
and force.

Together with the well-established evidence that YAP
activation responds to F-actin integrity, our data indicate the
existence of a positive loop fuelling cytoskeleton stability
through YAP-TEADI transcriptional activity. This loop
has been suggested to involve both YAP and its paralog
protein TAZ [57]. Despite the two proteins are known to act
in redundancy in different adult cell types [11], we found
YAP depletion brought to a slight decrease in TAZ levels
on very stiff substrates (TCPS). Further experiments are
needed to explore the role of YAP paralog protein in
pluripotent cells.

F-actin cytoskeleton dynamics is of utmost importance
for cell differentiation [49-51]. Mesoderm cells are, in
fact, significantly smaller than PSCs and their elongated
shape is dictated by stress fibers, rather than by cortical
actin, which confers a more regular appearence to
undifferentiated PSCs.

We show actin cytoskeleton remodelling during PSC
specification requires YAP-TEAD1 deactivation and can be
hindered by enhancing cell intracellular tension and rigidity,
by either forcing YAP nuclear presence or by artificially
inhibiting F-actin remodelling (Fig. 6).

These lines of evidence further our understanding of the
molecular pathways underlying the mechanical regulation
of PSC phenotype and function, and identify a specific
management of the mechanosensing apparatus in PSCs in
response to ECM stiffness and cell—cell interaction.

Acknowledgements The authors would like to thank Insight Editing
London for editing the manuscript prior to submission and Giorgio
Giurato (Genomics4life), David Potesil, Ivana Inhatova and Silvie
Belaskova for the Bioinformatics Analysis. They wish to express their
gratitude to Miguel Ramalho-Santos and Han Qin for kindly providing
the human embryonic stem cell lines, Irena Koutna for providing the
STENF cell line and to Romana Vlckova, Sabina Gomelska, Jana
Vasickova, Helena Durikova, Hana Zpevakova and Jana Bartonova for
the technical support. Quantitative proteomics analysis on cytoskeleton
proteins was performed at the Proteomics Core Facility of Sahlgrenska
Academy, University of Gothenburg.

Author contributions SP VV, ARP, FM, JV, and JODLC. cultured,
differentiated and analyzed pluripotent stem cells. GC and PS were
responsible of all atomic force microscope measurements. DK
designed, prepared and characterized the PDMS substrates with con-
trolled elasticity. SGR and ZZ performed the Mass Spectrometry
analyses. AP helped with the bioinformatics analysis. GF, MS, GG,
AR and ZZ coordinated the project, designed the experiments and
drafted the manuscript.

Funding GF, SP, VV, ARP, FM, JV and JODLC were supported by the
European Social Fund and European Regional Development Fund-
Project MAGNET (Number CZ.02.1.01/0.0/0.0/15_003/0000492). GF,
VV and FM were supported by the European Regional Development
Fund in frame of the project Kompetenzzentrum MechanoBiologie
(ATCZ133) in the Interreg V-A Austria-Czech Republic programme.
This work was carried out with the support of project CEITEC 2020
(LQ1601), ZZ acknowledges the financial support from the Ministry of
Education, Youth and Sports of the Czech Republic under the National
Sustainability Programme II. ZZ is grateful for support from the Czech
Science Foundation (project no. P206/12/G151). CIISB research infra-
structure project LM2015043 funded by MEYS CR is gratefully
acknowledged for financially supporting the mass spectrometry mea-
surements at the CEITEC Proteomics Core Facility.

Compliance with ethical standards

Conflict of interest A.R. did not participate to the experiments
involving the use of human embryonic stem cell lines. He shares the
vision of his Institution that does not agree with the use of embryonic
stem cells for research purposes. The author agrees that the study does
not point on the direction of the clinical application of embryonic
stem cells.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell
shape, cytoskeletal tension, and RhoA regulate stem cell lineage
commitment. Dev Cell. 2004;6:483-95.

2. Handorf AM, Zhou Y, Halanski MA, Li W-J. Tissue stiffness
dictates development, homeostasis, and disease progression.
Organogenesis. 2015;11:1-15.

3. Petridou NI, Spiré Z, Heisenberg CP. Multiscale force sensing in
development. Nat Cell Biol. 2017;19:581-8.

4. Wang X, Zhang Z, Tao H, Liu J, Hopyan S, Sun Y. Characterizing
inner pressure and stiffness of trophoblast and inner cell mass of
blastocysts. Biophys J. 2018;115:2443-50.

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

S. Pagliari et al.

10.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Maitre JL, Turlier H, Illukkumbura R, Eismann B, Niwayama R,

Nédélec F, et al. Asymmetric division of contractile domains
couples cell positioning and fate specification. Nature.
2016;536:344-8.

. Hirate Y, Hirahara S, Inoue K, Suzuki A, Alarcon VB, Akimoto

K, et al. Polarity-dependent distribution of angiomotin localizes
hippo signaling in preimplantation embryos. Curr Biol.
2013;23:1181-94.

. Camargo FD, Gokhale S, Johnnidis JB, Fu D, Bell GW, Jaenisch

R, et al. YAPI1 increases organ size and expands undifferentiated
progenitor cells. Curr Biol. 2007;17:2054—60.

. Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford SA,

et al. Elucidation of a universal size-control mechanism in Dro-
sophila and mammals. Cell. 2007;130:1120-33.

. Yu F-X, Zhao B, Guan K-L. Hippo pathway in organ size control,

tissue homeostasis, and cancer. Cell. 2015;163:811-28.

Varelas X. The Hippo pathway effectors TAZ and YAP in
development, homeostasis and disease. Development. 2014;141:
1614-26.

. Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi

M, et al. Role of YAP/TAZ in mechanotransduction. Nature.
2011;474:179-83.

Martino F, Perestrelo AR, Vinarsky V, Pagliari S, Forte G.
Mechanotransduction: from tension to function. Front Physiol.
2018;5:824.

. ZhaoB,YeX, Yul,LiL, Li W, LiS, et al. TEAD mediates YAP-

dependent gene induction and growth control. Genes Dev.
2008;22:1962-71.

Gumbiner BM, Kim N-G. The Hippo-YAP signaling pathway and
contact inhibition of growth. J Cell Sci. 2014;127:709-17.
Mosqueira D, Pagliari S, Uto K, Ebara M, Romanazzo S,
Escobedo-Lucea C, et al. Hippo pathway effectors control cardiac
progenitor cell fate by acting as dynamic sensors of substrate
mechanics and nanostructure. ACS Nano. 2014:8:2033-47.
Oliver-De La Cruz J, Nardone G, Vrbsky J, Pompeiano A, Per-
estrelo AR, Capradossi F, et al. Substrate mechanics controls
adipogenesis through YAP phosphorylation by dictating cell
spreading. Biomaterials. 2019;205:64—80.

Nardone G, Oliver-De La Cruz J, Vrbsky J, Martini C, Pribyl J,
Skladal P, et al. YAP regulates cell mechanics by controlling focal
adhesion assembly. Nat Commun 2017;8:15321.

Chung H, Lee BK, Uprety N, Shen W, Lee J, Kim J. Yapl is
dispensable for self-renewal but required for proper differentiation
of mouse embryonic stem (ES) cells. EMBO Rep.
2016;17:519-29.

Lian I, Kim J, Okazawa H, Zhao J, Zhao B, Yu J, et al. The role of
YAP transcription coactivator in regulating stem cell self-renewal
and differentiation. Genes Dev. 2010;24:1106-18.

Qin H, Blaschke K, Wei G, Ohi Y, Blouin L, Qi Z, et al. Tran-
scriptional analysis of pluripotency reveals the Hippo pathway as
a barrier to reprogramming. Hum Mol Genet. 2012;21:2054-67.
Panciera T, Azzolin L, Fujimura A, Di Biagio D, Frasson C,
Bresolin S, et al. Induction of expandable tissue-specific stem/
progenitor cells through transient expression of YAP/TAZ. Cell
Stem Cell. 2016;19:725-37.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity
directs stem cell lineage specification. Cell. 2006;126:677-89.
Bhana B, Iyer RK, Chen WL, Zhao R, Sider KL, Likhitpanichkul
M, et al. Influence of substrate stiffness on the phenotype of heart
cells. Biotechnol Bioeng. 2010;105:1148-60.

Koser DE, Thompson AJ, Foster SK, Dwivedy A, Pillai EK,
Sheridan GK, et al. Mechanosensing is critical for axon growth in
the developing brain. Nat Neurosci. 2016;19:1592-8.

Chang TY, Chen C, Lee M, Chang YC, Lu CH, Lu ST, et al.
Paxillin facilitates timely neurite initiation on soft-substrate

SPRINGER NATURE

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

environments by interacting with the endocytic machinery. Elife.
2017;6:e31101. pii.

Patel NR, Bole M, Chen C, Hardin CC, Kho AT, Mih J, et al. Cell
elasticity determines macrophage function. PLoS ONE. 2012;7:
e41024.

Meng Z, Qiu Y, Lin KC, Kumar A, Placone JK, Fang C, et al.
RAP2 mediates mechanoresponses of the Hippo pathway. Nature.
2018;560:655-60.

Elosegui-Artola A, Andreu I, Beedle AEM, Lezamiz A, Uroz M,
Kosmalska AJ, et al. Force triggers YAP nuclear entry
by regulating transport across nuclear pores. Cell. 2017;
171:1397. el4

Zanconato F, Forcato M, Battilana G, Azzolin L, Quaranta E,
Bodega B, et al. Genome-wide association between YAP/TAZ/
TEAD and AP-1 at enhancers drives oncogenic growth. Nat Cell
Biol. 2015;17:1218-27.

Calvo F, Ege N, Grande-Garcia A, Hooper S, Jenkins RP,
Chaudhry SI, et al. Mechanotransduction and YAP-dependent
matrix remodelling is required for the generation and maintenance
of cancer-associated fibroblasts. Nat Cell Biol. 2013;15:637-46.
Hashimoto M, Sasaki H. Epiblast formation by TEAD-YAP-
dependent expression of pluripotency factors and competitive
elimination of unspecified cells. Dev Cell. 2019;50:139. e5.
Nishioka N, Inoue K, Adachi K, Kiyonari H, Ota M, Ralston A,
et al. Hippo signaling pathway components Lats and Yap pattern
Tead4 activity to distinguish mouse trophectoderm from inner cell
mass. Dev Cell. 2009;16:398—410.

Qin H, Hejna M, Liu Y, Percharde M, Wossidlo M, Blouin L,
et al. YAP induces human naive pluripotency. Cell Rep.
2016;14:2301-12.

Heallen T, Zhang M, Wang J, Bonilla-Claudio M, Klysik E,
Johnson RL, et al. Hippo pathway inhibits Wnt signaling to
restrain cardiomyocyte proliferation and heart size. Science.
2011;332:458-61.

Zhao B, Li L, Lu Q, Wang LH, Liu CY, Lei Q, et al. Angiomotin
is a novel Hippo pathway component that inhibits YAP onco-
protein. Genes Dev. 2011;25:51-63.

Zaltsman Y, Masuko S, Bensen JJ, Kiessling LL. Angiomotin
regulates YAP localization during neural differentiation of human
pluripotent stem cells. Stem Cell Rep. 2019;12:869-77.

Wang W, Li N, Li X, Tran MK, Han X, Chen J. Tankyrase
inhibitors target YAP by stabilizing angiomotin family proteins.
Cell Rep. 2015;13:524-32.

Tavares S, Vieira AF, Taubenberger AV, Aradjo M, Martins NP,
Bras-Pereira C, et al. Actin stress fiber organization promotes cell
stiffening and proliferation of pre-invasive breast cancer cells. Nat
Commun 2017;8:15237.

Taira K, Umikawa M, Takei K, Myagmar BE, Shinzato M,
Machida N, et al. The Traf2- and Nck-interacting kinase as a
putative effector of Rap2 to regulate actin cytoskeleton. J Biol
Chem. 2004;279:49488-96.

Papakonstanti EA, Stournaras C. Association of PI-3 kinase with
PAKI1 leads to actin phosphorylation and cytoskeletal reorgani-
zation. Mol Biol Cell. 2002;13:2946-62.

Lv Z, Hu M, Ren X, Fan M, Zhen J, Chen L, et al. Fyn mediates
high glucose-induced actin cytoskeleton reorganization of podo-
cytes via promoting ROCK activation in vitro. J Diabetes Res.
2016;2016:5671803.

Woeller CF, O’Loughlin CW, Pollock SJ, Thatcher TH,
Feldon SE, Phipps RP. Thyl (CD90) controls adipogenesis by
regulating activity of the Src family kinase, Fyn. FASEB J.
2015;29:920-31.

Yuan A, Rao MV, Veeranna, Nixon RA. Neurofilaments and
neurofilament proteins in health and disease. Cold Spring Harb
Perspect Bio. 2017;9:a018309. pii.



YAP-TEAD1 control of cytoskeleton dynamics and intracellular tension guides human pluripotent...

44,

45.

46.

47.

48.

49.

50.

Wu JQ, Kuhn JR, Kovar DR, Pollard TD. Spatial and temporal
pathway for assembly and constriction of the contractile ring in
fission yeast cytokinesis. Dev Cell. 2003;5:723-34.

Holzinger A. Jasplakinolide: an actin-specific reagent that pro-
motes actin polymerization. Methods Mol Biol. 2009;586:71-87.
Mandriota N, Friedsam C, Jones-Molina JA, Tatem KV, Ingber
DE, Sahin O. Cellular nanoscale stiffness patterns governed by
intracellular forces. Nat Mater. 2019;18:1071-7.

Grashoff C, Hoffman BD, Brenner MD, Zhou R, Parsons M,
Yang MT, et al. Measuring mechanical tension across vinculin
reveals regulation of focal adhesion dynamics. Nature.
2010;466:263-6.

Plotnikov SV, Sabass B, Schwarz US, Waterman CM. High-
resolution traction force microscopy. Methods Cell Biol.
2014;123:367-94.

Hogrebe NJ, Augsornworawat P, Maxwell KG, Velazco-Cruz L,
Millman JR. Targeting the cytoskeleton to direct pancreatic dif-
ferentiation of human pluripotent stem cells. Nat Biotechnol.
2020;38:460-70.

Sordella R, Jiang W, Chen GC, Curto M, Settleman J. Modulation
of Rho GTPase signaling regulates a switch between adipogenesis
and myogenesis. Cell. 2003;113:147-58.

S1.

52.

53.

54.

55.

56.

57.

Totaro A, Castellan M, Battilana G, Zanconato F, Azzolin L,
Giulitti S, et al. YAP/TAZ link cell mechanics to Notch signalling
to control epidermal stem cell fate. Nat Commun. 2017;8:15206.
Zanconato F, Cordenonsi M, Piccolo S. YAP/TAZ at the roots of
cancer. Cancer Cell. 2016;29:783-803.

Qiao Y, Chen J, Lim YB, Finch-Edmondson ML, Seshachalam
VP, Qin L, et al. YAP regulates actin dynamics through ARH-
GAP29 and promotes metastasis. Cell Rep. 2017;19:1495-502.
Morikawa Y, Zhang M, Heallen T, Leach J, Tao G, Xiao Y, et al.
Actin cytoskeletal remodeling with protrusion formation is
essential for heart regeneration in Hippo-deficient mice. Sci Sig-
nal. 2015;8:ra41.

LeClaire LL, Rana M, Baumgartner M, Barber DL. The Nck-
interacting kinase NIK increases Arp2/3 complex activity by
phosphorylating the Arp2 subunit. J Cell Biol. 2015;208:61-170.
Xia S, Lim YB, Zhang Z, Wang Y, Zhang S, Lim CT, et al.
Nanoscale architecture of the cortical actin cytoskeleton in
embryonic stem cells. Cell Rep. 2019;28:1251. e7.

Mason DE, Collins JM, Dawahare JH, Nguyen TD, Lin Y,
Voytik-Harbin CL, et al. YAP and TAZ limit cytoskeletal and
focal adhesion maturation to enable persistent cell motility. J Cell
Biol. 2019;218:1369-89.

SPRINGER NATURE



	YAP–nobreakTEAD1 control of cytoskeleton dynamics and intracellular tension guides human pluripotent stem cell mesoderm specification
	Abstract
	Introduction
	Materials and methods
	Cell culture, differentiation and drug treatments of human PSC lines
	Micropatterned cell culture

	Results
	YAP–nobreakTEAD1 axis controls PSCs mechanics independently of cell–nobreakcell contact
	Contact inhibition of YAP–nobreakTEAD1 transcriptional activity is restored by AMOT downstream of Tankyrase
	YAP–nobreakTEAD1 control over cytoskeleton-related genes mediates PSC stiffening in response to substrate rigidity
	YAP–nobreakTEAD1-driven cell stiffening correlates with intracellular tension and determines cell contractility
	YAP–nobreakTEAD1-guided cytoskeleton remodelling is needed for mesoderm specification

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




