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Yes-associated protein (YAP) is a key mechanotransduction protein in diverse physiologi-
cal and pathological processes; however, a ubiquitous YAP activity regulatory mechanism
in living cells has remained elusive. Here, we show that YAP nuclear translocation is
highly dynamic during cell movement and is driven by nuclear compression arising
from cell contractile work. We resolve the mechanistic role of cytoskeletal contractility
in nuclear compression by manipulation of nuclear mechanics. Disrupting the linker
of nucleoskeleton and cytoskeleton complex reduces nuclear compression for a given
contractility and correspondingly decreases YAP localization. Conversely, decreasing
nuclear stiffness via silencing of lamin A/C increases nuclear compression and YAP
nuclear localization. Finally, using osmotic pressure, we demonstrated that nuclear com-
pression even without active myosin or filamentous actin regulates YAP localization.
The relationship between nuclear compression and YAP localization captures a universal
mechanism for YAP regulation with broad implications in health and biology.

YAP | Nucleus | mechanotransduction | cell mechanics | biophysics

Cells are not purely biochemical entities but are also subjected to physical stimuli and
constraints in forces and mechanics (1). Correct recognition of and responses to mechan-
ical cues are key to health, whereas dysfunctional responses are symptomatic and perhaps
causative to numerous pathologies (2). Many mechanosensory mechanisms regulate tran-
scription factors, which in turn dictate fundamental aspects of cellular function, homeo-
stasis, and tumorigenesis (3—6). Yes-associated protein (YAP) is a crucial nucleocytoplasmic
shuttling transcriptional coactivator that connects cellular mechanics and signaling cas-
cades underlying gene expression, cell proliferation, and differentiation (5, 7-10). YAP
protein is a key mechanosensory protein that becomes transcriptionally active when
imported into the nucleus (5, 8, 11, 12). Aberrant YAP nuclear localization can cause
dysfunction associated with multiple diseases, including fibrosis and diverse cancers as a
result of uncontrollable cell proliferation and activating genes associated with oncogenic
transcription factors (13—16). Since the spatiotemporal localization of YAP regulates crit-
ical cellular physiology and pathology in diverse contexts, understanding the mechanical
stimuli that modulate YAP activity is a central goal of current cellular biology.

In addition to canonical Hippo pathway regulation via LATS 1 and 2 (8, 11) and
Akt-mediated YAP phosphorylation (17-19), YAP is widely reported to be influenced by
physical stimuli, such as microenvironment mechanics, with several studies suggesting
that YAP nuclear localization and activity tends to increase with increasing substrate
stiffness (5, 20, 21). This has led to the hypothesis that substrate stiffness directly influences
YAP localization and downstream effects such as proliferation and differentiation through
mechanotransduction (5, 22-24). However, the abrogation of these effects by cytoskeletal
disruption demonstrates that YAP activity is not directly linked to substrate mechanics
but rather driven by cytoskeletal processes such as actomyosin contractility which can be
biased by substrate stiffness (5, 20, 25, 26). Contractility impacts diverse mechanosensors
in the cell (27, 28), including the nucleus (4, 29). Additionally, stresses external to the
cell directly applied to the nucleus trigger YAP localization (30), placing nuclear mechanics
and deformation at the center of YAP mechanotransduction (31, 32).

Nuclear mechanics are largely determined by a family of intermediate filaments known
as lamins, with lamins A and C (lamA/C) supporting the nucleus and modulating its elas-
ticity (33-36). LamA/C expression levels also modulate nuclear rigidity; suppression of
lamA/C softens nuclei and increases nuclear deformability (36-38), whereas lamA/C over-
expression increases nuclear stiffness (38, 39). This influence of nuclear stiffness is critical
as the same applied force results in dramatically different nuclei deformations. These bio-
physical changes may have a direct pathological impact; mutations in lamA/C are associated
with impaired nuclear mechanotransduction, resulting in a variety of human diseases,
including Emery-Dreifuss muscular dystrophy, Hutchinson—Gilford progeria syndrome,
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and cancer metastasis (36, 40-44). Physiologically, nuclear defor-
mations are regulated by actomyosin contractility and its direct
connections to the nucleus via the linker of nucleoskeleton and
cytoskeleton (LINC) complex. Thus, understanding at a funda-
mental level how actomyosin contractility, nuclear stiffness, and
nuclear deformation change YAP mechanotransduction in living
cells would address complex challenges ranging from stem-cell
engineering to cancer progression and cellular aging disorders, mak-
ing it a timely, fundamental challenge in human health.

Although previous studies have predominantly focused on the
role of traction stress, substrate stiffness, cell spread area, and
nuclear flattening on YAP localization (5, 7, 20, 26, 30, 45, 46),
the inherent coupling of these reported regulatory parameters (21,
47-49) has limited our understanding of the main and actual
regulator of YAP and failed to clarify YAP dynamics in response
to transient mechanical stimuli. Franklin etal. have recently
reported fast oscillations of YAP nucleocytoplasmic localization
(46), revealing that YAP localization is far from static in living
cells. Nevertheless, the mechanism tuning YAP fluctuations in
motile living cells remains unknown and is the key in unlocking
dynamic YAP mechanotransduction. Previously, simulation work
has suggested that nuclear deformation may be a central uniting
mechanosensory (50); in this study, we provide direct and com-
prehensive evidence supporting this prediction. We track dynamic
YAP localization in living cells and show that nuclear compression
uniquely determines YAP localization in all explored experimental
conditions. We resolve spatial and temporal correlated changes in
both cell contractility and YAP distribution during cell movement
on diverse substrate stiffnesses, suggesting that substrate rigidity
alone does not proscribe YAP localization. Further, we show that
mechanical work from cell contractility (strain energy) rather than
cell traction stress induces YAP nuclear translocation through
nuclear compression and does so independently of substrate stiff-
ness. Decreasing nuclear stiffness via siRNA of lamA/C dramati-
cally increases cell contractility—induced nuclear compression and
YAP activation, demonstrating that the effective nuclear deforma-
tion rather than applied contractility regulates YAP localization.
We further demonstrate that mechanical work from extracellular
sources that also compress the nucleus induces the same YAP local-
ization, even in the absence of an actin cytoskeleton. These findings
reveal that it is the resultant nuclear compression, and not the
applied stress, nuclear stiffness, or microenvironment mechanics,
which regulates YAP localization.

Results

YAP Localization Is Highly Dynamic in Spread Living Cells
Regardless of Substrate Elasticity. To examine the YAP
localization in living cells, we transfected NIH 3T3 cells with
enhanced green fluorescent protein (EGFP)-YAP (pEGFP-C3-
hYAP1, a gift from Marius Sudol, Addgene, plasmid #17843)
and with EBFP2-Nucleus-7 (nuclear localization signal, Addgene,
plasmid #55249) to visualize the nucleus. Similar to previous
studies, our principal metric for YAP quantification is the ratio
of fluorescence of EGFP-YAP in the nucleus to EGFP-YAP in
the cytoplasm and is henceforth referred to as the YAP Ratio
(YR), where total endogenous and EGFP-YAP appear similarly
distributed in the cell (S7 Appendix, Fig. S1). We first compared
the YRs of endogenous YAP and exogenous EGFP-YAP as cells
spread on polydimethylsiloxane (PDMS) substrates (51, 52) with
different Young’s moduli (0.3 and 48 kPa). Critically, these silicone
substrates are linearly purely elastic as demonstrated previously
(51, 52), in contrast to commonly employed strategies of diluted
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crosslinking that result in incompletely percolated viscoelastic
PDMS substrates (53, 54). Using these elastic substrates, we
quantified YRs on soft PDMS, stiff PDMS, and very stiff glass
substrates in both transfected and immunostained cells (Fig. 1 A-
Cand SI Appendix, Fig. S2). Here, we found no significant trends
in EGFP or endogenous YR between soft PDMS and stiff glass.

When we examined EGFP-YAP fluctuations during cell move-
ment on PDMS substrates, we observed that EGFP-YAP locali-
zation is highly dynamic in time, yet has no visible correlation
with substrate stiffness across diverse PDMS substrate moduli
(0.3,2,5,12, 18, and 100 kPa) as well as fibronectin-coated glass
(Fig. 1 D—F and SI Appendix, Figs. S2 and S3). The time-averaged
YR and YR distributions on stiff substrates appeared identical to
compliant substrates, demonstrating that neither the magnitude
of YAP localization nor the shuttling frequency appears set by
PDMS substrate stiffness in high spread area cells (Fig. 1 D-F).
These results contrast with previous reports of cytoplasmic enrich-
ment of YAP on soft polyacrylamide (PAA) substrates and a gen-
eral positive correlation between the YR and substrate stiffnesses
(5, 20, 30). Nevertheless, a recent study has shown that while
average YR does tend to increase with substrate stiffness, that YR
is highly dynamic and displays a broad distribution on all PAA
substrate moduli, with the broadest distribution on the softest
substrate (0.4 kPa) (46).

To examine the impact of substrate material selection (PDMS
or PAA) on EGFP-YAP localization, we prepared PAA gels with
uniform polymer mass and tuned the stiffness by varying the bis
crosslinker concentration. Cells on very compliant PAA substrates
with Young’s modulus of 1 kPa were round and sessile, with small
spread areas and more cytoplasmic sequestration of YAP (YR < 1),
consistent with previous findings (Fig. 1 G and H and SI Appendix,
Fig. §2). Cells seeded on very compliant PDMS substrates (0.3 kPa)
displayed a wide range of spread areas and oscillations in YAP local-
ization, similar to those cells on the stiff PDMS and PAA substrates
(Fig. 1 D—H and SI Appendix, Fig. S2). These results are also con-
sistent with the previous report of dynamic YAP in motile spread
cells (46), suggesting that our observed PAA very soft substrate
sensitivity is limited due to a lack of cell spreading and adhesion;
in active cells with more spreading, however, YAP is dynamically
distributed between the nucleus and cytoplasm in all of our PDMS
measurements, which are quantitatively consistent with published
dynamics of YR on mechanically diverse PAA substrates (46).

To examine more closely the roles of substrate adhesion and
cell spread area on YAP translocation, we also tracked YAP local-
ization in suspended cells during their attachment (Fig. 1/). Before
initial cell actachment, we measured consistent cytoplasmic YAP
(low YRs) in round cells with a small projected area (<~1,200 p.mz)
(Fig. 11). After adhering and spreading, however, YAP fluctuated
between the nucleus and cytoplasm with no clear trend with cell
area (Fig. 1J).

These results and previous findings highlight that while sub-
strate stiffness does appear to bias YR in cells, the variance of YR
observed across all substrates shows that substrate stiffness does
not precisely proscribe YAP activity, suggesting another mecha-
nism in play. Indeed, all known prior works investigating the role
of substrate stiffness have reported that cytoskeletal disruption
inhibits any measured substrate-dependent YAP localization (20,
30, 55). This demonstrates that substrate stiffness may bias intra-
cellular cytoskeletal processes; however, these cytoskeletal responses
more directly regulate YAP localization. We thus suspected that
dynamic changes in cytoskeletal cell contractility, as may be
induced by different substrate moduli, lead to dynamic and cor-
related changes in YAP localization.

pnas.org
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Fig. 1. YAP localization is highly dynamic in spread living cells on substrates with diverse elastic moduli. (A) Example images of EGFP-YAP and endogenous
YAP merged with the EBFP-NLS nucleus on stiff PDMS and (B) soft PDMS. (C) Violin plots of YR variations on soft, stiff PDMS, and glass for EGFP transfected
and endogenous YAP (n = 40 single cells per each condition). (D) Examples of EGFP-YAP variation during cell movement on PDMS, PAA, and glass over time.
(E) Time course of EGFP-YAP YR during cell movement on PDMS substrates with various stiffnesses and on the fibronectin-coated glass. (F) Time-averaged
EGFP-YAP YR and violin plot of YR in the same condition as in (E). (G) EGFP-YAP YR variations on PDMS (shades of red) and PAA (shades of blue) substrates
with different stiffnesses (n = 35 cells per each condition). (H) Violin plots of EGFP-YAP YR variations in transfected cells moving on PAA substrates with
diverse stiffnesses, P values obtained from the pairwise t test, and values below 0.0001 suggest a statistically significant difference. (/) Quantification of
EGFP-YAP YR and cell area before (red) and during cell attachment (gray) on 5 kPa PDMS (n = 17 cells). Scales bars are 20 um for the cells and 10 um for the
nuclei. Error bars indicate SD.

Cell Strain Energy Regulates YAP Nucleocytoplasmic Shuttling ‘We found that on all substrates, the contractile state of the motile

Independent of Substrate Elasticity. We employed traction
force microscopy (TEM) (56, 57) to track single-cell contractility
(traction stress and strain energy) in time on PDMS substrates
with different Young’s moduli (0.3 and 5 kPa) (51, 52) and
compared these metrics with dynamic YRs. The strain energy is
the total contractile work generated by the cell. This is different
from RMST which is the rms (average) traction stress that cells
apply to the substrate (Materials and Methods).

PNAS 2023 Vol.120 No.28 e2301285120

spread cell changed in time, and the cell contractility was temporally
correlated with the YR (Fig. 2 A~F and SI Appendix, Fig. S3). These
results explain YAP’s dynamic movement during cell migration on
each substrate. We then compared the time-varying contractile states
of single cells with their YRs over a broad range of substrate stiffnesses,
finding that both cell traction stress and the underlying average
cell-induced substrate deformation as reported by fiduciary bead
displacement were correlated with YRs for individual cells (Fig. 2
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Fig. 2. Cell strain energy regulates YAP nucleo-cytoplasmic shuttling independent of substrate elasticity. (A) Representative images, local bead displacement,
and traction stress maps of EGFP-YAP transfected NIH 3T3 cell during its movement on 5 kPa PDMS substrate. (B) Time course of EGFP- YAP YR and RMST for
the same cell as in (A) (duration: 12 h, time interval: 12 min). (C) EGFP-YAP YR as a function of RMST for the same condition as in (A) and (B). (D) Quantification of
EGFP-YAP YR and strain energy for the same cell over time. (E) EGFP-YAP YR vs. strain energy for the same cell, (F) EGFP-YAP YR vs. average RMST for multiple cells
seeded on PDMS substrates with different stiffnesses [n = 146 cells for PDMS 0.3kPa (yellow), n = 135 cells for PDMS 2kPa (orange), and n = 278 cells for PDMS
18kPa (brown)], (G) EGFP-YAP YR vs. average bead displacement for the same cells as in (F). (H) YR as a function of strain energy for the cells in (F) (data related to
the cells seeded on 5 and 12 kPa were added). (/) Example of EGFP-YAP transfected cells before and after pharmacological treatments. (/) Quantification of EGFP-
YAP YR vs. strain energy for multiple cells on PDMS substrates with different Young's moduli before (solid markers) and after (open markers) pharmacological
treatments (n = 68 cells for Y27632 treatment, and, n = 57 cells for CytoD treatment). (K) All data of EGFP-YAP YR as a function of strain energy for nontreated
(partially transparent open square data) and pharmacologically treated cells (solid data). Scale bars are 20 pm. Error bars indicate measurement error.

and G). Thus, while substrate stiffness alone did not appear to regu-
late YR during cell movement, cell traction stress and substrate dis-
placement were shown to impact YAP localization. YRs were

correlated with contractile stress yet separated into different popula-
tions as a function of substrate stiffness (Fig. 2 Fand G). These results
reveal that on both soft and stiff PDMS substrates, YAP can localize

https://doi.org/10.1073/pnas.2301285120 pnas.org



to the cytoplasm or nucleus depending on the contractile stress of
the cell corresponding to that substrate stiffness; spread cells on soft
PDMS were shown to trigger YAP nuclear localization (YR > 1.5)
with lower traction stress than those seeded on stiff PDMS. We then
examined the effects of cell strain energy (contractile work) which
previously was shown to be independent of substrate stiffness (57)
on YAP activity. We found that the dependence of YR on cell con-
tractile work was independent of substrate stiffness with all data from
different substrate rigidities collapsing onto a single curve, suggesting
that cell contractile work describes YAP localization in diverse
microenvironment mechanics (Fig. 2H).

To quantify how changes in contractility would influence
YAP localization, we then disrupted myosin activity and the
actin cytoskeleton by adding ROCK inhibitor (Y-27632) and
cytochalasin D (CytoD), respectively (Materials and Methods).
Both pharmacological treatments inhibited cell contractility
and concordantly suppressed YAP nuclear localization ~15 and
~40 min after adding CytoD and ROCK inhibitor, respectively
(Fig. 2 1 and Jand SIAppendix, Fig. S3). Critically, these
cytoskeletal disruptions did not change the relationship between
cell contractility and YR, and data from cytoskeleton-disrupted
cells all followed the same YAP localization—strain energy curve,
where weaker contractility leads to reduced YRs (Fig. 2K).
These results demonstrate that contractile work is a better pre-
dictor of YAP localization than traction stress during cell move-
ment on different substrates and across all probed cytoskeletal
states.
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000
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As contractile work appears to determine YAP localization across
a broad range of conditions, we considered the cellular components
that are mechanically impacted by cell contractile work and may
drive changes in the YR. Since the nucleus is the locus of YAP
activity and has been implicated in force-mediated YAP localization
(4, 30, 55, 58), we examined how contractile work mechanically
compresses the nucleus and relates to YAP nuclear localization.

Cell Strain Energy Modulated Nuclear Volume Is a Unique
Determinant of YAP Localization. To examine the interplay
between cell work and nuclear deformation, we quantified the
nuclear volume using confocal Z-stacks for cells with different
contractility. Examining different cellular contractile states, we
found decreased nuclear volume for cells with higher contractile
work, leading to an inverse relationship between nuclear volume
and cell strain energy (Fig. 3 A and B and SI Appendix, Fig. S4).
Traction stress, however, showed a weak correlation with nuclear
volume on different substrate stiffnesses, suggesting that cell strain
energy has a more critical role in force transmission to the nucleus
corresponding to the nuclear compression (S/ Appendix, Fig. S4).
We then considered the mechanical connection which facilitates
contractile work to compress the nucleus. One key component
between actomyosin contractile machinery and the nuclear envelope
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Fig.3. Cellstrain energy modulated nuclear volume is a unique determinant of YAP localization. (A) Representative traction stress maps, nuclear volumes, and
EGFP-YAP distributions in WT and DNK1/2 overexpressed (LINC disrupted) cells with diverse contractility states on 12 kPa PDMS. (B) Quantification of nuclear
volume vs. strain energy for WT and DNK1/2 cells on 12 kPa PDMS (n = 35 WT cells and n = 28 DNK1/2 cells). (C) Quantification of EGFP-YAP YR vs. strain energy
for the same cells as in (B). (D) YR as a function of nuclear volume for the same cells as in (B). (E) EGFP-YAP YR vs. strain energy in WT (squares) and DNK1/2
(triangles) cells seeded on PDMS substrates with different stiffnesses. The color bar is representative of substrate stiffness (n = 15 DNK1/2 cells per each PDMS
stiffness). (F) Relationship between EGFP-YAP YR and nuclear volume for DNK1/2 and WT cells seeded on different PDMS substrates (n = 25 DNK1/2 cells, n = 33
WT on PDMS 0.3 kPa, n = 28 WT on 2 kPa, n =30 WT on 12 kPa, n = 17 WT on 18 kPa, and n = 27 WT on glass). Scale bars are 20 ym for cells and 10 pm for

nuclei. Error bars indicate measurement error.
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found that nuclear volumes were generally larger relative to wild-
type (WT) cells for any given cell contractility, demonstrating less
efficient mechanical coupling between the nucleus and cytoskeletal
contraction (Fig. 3 A and B). Paralleling this observation, disrupting
the LINC complex also reduced YRs for any given cell contractile
work (Fig. 3 C and E and ST Appendix, Fig. S4). This suggests
that contractile work (as measured by TFM) is not a unique
determinant of YAP localization, but rather how contractility
impacts the nucleus is critical. Quantifying the relationship between
YRs and nuclear volume for cells cultured on 12 kPa PDMS, we
found a complete overlap between both WT and LINC complex
disrupted data, suggesting that nuclear volume in both cases directly
regulates YRs (Fig. 3D). Our results also demonstrated that cell
contractility-driven nuclear compression is correlated with YAP
nuclear localization independent of substrate stiffness (Fig. 3F),
with no trend between nuclear volumes and substrate stiffnesses
(SI Appendix, Fig. S4) and similar YR and nuclear volume trends
in both WT and LINC disrupted cells (Fig. 3F). These findings
illustrate that the nuclear volume is a more robust physical
parameter than cell contractility regulating YAP independent of
cytoskeletal state and microenvironment (Fig. 3F).

We then questioned how mechanisms which impact nuclear
deformation, such as varying nuclear stiffness, would impact YAP
localization by modulating the amount of deformation for a given
cell contractility. Prior work has demonstrated that modulating
lamA/C expression significantly impacts nuclear stiffness (59, 60).
This suggested to us that changes in lamA/C expression would
result in changes in nuclear deformation for a given contractile
work and lead to changes in YAP mechanotransduction.

LamA/C Suppression Facilitates YAP Nuclear Translocation via
Increasing Nuclear Deformability. Exploiting the role of lamA/C
in nuclear stiffness (59-61), we suppressed lamA/C expression
using doxycycline-dependent inducible shRNA (Materials and
Methods and SI Appendix, Fig. S6). To quantify total single-cell
lamA/C expression levels, we transfected the cells with GFP-
lamA/C chromobody which labels all the lamA/C inside the
nucleus, allowing us to measure nuclear stiffness as a function
of lamA/C expression (Fig. 4 A and B) (62). We measured
corresponding nuclei compression under varied osmotic stresses
applied by different concentrations of 400 Da polyethylene glycol
(PEG) (81 Appendix, Fig. S4). From the corresponding applied
stresses and measured nuclear volumetric compression, we
determined the nuclear stiffness (Materials and Methods) (Fig. 4B)
(63). We measured softer nuclei with higher nuclear deformability
(lower bulk modulus) in lamA/C silenced cells compared to WT
cells, consistent with previous findings (Fig. 4B and SI Appendix,
Fig. $4) (59-61).

We then examined how contractile work compresses nuclei with
different stiffnesses, and how this in turn regulates YAP localiza-
tion. Interestingly, lamA/C silenced cells (with more compliant
nuclei) (Fig. 4B) had smaller nuclei across a range of contractile
work with volumes that were more sensitive to changes in con-
tractility, leading to increased YRs at low contractility (Fig. 4C).
In comparison, WT nuclei were relatively larger, requiring more
contractile work to compress them and localize YAP therein (Fig. 4
Cand D). Examining the relationship of nuclear volume on YAP
distribution, we found that YAP ratio was correlated with the
nuclear volume across diverse lamA/C expression levels in WT

A B ® 5 4000
% 5 1 -
— 35 pvalue 2.65e-18 §' =WT } [
=) = LamA/C siRNA ,é\ LamA/C siRNA
< o 41 € 3200
s 25 2 o
g 33 E 2400
s 15 2 5]
2 £ 24 < 1600
o 3 | ks
<5 511 | S 800
30 3 I | =
3
z 0 T T T T ) 0 T T !
?\\Ap Q\»( 800 1000 1200 1400 1600 1800 0 0.5 1 1.5
Plc’%\ Osmotic Pressure (kPa) Strain Energy (pJ)
&
D E T F
W LamA/C siRNA =WT
LamA/C siRNA W DNK1/2 LamA/C siRNA
21 o z N WT LamA/C siRNA 21 21 = z
017 g-. 01-7- N 017-
= 5 = ! =
O £ Q . " Q
[3} 9 [3) . [3}
2 1.3 ) 2 1.3 et 2 1.3
% % ' <
>0.9 & >0.9 >0.91
0.5 T " 0.5 T T r T T T " 0.5 T T ]
1.5 0 02 040608 1 1214 0 1000 2000 3000 4000

Strain Energy (pJ)

Fig. 4.

Strain Energy (pJ) Nuclear Volume (MM)?
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SiRNA and WT cells (n = 29 lamA/C siRNA; n = 33 WT cells). P values obtained from the pairwise t test, and values below 0.0001 suggest a statistically significant
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and lamA/C silenced cells (Fig. 4F). Consistent with our LINC
studies, this demonstrates that nuclear compression and YR are
not uniquely proscribed by contractile work (Fig. 4 C-E), but
rather by the ensuing nuclear compression (Fig. 4F). In addition
to lamA/C, chromatin condensation is also known to regulate
nuclear mechanics (64); to test whether nuclear softening via chro-
matin mechanics has a similar effect on nuclear compression
and YR, we employed the drug SAHA to decondense chromatin
and soften the nucleus (65, 66). Here, we observed a SAHA
dose-dependent decrease in nuclear volume along with an increase
in YR, suggesting that nuclear softening in general does lead to
higher contractility-driven nuclear compression and a comple-
mentary rise in YR (87 Appendix, Fig. S13). Having observed a
correlation between YR and contractility-driven nuclear volume
under the diverse conditions of cytoskeletal poisons, LINC sup-
pression, and varied lamA/C expression, we postulated that mod-
ifying nuclear volume through any mechanism may be sufficient
to induce YAP nuclear localization.

Nuclear Compression Alone Is Sufficient to Trigger YAP Nuclear
Localization Independent of Contractile Work, Actin Filaments,
LINC Complex, and Nuclear Stiffness. To test this hypothesis,
we applied external osmotic stresses on the cells using different
concentrations of PEG400 and measured nuclear volumes and
YRs for cells under different osmotic pressures (Materials and
Methods). We observed a significant increase in YAP nuclear
localization under 10% PEG (1.62 MPa osmotic pressure),
whereas 2% PEG (960 kPA) was not sufficient to trigger YAP
nuclear entry (S7 Appendix, Fig. S7), with similar changes in both
endogenous and EGFP-YAP (SI Appendix, Fig. S8). Our results
revealed the same conserved relationship between nuclear volume
and YAP localization (Fig. 5 A and B). To ensure that EGFP-
YAP accurately reports trends in the endogenous localization of
YAP under osmotic pressure, we compared YAP ratios in separate
experiments as measured by immunofluorescence and EGFP-YAP
quantification. We examined the YR as functions of volume with
and without osmotic compression, finding that both endogenous
and EGFP-YAP nuclear localization trends both scale inversely
with nuclear volume (ST Appendix, Fig. S12). To examine whether
this relationship is unique to NIH 3T3 or displayed in other
cells as well, we measured the nuclear volume and endogenous
YAP ratio in immunostained human dermal fibroblasts before
and after adding different concentrations of PEG. This revealed
a quantitatively similar relationship, suggesting that it may be
exploited by cell biology in general (8] Appendix, Fig. S9). To
eliminate the possibility that this may be solely ascribed to an
osmotic stress artifact, we also mechanically compressed cells using
small, weighted agarose pads (Materials and Methods), revealing
that mechanical vertical compression of cells also induces YAP
nuclear localization (S Appendix, Fig. S14).

Next, we examined the role of the actin cytoskeleton in adhered
cells in osmotic pressure-mediated YAP activity by depolymeriz-
ing F-actin with Cytochalasin D (CytoD). After depolymerizing
actin filaments, nuclear volumes increased and YRs decreased,
illustrating a nuclear compressive role for actomyosin contractility
(Fig. 5 Cand D). After applying an osmotic pressure (5% PEG400,
1.12 MPa), we again observed increased YAP nuclear translocation
with decreasing nuclear volume (Fig. 5 C and D). These results
demonstrated that the actin cytoskeleton is not essential for YAP
mechanotransduction. We also revisited the role of the LINC
complex in YAP nuclear localization under external pressure by
interrupting the LINC complex via overexpression of DNK1/2.
Interestingly, compared to WT cells, a lower osmotic pressure
(1.12 MPa) was required to substantially compress the nucleus
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and activate YAP in both CytoD and LINC disrupted cells (Fig. 5
C-F). These findings demonstrated that external forces compress
the nucleus and localize YAP even in the absence of filamentous
actin and the LINC complex. We also observed that the nuclei of
LINC-disrupted and CytoD-treated cells compressed relatively
more under the same amount of pressure as compared with WT
cells, further suggesting a potential mechanoprotective role for
LINC and the cytoskeleton in the context of external compression
(SI Appendix, Fig. S7). Critically, all YAP activity and nuclear vol-
ume data for WT, CytoD-treated, and LINC-disrupted cells
appear as a single correlated distribution across all experimental
conditions demonstrating a robust connection between nuclear
volume and YAP localization (Fig. 5G). These diverse data suggest
a strong preserved correlation between nuclear volume and YR;
however, we questioned whether changing nuclear volumes in a
given set of cells would direct changes in YRs, demonstrating a
causal role for nuclear compression in YAP localization. To exam-
ine this, we simultaneously quantified the changes in nuclear
volume (-AV/V ) and in YAP ratios (AYR/YR;), while applying
varying osmotic pressures to W1, LINC-disrupted, and
CytoD-treated cells. For all examined conditions, the change in
YR as a function of change in nuclear volume fell on a single curve,
demonstrating that nuclear compression regulates YAP localiza-
tion in a magnitude-dependent and conserved manner (Fig. 5H).
To examine the time—response of YAP import, we also performed
high-temporal resolution experiments, revealing an acute increase
of YAP nuclear import within 1 s of compression, followed by a
steady increase of YAP nuclear localization over approximately
10 min (87 Appendix, Fig. $10). To determine whether YAP import
is regulated by applied stress of nuclear strain, we examined the
role of nuclear softening induced by silencing lamA/C on osmotic
stress—mediated YAP localization, finding that siRNA lamA/C cells
required lower osmotic pressure (960 kPa) than WT cells
(1.12 MPa) to compress nuclei and localize YAP in the nucleus
(Fig. 51), driven by both active and passive import processes
(SI Appendix, Fig. S11). We also compared the effects of swelling
via hypotonic media to compression via hypertonic media, finding
that nuclear compression triggers YAP translocation, whereas
nuclear swelling does not (S Appendix, Fig. S15). These findings
reveal nuclear compression as the dominant YAP mechanosensing
mechanism and describe a preserved causal relationship between
nuclear compression and YAP localization (Fig. 6).

Discussion

Diverse studies have examined how YAP activity is impacted by
cell contractile stress (traction stress) in a substrate stiffness—depend-
ent way; generally, it has been previously observed that cells on soft
substrates have YAP mostly localized in the cytoplasm, whereas cells
on stiff substrates mediate YAP nuclear translocation (5, 30, 67).
However, in prior studies, substrate stiffness impacted YAP locali-
zation through varying cell morphology across different stiffnesses;
soft substrates resulted in small round cells with cytoplasmic YAP
localizations, while stiff substrates induced highly spread cells with
predominantly YAP nuclear localizations (5, 20, 21, 30). In addi-
tion, previous studies reported YAP nuclear localization by applying
external forces (30, 45, 68), such as stretching of the cells on soft
substrates (45), suggesting that substrate stiffness alone is not an
independent regulator of YAP activity. Indeed, prior work has
demonstrated that beyond their stiffness, surface stresses of silicones
can also increase stresses acting on cells, particularly at moduli below
2 kPa (69). This additional surface stress from silicones likely
resolves discrepancies between PAA and PDMS on soft substrates
observed here and previously (54, 70). While cell-generated forces
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Fig.5. Nuclear compression alone is sufficient to trigger YAP nuclear localization. (A) Examples of YAP localization and nuclear volume of the cells under different

osmotic pressures. (B) Quantification of YR vs. nuclear volume in isotonic (open markers) and hyperosmotic conditions (solid markers) (n = 12 cells under 2%, n = 14
cells under 5%, and n = 15 cells under 10% PEG400). (C) Example of changes in nuclear volume and EGFP-YAP localization in CytoD treated cells after applying
5% PEG400 (1.12 MPa osmotic pressure). (D) Quantification of EGFP-YAP YR vs. nuclear volume in isotonic condition (blue squares), 30 min after adding 2.5 yM
CytoD (black diamonds), and 20 min after adding 5% PEG400 (red triangle) (n = 10 cells). (F) Example of changes in iRFP-YAP localization and nuclear volume
in GFP-DNK1/2 transfected cells before and after adding 5% PEG400. (F) Quantification of iRFP-YAP YR vs. nuclear volume for LINC disrupted cells before (red
squares) and after (blue squares) adding 5% PEG400 (n = 13 cells). (G) All data of EGFP-YAP YR vs. nuclear volume for CytoD-treated (black markers), iRFP-YAP
YR DNK1/2 (red markers) transfected cells seeded on the glass, and EGFP-YAP WT cells seeded on the glass (blue markers) and 300 Pa PDMS (yellow markers)
under different hyperosmotic conditions. All open markers and solid markers are representative of isotonic and hyperosmotic conditions, respectively (n > 10
cells per each condition). (H) Quantification of normalized YR change as a function of nuclear volumetric compression for the same values measured in (G). (/)
YR change vs. nuclear compression for WT and lamA/C siRNA cells before (open markers) and after applying 960 kPa osmotic pressure (solid markers) (n =15
cells per each condition). The Inset image is an example of EGFP-YAP YAP localization in WT and lamA/C silenced cells under 2.5% PEG400. Scale bars are 20 pm

for the cells and 10 pm for the nuclei. Error bars indicate measurement error.

on soft PAA may remain low, with the additional surface stresses
from silicones, the total stresses (cell + surface) are sufficient to sup-
port cell spreading, increased forces, and resulting mechanobiology.
This further highlights the importance of quantifying actual stresses
at the cell-substrate interface, as with TFM, rather than considering
substrate compliance alone. Nevertheless, even in the context of
differential surface stresses, we see a conserved relationship between
nuclear volume and YAP localization, further suggesting that
stresses of any origin promote the observed nuclear volume
mechanotransduction.

Our results illustrate that YAP is highly dynamic in living cells
on all investigated substrate stiffnesses, and its localization is
robustly defined by the nuclear compression induced by cell strain

https://doi.org/10.1073/pnas.2301285120

energy or extracellular forces, complementary to previous work
investigating the role of “nuclear flattening” (i.e., vertical defor-
mation) in YAP mechnaotransduction (30). Our study offers
nuclear compression as a ubiquitous mechanical explanation of
non-Hippo YAP regulation, accounting for previously identified
diverse mechanical stimuli of YAP regulation, including substrate
stiffness (5, 20, 21), cell contractility (20, 21, 30), and nuclear
compression (4, 30, 55, 68). To resolve how these apparently
separate mechanoregulatory mechanisms actually influence the
same one of nuclear compression, we first examined cell contrac-
tility and YAP; this explained previously observed dynamic fluc-
tuations in YAP localization (46, 71) to the variations in cell
contractility during cell movement on a specific substrate. We
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then identified that total cell contractile work is a better predictor
of YAP activity than cell traction stress all substrates. We showed
that this contractile work compresses the nucleus and that while
the LINC complex is not required for YAP mechanotransduction,
it increases the efficiency of mechanical coupling and actomyosin
contractile deformation of the nucleus (S Appendix, Fig. S4).
We also investigated the role of nuclear compliance on the amount
of the cell contractile work (strain energy) required to trigger YAP
nuclear translocation. We observed that nuclear stiffness scales with
lamA/C expression levels in agreement with previous findings (35, 61).
For a given amount of contractile work, softer nuclei were compressed
more than stiffer nuclei and displayed higher YAP localization, reveal-
ing that contractility does not proscribe YAP activity. Regardless of
nuclear stiffness, contractility, or microenvironment stiffness, all nuclei
exhibited the same trend of YAP localization with respect to nuclear
volume. This relationship held true even in unphysiological cells with
depolymerized actin or under external osmotic stress. Regulation via
nuclear compression offers a mechanistic explanation for previous
observations that YAP activity is increased in lamin deficient cells
(72, 73) and suggests that softer nuclei may be expected to have
increased YAP localization. This is consistent with previous reports
suggesting that nuclear softening, which often occurs in malignant
cancer cells (74, 75), would promote YAP nuclear entry (30, 76). It
is also consistent with previous studies of lamA reduction (59, 60)
and increased YAP activity in cancer progression (15, 36, 74, 75, 77).
In the context of cell differentiation, our proposed mechanism of
nuclear-compression YAP regulation agrees with previous reports of
cell compression (63, 78) and elevated cell contractility (5, 79, 80)
mediating osteogenic differentiation as a result of YAP activation.
We anticipate that this link between cell strain energy, nuclear
stiffness, nuclear compression, and YAP activity will offer insight
and potential therapeutic strategies for other diverse diseases asso-
ciated with modified nuclear mechanics and cellular dysfunction,
including aging disorders (81), Emery—Dreifuss muscular dystro-

phy (40), and Hutchinson-Gilford progeria syndrome (41);
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aclearer understanding of mechanical YAP regulation will also
provide better strategies for directing stem cell engineering.

Materials and Methods

Fabrication of PDMS Substrates. To determine the effects of substrate rigid-
ity on dynamic localization of EGFP-YAP protein, PDMS substrates with different
stiffnesses were prepared as described previously (51, 52).

PAA Fabrication. PAA gels were prepared based on the previously described
protocol (82).

Transfection and Confocal Microscopy of Live Cells. To quantitatively track
EGFP-YAP mechanotransduction with time, we transiently transfected NIH-3T3
cells with two plasmids, pEGFP-yap-C3-hYAP1 (Addgene, plasmid #17843)(17)
and EBFP2-Nucleus-7 (nuclear localization signal, Addgene, plasmid #55249),
using GenJet transfection reagent (SignaGen). Eighteen to twenty-four hours
later, cells were seeded on fibronectin-coated PDMS, PAA, and glass substrates,
and after cell attachment, they were transferred to a lab-built heated stage per-
fused with 5% CO, and mounted on a confocal microscope (Leica TCS SP8 with
a 10x 0.4NA objective).

In order to examine the effects of the LINC complex on contractile and force-
mediated nuclear compression and YAP translocation, we transfected the cells
with two dominant-negative GFP-Nesprin1-KASH and GFP-Nesprin2-KASH
(DNK1/2) plasmids which were kindly provided by Dr. Catherin Shanahan's lab-
oratory (King's College, London) (30, 83).

TFM. Traction forces are those applied by the cells to their underlying substrates
during adhesion, spreading, and migration. Active contractile stress in the actin
cytoskeleton was quantified using TFM as previously described (52, 56).

Cell-substrate traction stresses and strain energies were calculated for each
acquired time frame as described previously (56).

Quantification and Modulating of LamA/C Expression. To quantify the
total lamA/C present in the nuclei, all the cells were transfected with GFP-tagged
lamA/C Chromobody (Chromtek) which facilitates real-time imaging of lamA/C
by labeling the total lamA/C without interfering with its function and distribution
in the nuclei (61, 62).
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Volume Measurement of Nuclei. In order to measure nuclear volume and
nuclear compression, XYZ stacks of EBFP tagged nuclei with a z-step size of
0.5 umwere imaged using a Leica SP8 confocal microscope with 63x/1.4NA oil
immersion objective lens and a pinhole of 1 AU, resulting in an axial Full Width
Half Maximum optical thickness of 0.5 um. The 3D visualization and quan-
tification were performed with Fiji software. To quantify nuclear volume, the
stacks were thresholded based on the top and bottom of the nuclei, and then,
the number of voxels of the thresholded region was counted and multiplied
by the size of each voxel using Fiji software. Cell cycles were not synchronized,
potentially contributing to the observed variation and larger nuclear volumes.
To investigate the role of cell contractility in nuclear compression and YAP local-
ization in WT and lamA/C siRNA cells, we employed z stacks imaging of the
EBFP tagged nuclei of the single cells seeded on PDMS substrates coated with
fluorescent particles at the same time when near infrared fluorescent protein
conjugated (iRFP)-YAP, EBFP-Nucleus, GFP-Chromobody, and fluorescent parti-
cles were imaged. To analyze traction stresses and strain energies of the cells,
atthe end of the experiment, cells were detached for the null force image. We
repeated the same experiment for LINC disrupted cells and CytoD treated cells
to investigate how LINC complex disruption and actin filament depolymeriza-
tion affect contractile force-mediated nuclear compression.

Osmotic Compression. To examine how external nuclear compression regulates
YAP localization, hyperosmotic pressure was applied using different concentra-
tions of 400 Da PEG (PEG 400, Sigma) (61, 63, 84).
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