Check for
updates

Nuclear mechanosensing controls MSC osteogenic
potential through HDAC epigenetic remodeling

Anouk R. Killaars®**®, Cierra J. Walker®®, and Kristi S. Anseth®<!

@Materials Science and Engineering Program, University of Colorado Boulder, Boulder, CO 80303; PBioFrontiers Institute, University of Colorado Boulder,
Boulder, CO 80303; and “Department of Chemical and Biological Engineering, University of Colorado Boulder, Boulder, CO 80303

Contributed by Kristi S. Anseth, July 20, 2020 (sent for review April 9, 2020; reviewed by Charles A. Gersbach and Kris A. Kilian)

Cells sense mechanical cues from the extracellular matrix to regulate
cellular behavior and maintain tissue homeostasis. The nucleus has
been implicated as a key mechanosensor and can directly influence
chromatin organization, epigenetic modifications, and gene expres-
sion. Dysregulation of nuclear mechanosensing has been implicated
in several diseases, including bone degeneration. Here, we exploit
photostiffening hydrogels to manipulate nuclear mechanosensing in
human mesenchymal stem cells (hMSCs) in vitro. Results show that
hMSCs respond to matrix stiffening by increasing nuclear tension
and causing an increase in histone acetylation via deactivation of
histone deacetylases (HDACs). This ultimately induces osteogenic
fate commitment. Disrupting nuclear mechanosensing by disconnect-
ing the nucleus from the cytoskeleton up-regulates HDACs and pre-
vents osteogenesis. Resetting HDAC activity back to healthy levels
rescues the epigenetic and osteogenic response in hMSCs with path-
ological nuclear mechanosensing. Notably, bone from patients with
osteoarthritis displays similar defective nuclear mechanosensing.
Collectively, our results reveal that nuclear mechanosensing con-
trols hMSC osteogenic potential mediated by HDAC epigenetic
remodeling and that this cellular mechanism is likely relevant
to bone-related diseases.
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he extracellular matrix (ECM) is highly dynamic and main-

tains tissue homeostasis by presenting a complex milieu of
chemical and physical signals to cells residing in this matrix (1).
Cells convey these physical signals to their internal chemical
machinery via mechanotransduction pathways, which can regulate
key cellular behavior such as proliferation and differentiation
(2-6). Apart from biochemical signaling, recent studies demon-
strate that the nucleus can act as a direct mechanosensor by un-
dergoing deformation in the presence of mechanical forces, leading
to changes in the nuclear envelope structure and composition
(7-9). This structural deformation can subsequently alter chromatin
organization, epigenetic modifications, and gene expression (10-12).
However, the mechanisms behind remodeling of the chromatin
architecture and epigenetic landscape through nuclear mecha-
nosensing remain elusive.

Dysregulation of nuclear mechanosensing has been linked to
several diseases (13). Apart from well-studied conditions, such as
Hutchinson—Gilford syndrome (progeria) and cardiomyopathies
(14), dysregulation of nuclear mechanosensing has been recently
implicated in bone-specific diseases, such as osteoporosis, oste-
oarthritis, and cancer cell metastasis to bone (15-17). However,
it is unclear how disruption of nuclear mechanosensing exacer-
bates these bone-specific diseases, so, in this study, we investigate
mechanosensing in human mesenchymal stem cells (hMSCs),
critical cells in the bone healing process.

Previous studies have shown that epigenetic remodeling is
important in precise regulation of gene expression of hMSCs in
bone development and remodeling (13, 18, 19). It has been
suggested that perturbation of epigenetic programs, leading to
changes in histone acetylation landscapes and chromatin struc-
ture, can affect the function and activity of hMSCs and contributes
to pathologies defined by bone loss (osteoporosis, osteoarthritis)
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(15, 20). We previously demonstrated the role of mechanical cues
in controlling hMSC epigenetic programming, linking persistent
chromatin remodeling to mechanical memory induced by long-
term culture on stiff hydrogel substrates (19). However, it is
not yet established whether this remodeling is through 1) direct
physical signaling to the nucleus and increasing chromatin
accessibility, 2) up-regulation of epigenetic remodelers, such as
histone deacetylases (HDACS) or histone acetyltransferases, or
3) an interplay between the two pathways.

Motivated by these questions, experiments were designed to
examine the role of tension during mechanotransduction on
epigenetic remodeling and osteogenesis. Previous work has re-
lied on hydrogels with tunable initial mechanical properties, and,
while these materials allow characterization of some aspects of
mechanosensing, one cannot investigate the kinetics or sequence
of events playing a role in nuclear mechanotransduction. To
achieve this, we used a hydrogel substrate that is able to stiffen on
demand, specifically, a polyethylene glycol (PEG)-based hydrogel
formed by a strain-promoted azide/alkyne cycloaddition (SPAAC)
reaction between azide and dibenzocyclooctyne (DBCO) groups
(21). While the initial hydrogel formation proceeds rapidly and
spontaneously at ambient conditions, we found that, if the initial
hydrogel formulation contains excess DBCO groups, these groups
can undergo a secondary cross-linking reaction in the presence of
cytocompatible light irradiation (22), enabling in situ stiffening of
hydrogels in the presence of cells. With this system, the initiation
of nuclear mechanotransduction can be precisely controlled upon
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in situ stiffening, and the effect of nuclear tension on epigenetic
remodeling can be studied as a function of time poststiffening.
Furthermore, we use this material system to determine the se-
quence of cellular events taking place upon activation of nuclear
mechanotransduction in a more precise manner.

Herein, we identify nuclear tension as a key mediator in epi-
genetic remodeling and osteogenic differentiation in hMSCs.
First, in response to stiffening, we found that transmission of in-
creased cytoskeletal tension to the nucleus, and thus the chromatin,
increases histone acetylation and Runt-related transcription factor 2
(RUNX?2) localization. Furthermore, increased nuclear tension de-
creases up-regulation and activity of type I HDACs. By inhibiting
nuclear tension by disrupting the linker of nucleoskeleton and cyto-
skeleton (LINC) complex between the cytoskeleton and the nucleus
through overexpression of a dominant negative (DN)-KASH, we
observed a decrease in histone acetylation and osteogenesis.
Therefore, we found that stiffness-mediated osteogenic differ-
entiation is mediated through the LINC complex, resulting in an
increase in nuclear tension, which subsequently directs epige-
netic remodeling through down-regulation of HDACsS. Inhibition
of HDAC activity rescued histone acetylation and osteogenic
fate determination in DN-KASH hMSCs during in situ stiffening.
This finding is further supported by analysis of human osteoar-
thritic tissue by histological staining and qPCR. Defective nuclear
mechanosensing is observed, as evidenced by down-regulated
Lamin A/C messenger RNA (mRNA) expression. This corresponded
to up-regulated HDAC mRNA expression and decreased histone
acetylation, thereby suggesting reduced bone regenerative capacity.

As a summary, this work demonstrates the utility of dynamic
hydrogels with phototunable mechanical properties to study the
interplay of biophysical and biochemical signaling governing
epigenetic remodeling and differentiation. Deciphering this language
of forces and its effect on epigenetic remodeling of bone marrow-
derived mesenchymal stem cells may shed light on potential targets
for disease intervention.

Results

Nuclear Tension Increases over Time in hMSCs after In Situ Hydrogel
stiffening. To study the role of nuclear tension on epigenetic
remodeling and fate determination in hMSCs, we utilize in situ
stiffening PEG hydrogels prepared with azide/alkyne end-functionalized
precursors as an hMSC culture platform. Using a stoichiometric excess
of alkyne (DBCO) groups and following the spontaneous formation of
the initial SPAAC gels, excess DBCO groups were cross-linked with a
cytocompatible secondary photo-initiated reaction to stiffen the
network in the presence of hMSCs (Fig. 14). In these hydro-
gels, cell-matrix interactions were facilitated by the incorpo-
ration of 2 mM fibronectin mimetic RGD sequence (N3-GRGDS).
Hydrogels were generated in which Yes-associated protein (YAP),
a well-studied protein that relays mechanical signals from the ECM
to the nucleus (23), remains largely distributed in the cytoplasm
(G” = 1 kPa). Exposure with 365-nm light for 2 min at 10 mW/cm®
in the presence of 2 mM photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) generated stiff hydrogels
designed to induce YAP nuclear translocation (24) (G’ = 12 kPa)
(Fig. 1 B and C). The hMSCs were cultured on soft hydrogels
(G’ =1 kPa) for 24 h to allow adhesion. Subsequently, hMSC-
laden hydrogels were exposed to light to stiffen the gel (G* = 12
kPa), and the hMSC response was analyzed at 0, 1, 3, 24, 72, and
120 h after in situ stiffening (Fig. 1D). As expected, YAP trans-
located from the cytoplasm to the nucleus within 24 h to 72 h post
in situ stiffening, shown by the increase in the YAP nuclear/
cytoplasm (nuc/cyt) ratio from ~1.2 to ~1.8 (SI Appendix, Fig. S1).
To control for time-dependent changes, the 120-h time point after
in situ stiffening was compared to a soft hydrogel that did not
undergo stiffening (SI Appendix, Fig. S2). These results illustrate
that hMSCs are responsive to the dynamic changes in the shear
elastic modulus of the SPAAC hydrogels.
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Next, to understand whether in situ stiffening leads to in-
creased nuclear tension, we analyzed cell and nucleus area, as
they have been implicated as potential markers of cellular ten-
sion (25). The cytoplasm area was significantly larger after 24 h
poststiffening, but F-actin stress fibers were observed only after
72 h. The nuclear area was significantly increased from ~150 pm?
to ~225 pm? after 72 h, correlating with the time frame of F-actin
stress fiber formation (Fig. 1 E-G). These results potentially
suggest that changes in cytoplasmic morphology precede in-
creased cytoskeletal tension via stress fiber formation, as well as
changes in nuclear morphology. To understand how cytoskeletal
tension could be transmitted to the nucleus, we next looked at
Lamin A levels, as Lamin A has been known to play a key role in
force transmission through cytoplasm to the nucleus via the
LINC complex (7, 26). We characterized Lamin A intensity over
time after stiffening. A significant increase was seen after 72 h
poststiffening, again correlating with observed F-actin fibers and
increased nuclear area (Fig. 1H). This increase in Lamin A in-
tensity was confirmed by Lamin A protein expression and mRNA
expression analysis, for which a twofold increase was observed
(Fig. 1 I and J and SI Appendix, Fig. S3). To control for time-
dependent changes, the 120-h time point after in situ stiffening
was compared to a soft hydrogel that did not undergo stiffening
(81 Appendix, Fig. S2). We conclude that photostiffening PEG
hydrogels can be used to induce nuclear tension in hMSCs and
initiate nuclear mechanosensing. Therefore, the model system was
next used to study the influence of nuclear mechanosensing on
epigenetic remodeling and osteogenic fate commitment.

Epigenetic Remodeling and Osteogenic Commitment Induced by
Increase in Nuclear Tension. Besides the cytoskeleton being linked
to Lamin A through the LINC complex, Lamin A is also anchored
to chromatin. Therefore, cytoskeletal tension has the potential to
directly alter chromatin localization and gene expression (27).
With this in mind, we next assessed whether stretching of the
nuclear membrane can mechanically perturb the chromatin and
change epigenetic remodeling, and, if so, on what time scale
these events will take place. We analyzed global histone acetylation
as a marker for chromatin remodeling between 0 h and 120 h after
in situ stiffening and found it to significantly increase by 1.5-fold at
72 h poststiffening (Fig. 2 A and B and SI Appendix, Fig. S2). This
increase was confirmed by analyzing histone 3 acetylation protein
levels via Western blotting. (Fig. 2C and SI Appendix, Fig. S3).

Next, we examined the effect of substrate stiffening on oste-
ogenic fate commitment. The RUNX2 nuc/cyt ratio was analyzed
as a marker for osteogenic activation and quantified at all time
points after stiffening. Again, a significant increase in RUNX2
nuclear localization was observed at 72 h poststiffening (Fig. 2.4
and D). The immunostaining analysis was further confirmed by
RUNX2, PPARy, and CD105 mRNA analysis. Indeed, RUNX2
mRNA expression was threefold increased at 72 h compared to
0 h, while PPARYy, an adipogenic transcription factor, and CD105,
a multipotency marker, mRNA expression remained constant,
suggesting osteogenic fate commitment at 72 h. Both histone
acetylation and RUNX2 levels were at its highest at 72 h post-
stiffening, correlating with the time frame in which nuclear tension
in the cultured hMSCs was established (Fig. 1), indicating that
nuclear tension might be necessary to induce histone acetylation
and RUNX2 nuclear localization.

Disruption of Nuclear Mechanosensing Up-Regulates HDACs and
Prevents Epigenetic Response and Fate Determination. Our results
suggest that nuclear tension controls histone acetylation and
RUNX2 localization, but, to validate its specific role in chro-
matin remodeling and fate determination, we next altered nu-
clear mechanosensing by disrupting the LINC complex. This
disruption was achieved by uncoupling the cytoskeleton from the
nuclear lamina by stably introducing a dominant negative nesprin
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Fig. 1. Inssitu stiffening hydrogel culture system induces nuclear tension in hMSCs. (A) Schematic illustration of the SPAAC hydrogel synthesis, which can be
stiffened in the presence of the cells upon a secondary photo-cross-linking reaction in the presence of excess DBCO groups. (B) SPAAC reaction occurs
spontaneously upon mixing azide and DBCO-functionalized multiarm PEG precursors to form a G’ = 1 kPa initial network. Subsequent light illumination (10
mW/cm?, 365 nm, 120 s) in the presence of a photoinitiator (LAP, 2 mM) cross-links the excess DBCO groups, resulting in a final modulus of G’ = 12 kPa. (C)
Shear storage modulus of soft hydrogel condition (G’ = 1 kPa) and stiff hydrogel condition (G’ = 12 kPa). Student’s t test applied, n = 3 gels. (D) Experimental
design in which hMSCs were cultured on soft hydrogels (gray) for 24 h, which were then further cross-linked with light (yellow) to yield stiff hydrogels (blue).
The hMSCs were cultured for 1, 3, 24, 72, or 120 h poststiffening, collected, and analyzed (red). (E) Representative images of hMSCs cultured on hydrogels for
varying times. DAPI, blue; F-actin, yellow; Lamin A, green. (Scale bar: 20 pm.) (F-H). Quantification of hMSC nuclear and cytoplasmic areas and Lamin A
intensity of hMSCs at 0 h and between 0 h and 120 h poststiffening. Compared to t = 0 with one-way ANOVA test with Dunnett’s post hoc applied, n > 3 gels.
(I) Western blot and quantification of Lamin A/C protein expression for t =0 h and t = 72 h Student’s t test applied, n = 3 gels. (J) Quantification of Lamin A/C
mRNA expression fort = 0 h and t = 72 h Student’s t test applied, n = 3 gels with triplicates; n.s., not significant; *: P < 0.05; **: P < 0.01; ****: P <0.0001. The
data represent the mean value + SD.
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Fig. 2. Nuclear tension increases histone acetylation and RUNX2 in hMSCs. (A) Representative images of hMSCs cultured on hydrogels between 0 h and 120 h
poststiffening. Histone acetylation, red; RUNX2, purple. (Scale bar: 20 pm.) (B) Quantification of histone acetylation in hMSCs between 0 h and 120 h
poststiffening. Compared to t = 0 h with one-way ANOVA with Dunnett’'s post hoc applied, n = 3 gels. (C) Western blot and quantification of histone
acetylation protein expression for t = 0 h and t = 72 h Student’s t test applied, n = 3 gels. (D) Quantification of RUNX2 nud/cyt ratio in hMSCs at 0 h and over
time after stiffening. Compared to t = 0 h with one-way ANOVA with Dunnett’s post hoc applied, n = 3 gels. (F) Quantification of mRNA expression of RUNX2,
PPARy, and CD105 at t = 0 h and t = 72 h Student'’s t test applied, n = 3 gels with triplicates. *: P < 0.05; ****: P < 0.0001. The data represent the mean

value + SD.

construct containing the C-terminal KASH domain fused to an
N-terminal mCherry (28). Overexpression of the DN-KASH
domain allows for precise binding to endogenous SUN proteins
at the nuclear envelope, thereby displacing endogenous nesprins
from the nuclear envelope (28) (Fig. 34). To determine whether
stable introduction of DN-KASH disrupts nuclear mechano-
sensing, hMSCs overexpressing DN-KASH, as well as control
cells that only express the mCherry construct, were seeded on
in situ stiffening hydrogels and monitored between 0 h and 120 h
poststiffening (Fig. 3B). The nuclear area of DN-KASH hMSCs
showed no increase after stiffening, with no significant change
from 0 h, but with significant differences from the mCherry
control at 72 and 120 h (SI Appendix, Fig. S4A4). Interestingly,
overexpression of DN-KASH also decreased the cytoplasm area
of the hMSCs after stiffening. Cytoplasm area showed a slight
increase over time, but was not significantly different from 0 h,
and was statistically different from the mCherry control (S Appendix,
Fig. S4B). However, immunostaining images showed F-actin fiber
formation (SI Appendix, Fig. S4C). In addition, Lamin A/C mRNA
expression showed no increase after stiffening at 72 h compared to
0 h in the DN-KASH hMSCs, in contrast to the mCherry hMSCs (ST
Appendix, Fig. S4D). Together, these results demonstrate that over-
expression of DN-KASH disrupts nuclear mechanosensing.

Next, we sought to test whether chromatin remodeling and
osteogenic fate commitment were altered in the DN-KASH
hMSCs. Histone acetylation did not increase after stiffening and
was ~50% lower at 72 h after stiffening compared to mCherry
control (Fig. 3 C and D and SI Appendix, Fig. S5). The same trend
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was observed for RUNX2 localization. While RUNX?2 was primarily
located in the nucleus at 72 h (nuc/cyt ratio of ~2) after stiffening for
the mCherry controls, RUNX2 remained more cytoplasmic (nuc/cyt
ratio of ~1.5) for the DN-KASH—overexpressing hMSCs (Fig. 3 C
and E). Likewise, the YAP nuc/cyt ratio showed similar trends, as it
has been shown to correlate with osteogenic commitment as well (SI
Appendix, Fig. S6). RUNX2 immunostaining trends were confirmed
by RUNX2 mRNA analysis (Fig. 3F). While RUNX2 mRNA
expression remained low over time after stiffening, PPARy lo-
calization and mRNA expression showed the opposite trend,
where they increased in DN-KASH hMSCs (SI Appendix, Fig.
S7). These results suggest that these “uncoupled” hMSCs have a
desensitized mechanotransduction and sense their environment
as if they remained on soft hydrogels even after the stiffening event.

After verifying that nuclear mechanotransduction mediated
epigenetic remodeling and osteogenic commitment, we delved
deeper into the mechanism of this signal transduction. Chromatin
condensation and histone acetylation are regulated by epigenetic
modulators, such as type  HDACs. HDAC1, HDAC2, and HDAC3
have been implicated in playing a role in osteogenic differentiation of
hMSCs (20, 29-31). To investigate whether disruption of the KASH
domain leads to altered activity and levels of HDAC enzymes,
we analyzed mRNA expression of HDAC1, HDAC2, and HDAC3.
Interestingly, we found that all three HDACs were highly up-
regulated at 0 and 72 h after stiffening in DN-KASH hMSCs,
while, for the mCherry controls, HDAC expression decreased
after substrate stiffening (Fig. 3G). We verified that HDAC ex-
pression correlates with HDAC activity by performing an in situ
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The data represent the mean value + SD.

HDAC activity assay and observed a threefold decrease in ac-
tivity at 72 h poststiffening (Fig. 3H). Together, these results
suggest nuclear tension is necessary to decrease HDAC activity,
which, in turn, increases histone acetylation and RUNX2 ex-
pression as well as its nuclear localization to direct hMSCs into
an osteogenic phenotype.

HDAC Inhibition Rescues Epigenetic Remodeling and Fate Determination.
Impaired nuclear mechanotransduction, by decoupling the cyto-
skeleton from the nuclear envelope, resulted in increased HDAC
expression and activity, leading to lower RUNX2 nuclear locali-
zation. With this in mind, we explored whether the histone acet-
ylation levels and RUNX2 nuclear localization could be rescued
by blocking HDAC activity with Trichostatin A (TSA), a known
HDAC inhibitor (32). First, we verified the inhibitory effect of
TSA on HDAC activity by carrying out an in situ HDAC activity
assay in hMSCs cultured on stiffening hydrogels for 72 h (Fig. 44).
Next, we sought to determine whether TSA can revert the de-
fective nuclear mechanosensing in DN-KASH transduced hMSCs.
For these experiments, hMSCs were first cultured on soft hydrogels
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for 24 h, and treated with TSA (300 nM) at the onset of in situ
stiffening, and histone acetylation, nuclear area, and RUNX2 nuc/
cyt ratio were analyzed between 0 h and 120 h poststiffening
(Fig. 4B). TSA treatment completely rescued histone acetylation
after substrate stiffening in DN-KASH transduced hMSCs within
120 h, as histone acetylation levels reached that of mCherry ex-
pression control cells (Fig. 4 C and D and SI Appendix, Fig. S8).
Similarly, complete rescue of the nuclear area and RUNX2 nuc/
cyt ratio was also observed upon TSA treatment (Fig. 4 C, E, and
F and SI Appendix, Fig. S8), indicating that inhibition of HDACs
increases not only histone acetylation but also chromatin accessi-
bility. These results indicate that HDAC inhibition in hMSCs with a
dysregulated nuclear mechanosensing rescues their osteogenic
potential.

Dysregulation of Nuclear Mechanosensing Observed in Osteoarthritis.
Dysregulation of nuclear mechanosensing has been recently im-
plicated in bone-specific defects, such as osteoporosis and osteo-
arthritis, as well as metastases to bone (15-17); however, it is unclear
how disruption of nuclear mechanosensing may exacerbate these
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bone-specific diseases. Therefore, we sought to understand whether =~ HDAC2, and HDAC3 expression was highly up-regulated in the

cells residing in osteoarthritic tissue may have dysregulated nuclear
tension, and, as a result, have decreased histone acetylation and in-
creased HDAC expression in osteoarthritic tissue. To study this,
histone acetylation intensity per nucleus was analyzed in human
subchondral bone tissue isolated from a patient diagnosed with os-
teoarthritis. Histone acetylation levels are significantly lower in cells
in the diseased tissue compared to healthy bone tissue (Fig. 5 4 and
B and SI Appendix, Fig. S9). Analyzing the tissue for Lamin A/C
expression confirmed that osteoarthritic bone had ~80% lower
Lamin A/C mRNA expression compared to healthy bone tissue,
suggesting that defective nuclear mechanosensing may be responsible
for reduced chromatin accessibility (Fig. 5C). Furthermore, HDACI,
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osteoarthritic bone compared to healthy bone (Fig. 5D). These re-
sults suggest that, in osteoarthritis, nuclear mechanosensing might be
impaired with lower Lamin A/C expression, thereby up-regulating
HDAG:S, resulting in lower bone regenerative potential. The osteo-
arthritic cells mechanoresponsiveness resembles aspects of that of the
DN-KASH-expressing hMSCs, in which the mechanotransduction
machinery has been desensitized and more closely resembles cells
cultured on soft gels.

Discussion

Bone degenerative diseases are a major medical problem in the
elderly population and can lead to increased disability and
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Fig. 5. Misregulation of nuclear sensing and up-regulation of HDACs in
osteoarthritis. (A) Representative images of histone acetylation staining
from healthy or diseased male human bone tissue. Histone acetylation, red;
DAPI, blue. (Scale bar: 10 pm.) (B) Quantification of histone acetylation in
healthy and diseased tissue. Student'’s t test applied, n > 15 cells. Values are
shown as median + 1.5 interquartile range. (C) Quantification of Lamin A/C
mMRNA expression from healthy or diseased female human bone tissue.
Student’s t test applied, n = 2 donors. (D) Quantification of HDAC1, HDAC2,
and HDAC3 mRNA expression from healthy or diseased female human bone
tissue. Student'’s t test applied, n = 2 donors. *: P < 0.05; **: P < 0.01. The
data represent the mean value + SD.

mortality (33). Dysregulated hMSCs are one of the key cellular
mediators of bone degeneration, and, here, we aimed to un-
derstand whether alterations in nuclear mechanosensing and the
mechanisms responsible contribute to MSC dysregulation. As
part of our in-depth study, we used hydrogel materials with dy-
namically adjustable moduli to elucidate mechanosensing pathways
that might block or promote bone regeneration. We demonstrated
that stiffness-mediated osteogenic fate commitment is driven by
epigenetic remodeling through nuclear mechanosensing (Fig. 2).
We show that disruption of nuclear mechanosensing abolishes
this response by up-regulating HDAC expression and increasing
its activity (Fig. 3). Furthermore, we show that pharmacological
inhibition of HDAC activity rescues the epigenetic and osteo-
genic response in hMSCs with pathological nuclear mechanosensing
(Fig. 4). These in vitro results show striking correlations with our
findings in human osteoarthritic subchondral bone tissue (Fig. 5).
Defective nuclear mechanosensing was evidenced by down-
regulation of Lamin A/C mRNA expression and corresponded
to up-regulated HDAC mRNA expression and lower histone
acetylation, thereby suggesting reduced bone regenerative capacity.

The cytoskeleton, LINC complex, and the physical attachment
to nuclear lamins have been shown to be highly important in
nuclear integrity, chromatin remodeling, and subsequent differentiation
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or cell reprogramming (34, 35). Multiple mechanisms have been
suggested for Lamin A/C contribution to transcriptional changes.
One mechanism involves direct force propagation from the actin
cytoskeleton through the LINC complex to the nucleus, which
physically stretches the chromatin and thereby up-regulates tran-
scription (27). Alternatively, it has been hypothesized that nuclear
tension can deform the lamina, enabling the release or seques-
tration of transcription factors or epigenetic modifiers (26, 36-38).
In our study, we revealed a significant decrease in HDAC activity
with an increase in Lamin A/C expression when hMSCs were
cultured on stiff hydrogel microenvironments (i.e., 72 h after in situ
stiffening). The latter mechanism could support our findings that
stiffness-induced nuclear tension by up-regulation of Lamin A/C
might be involved in lamina—HDAC interactions, thereby inacti-
vating HDACs and altering transcription. We have seen drastic
HDAC1 and HDAC3 down-regulation after hydrogel stiffening in
hMSCs (Fig. 3), which follows trends of previously published work
in which HDAC1 decreases during osteogenic differentiation, and
acetylation of histone 3 and 4 increases at the promoter of osteo-
calcin, an indicator of active gene transcription (29, 39). In addition,
it has been shown that HDAC3 can physically interact with the
RUNX2 promoter, thereby deacetylating histone 3 and suppressing
the transcription activity of RUNX2 (29). Remarkably, disrupting
nuclear mechanosensing inhibited a stiffness-induced up-regulation
of Lamin A/C, which correlated to an increase in HDAC expres-
sion. Together, this supports the idea that there is an interplay of
physical and protein signaling that governs the transcriptional
changes seen here in hMSCs over time after substrate stiffening.
Ultimately, analyzing the location of these changes in global
levels of histone acetylation or characterizing more specific his-
tone acetylation modification (e.g., H3K9ac) within the nucleus
could shed light on the earlier changes happening after substrate
stiffening and may disentangle the interplay of physical and
protein signaling.

Beyond these in vitro studies and results, aberrant mechano-
transduction has also been implicated in bone degenerative dis-
eases. Researchers have observed a decrease in Lamin A/C
expression with age and its negative effect on bone formation (16,
40). Furthermore, changes in the epigenetic landscape have been
characterized, such as up-regulation of microRNAs (miRNAs),
that target silencing of osteogenic miRNAs in osteoporotic serum
(41), deletion of miRNAs that cause osteoarthritis (42), and dif-
ferentially methylated genes, including RUNX2 in osteoarthritic
patients (43, 44). Our results (Fig. 5) now link disrupted nuclear
mechanosensing with a decrease in Lamin A/C expression to ab-
errant epigenetic remodeling in osteoarthritic bone tissue. This
aberrant remodeling results in increased HDAC expression, sug-
gesting that this might lead to lower RUNX2 expression and
thereby decreased bone formation.

Age-related bone loss is not only associated with low levels of
osteoblast differentiation but also with higher levels of adipocyte
differentiation. However, the mechanism behind this change in
balance remains unclear (45). We show that overexpressing DN-
KASH in hMSCs resulted in desensitized hMSCs that could not
respond to increases in the mechanics of their microenviron-
ment. Instead, results reveal that these hMSCs behave as if they
remain in their initially soft microenvironment, even after in situ
stiffening of the hydrogel, and express low levels of RUNX2
(Fig. 3F), but increase the expression of PPARYy (SI Appendix,
Fig. S7). This mechanical desensitization has also been seen in
MSCs from older donors, where YAP nuclear translocation is
decreased and RUNX2 expression is down-regulated on stiff gels
compared to young MSCs (46, 47). Even with passaging, this
dysregulation has been observed (6). Furthermore, the blocked
nuclear mechanosensing might have induced a feedback loop to
the cytoplasm; a possible reason why we observed a decrease in
cell spreading with stiffening compared to the mCherry control
(SI Appendix, Fig. S4). This result suggests that not only nuclear
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mechanosensing, but also complete disruption of the cellular
mechanosensing, leads to the observed adipogenic cell response.
Mechanical desensitization might develop with aging, which
could potentially bias hMSCs toward adipogenic differentiation,
contributing to well-known imbalances in the differentiation in
osteoporosis and other porous bone diseases.

Novel biomaterial chemistries are enabling innovative experi-
ments to be performed to test hypotheses related to in vivo findings
and improve the field’s understanding of mechanotransduction as it
relates to disease, aging, and wound healing. Here, we used a pho-
totunable hydrogel system to induce nuclear tension and study its
effects on epigenetic remodeling and fate commitment. The precise
and cytocompatible conditions of the in situ stiffening reaction
enabled us to study the time dynamics of cytoplasmic and nuclear
tension, chromatin remodeling, and fate commitment at short
time periods after the stiffening event (Figs. 1 and 2). This hydrogel
and related material systems (48-52) are highly advantageous for
studying mechanotransduction events that rapidly reach a steady
state, such as calcium signaling, when cultured on materials with
static properties. However, these events can be directly observed in
real time when using biomaterials systems with properties that can
be changed on demand.

Our experiments provide insight into pathways that contribute
to stiffness-induced osteogenic fate commitment through epige-
netic remodeling and show that these in vitro results can inform
about in vivo diseases such as osteoarthritis. As the field pro-
gresses, this understanding should assist in the identification of
potential therapeutic targets for disease intervention. Literature
suggests that inhibitors of class I, II, and IV HDACs could in-
crease the lifespan of people, as several age-related preclinical
disease models, ranging from neurodegeneration to heart disease,
show improvement upon HDAC inhibition (53, 54). For mediate
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bone degeneration, TSA has been shown to inhibit osteoclast
differentiation, resulting in decreased bone resorption (55). Here
we show that inhibition of HDAC1 or HDACS3 could have ben-
eficial effects on the differentiation of hMSCs into osteoblasts to
subsequently increase bone density for patients with bone de-
generation, such as osteoarthritis or osteoporosis. Besides HDACs
as drug targets, stabilization of the F-actin cytoskeleton and in-
creasing the nuclear tension could also help rescue osteogenic
differentiation. Finally, our findings can provide knowledge for
the maintenance of multipotency during expansion of hMSCs for
clinical therapies.

Taken together, our findings highlight a mechanism by which
nuclear tension inhibits HDACs and promotes histone acetylation
leading to osteogenic fate determination, potentially explaining
phenotypes seen in bone degenerative diseases and laminopathies.

Materials and Methods

The hMSCs were isolated from fresh human bone marrow (Lonza). P2 hMSCs
were cultured on phototunable hydrogels, and, subsequently, hydrogels
were in situ stiffened using 365-nm light. Cell morphology and protein
abundance were analyzed similarly to previous studies (19). For complete
details on methods, please refer to S/ Appendix.
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