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Abstract
Introduction—The propagation of mechanochemical signals
from the extracellular matrix to the cell nucleus has emerged
as a central feature in regulating cellular differentiation and
de-differentiation. This process of outside-in signaling and
the associated mechanotransduction pathways have been
well described in numerous developmental and pathological
contexts. However, it remains less clear how mechanotrans-
duction influences the activity of chromatin modifying
enzymes that direct gene expression programs.
Objectives—The primary objective of this study was to
explore how matrix mechanics and geometric confinement
influence histone deacetylase (HDAC) activity in fibroblast
culture.
Methods—Polyacrylamide hydrogels were formed and func-
tionalized with fibronectin patterns using soft lithography.
Primary mouse embryonic fibroblasts (MEFs) were cultured
on the islands until confluent, fixed, and immunolabeled for
microscopy.
Results—After 24 h MEFs cultured on soft hydrogels
(0.5 kPa) show increased expression of class I HDACs
relative to MEFs cultured on stiff hydrogels (100 kPa). A

member of the class II family, HDAC4 shows a similar trend;
however, there is a pronounced cytoplasmic localization on
soft hydrogels suggesting a role in outside-in cytoplasmic
signaling. Pharmacological inhibitor studies suggest that the
opposing activities of extracellular related kinase 1/2 (ERK)
and protein phosphatase 2a (PP2a) influence the localization
of HDAC4. MEFs cultured on the soft hydrogels show
enhanced expression of markers associated with a fibroblast–
myofibroblast transition (Paxillin, aSMA).
Conclusions—We show that the phosphorylation state and
cellular localization of HDAC4 is influenced by matrix
mechanics, with evidence for a role in mechanotransduction
and the regulation of gene expression associated with
fibroblast–myofibroblast transitions. This work establishes
a link between outside-in signaling and epigenetic regulation,
which will assist efforts aimed at controlling gene regulation
in engineered extracellular matrices.
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INTRODUCTION

The mechanical properties of the cell and tissue
microenvironment have been shown to influence cel-
lular functions including proliferation,34,42,46,55 migra-
tion,7 and differentiation.1,15,41,43,48,53,59 Cells sense the
extracellular matrix (ECM) through cell surface
receptors, and the formation of intracellular plaques
called focal adhesions.25,60 Recruitment of signaling
proteins, including paxilin, vinculin, and talin amongst
others, serves to stabilize adhesion to facilitate cellular
traction, and the subsequent propagation of force
through the cellular cytoskeleton. The cytoskeleton
then responds to mechanical stimuli such as changes in
substrate stiffness by rearranging actin microfilaments,
microtubules, and intermediate filaments47,60 which in
turn influences nuclear shape and structure,40,54 chro-
matin condensation,23,29 and gene expression.16,26,28,45

The nucleus is generally the stiffest point within a
eukaryotic cell12 and plays an essential role in
mechanical strain transduction from the extracellular
environment.22 The nucleus senses these changes in
substrate stiffness via several proteins including the
LINC (linker of nucleoskeleton and cytoskeleton)
complex which is a molecular linker of the nucleus and
the cytoskeleton5 and Nesprin-1, a protein which links
the nucleus to the actomyosin cytoskeleton.11,30 These
proteins act in a mechanosensory network with activ-
ities that convey mechanical information outside of the
cell to biochemical activities within the cell. Cells re-
spond to changes in substrate stiffness by altering nu-
clear morphology which then influences gene
expression by controlling gene accessibility to tran-
scription factors. On softer substrates, the nucleus is
more rounded as opposed to a more flattened mor-
phology on stiffer substrates,38 partially mediated by
Nesprin-1 and the actomyosin network.11 Other pro-
teins are also involved in mechanosensor networks,
such as YAP (Yes-associated protein) and TAZ (PDZ-
binding motif) which respond to differences in sub-
strate rigidity by shuttling between the nucleus and the
cytoplasm to guide the activity of transcription fac-
tors.39 YAP/TAZ sensing is dependent on changes in
the actin cytoskeletal tension and requires Rho activ-
ity. On stiffer matrices, YAP/TAZ has been shown to
localize to the nucleus, thus influencing the regulation
of gene expression.14 While the mechanism between
nuclear morphology and stiffness have been studied,
direct relationships between mechanochemical signals,
and the epigenetic modulators that establish the
chromatin state have yet to be elucidated.

Histones play a major role in gene expression by
influencing chromatin structure and by controlling the
accessibility of regulatory factors to genes along the
DNA.20 The affinity between DNA and histones can

be regulated via a variety of reversible posttransla-
tional modifications of the amino-acid residues within
histone tails. One key modification is acetylation of
lysine residues which neutralize positive charge and
decrease affinity for the negative charged DNA back-
bone, thus relaxing the chromatin structure. In turn,
deacetylation is important for transcriptional repres-
sion by allowing chromatin compaction and impeding
binding of transcription factors. The regulation of
histone acetylation and deacetylation effectively sets
the chromatin state for gene expression regulation50

and is controlled by two primary families of enzymes:
histone acetyltransferases (HATs) and histone
deacetylases (HDACs). In general, HDAC activity is
associated with gene silencing and transcriptional
repression, though there is some evidence in promoting
gene activation.62 Mammalian HDACs are further
categorized into four families, class I, IIa, IIb, and IV,
based on differences in structure, localization, func-
tion, and expression patterns. Class I HDACs, con-
sisting of HDAC1, 2, 3, and 8, have high enzymatic
activity and are ubiquitously expressed in mammalian
cells. Class II HDACs, consisting of HDAC4, 5, 7, and
9, have differential expression patterns dependent on
tissue type, and in some cases will shuttle between the
nucleus and cytoplasm.63 The presence of a nuclear
localization signal (NLS) located at the N-terminus,
and a nuclear export sequence (NES) present at the C-
terminus, serves as binding sites for chaperone protein
14-3-3, which facilitates translocation from the cyto-
plasm to the nucleus.64

Of the Class II HDACs, HDAC4 in particular has
been implicated in controlling gene expression for a
variety of cellular functions63 including chondrocyte
hypertrophy during skeletogenesis,57 neuronal home-
ostasis,35,66 myoblast differentiation,35 and fibroblast–
myofibroblast transition.17,19 When phosphorylated by
protein kinases such as calcium/calmodulin-dependent
protein kinase (CaMK),6 extracellular signal-regulated
kinases 1 and 2 (ERK1/2),67 and glycogen synthase
kinase 3 (GSK3),9 phospho-HDAC4 binds to chaper-
one protein 14-3-3 and is shuttled from the nucleus to
the cytoplasm. In contrast, when dephosphorylated by
protein phosphatases such as protein phosphatase 2A
(PP2A), HDAC4 is shuttled from the cytoplasm to the
nucleus.44

In this paper, we explore how the properties of the
extracellular matrix influence the expression and
localization of HDACs. Using model protein-conju-
gated hydrogels we explore nuclear morphological
characteristics, acetylation state, and the expression of
HDAC enzymes. We reveal a role for HDAC4 in
mechanotransduction, where phosphostate—and sub-
sequent cellular localization—are dynamically regu-
lated in response to matrix mechanics.
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MATERIALS AND METHODS

Materials

Unless otherwise noted, all materials were pur-
chased from Sigma-Aldrich Inc. Tissue culture plastic
ware was purchased from VWR. Glass coverslips were
purchased from Fisher Scientific. Cell culture media
and reagents were purchased from Gibco. Mouse anti-
HDAC1 (5356), mouse anti-HDAC2 (5113), mouse
anti-HDAC3 (3949), rabbit anti-acetylated lysine
(9441), rabbit anti-beta-actin (8457s), anti-rabbit IgG
HRP-linked antibody (7074 s), and anti-mouse IgG
HRP-linked antibody (7076P2) antibodies were pur-
chased from Cell Signaling. Rabbit anti-HDAC4 (sc-
11418) antibody is purchased from Santa Cruz
Biotechnology. Rabbit anti-PP2A (ab32141), mouse
anti-aSMA (ab7817), and rabbit anti-paxillin
(ab32084) antibody is purchased from Abcam. Mouse
anti-vinculin (V9131) and rabbit anti-pHDAC4
(SAB4504422) was purchased from Sigma-Aldrich Inc.
Secondary antibodies Goat 488-anti-rabbit (ab150077)
is purchased from Abcam and Goat 647-anti-mouse
(A21236) along with Hoechst 33342 is purchased from
Invitrogen. FR180204 (ERK inhibitor) and SP600125
(JNK inhibitor) is purchased from Calbiochem.

Cell Culture

Mouse embryonic fibroblasts (MEFs) were a gen-
erous donation from Dr. Quanxi Li in the Department
of Comparative Biosciences at the University of Illi-
nois at Urbana-Champaign. MEFs were isolated from
uteri of 13.5 day pregnant CD-1 mice following an
approved protocol by the Illinois Institutional Animal
Use and Care Committee. MEFs were cultured in high
glucose (5 g/mL) DMEM with 15% fetal bovine serum
(FBS, Invitrogen) and 1% penicillin/streptomycin.
Media was changed every 3–4 days and passaged at
~80% confluency with 0.5% Trypsin:EDTA. MEFs
were seeded on patterned polyacrylamide hydrogels at
~200,000 cells/cm2 before fixation. For inhibition
studies, FR180204 (ERK inhibitor) or SP600125 (JNK
inhibitor) was supplemented to the media at 6 lM at
initial seeding and each media change.

Immunocytochemistry

MEFs on surfaces were fixed with 4%
paraformaldehyde (Alfa Aesar) for 20 min at room
temperature. 0.1% Triton X-100 in PBS was added for
30 min to permeabilize cells which were then blocked
with 1% bovine serum albumin (BSA) for 15 min.
Cells were then labeled with primary antibody in 1%
BSA in PBS in 4 �C overnight with mouse anti-

HDAC1(1:200 dilution), mouse anti-HDAC2 (1:200
dilution), mouse anti-HDAC3 (1:200 dilution), rabbit
anti-HDAC4 (1:50 dilution), rabbit anti-pHDAC4
(1:50 dilution), rabbit anti-PP2A (1:200 dilution),
mouse anti-aSMA (1:200 dilution), rabbit anti-AcK
(1:200 dilution), mouse anti-vinculin (1:200 dilution) or
rabbit anti-paxillin (1:200 dilution). Secondary anti-
body labeling was performed with Goat 488-anti-rab-
bit (1:200 dilution) and Goat 647-anti-mouse (1:200
dilution) along with Hoechst 33342 (1:3000 dilution)
for 20 min in a humid chamber (37 �C). Immunoflu-
orescence microscopy was conducted with an INCell
Analyzer 2000 (GE) or Leica Microsystems DMi8
confocal.

Western Blot

For determination of protein levels, MEFs were lysed
with RIPA buffer with protease inhibitor (Santa Cruz)
and protein concentration determined with Pierce BCA
Protein Assay Kit (Thermo Fisher). 20 lg of protein
was then mixed with 4 9 Laemmli sample loading
buffer (BioRad), boiled for 5 min, and separated by
10% Tris-Tricine SDS-PAGE (Bio-Rad) at 175 V for
40 min. Proteins were then electrophoretically trans-
ferred onto a nitrocellulose membrane at 100 V for
45 min. The membrane was blocked with 5% BSA in
TBST for 30 min and incubated in primary antibody
(1:1000) for 1 h in room temperature and detected with
horseradish peroxidase-conjugated anti-mouse or anti-
rabbit antibody (1:10,000) followed by Clarity Western
ECL Substrate detection system (Bio-Rad).

Image Analysis and Statistical Analysis

Immunofluorescent images were analyzed using
ImageJ (NIH). Average intensity of over 20 cells per
pattern was measured for at least 15 patterns per
condition and background intensity was subtracted.
For HDAC4 and pHDAC4, the channel staining of
nuclei was used to create a selection overlay for the
HDAC4 and pHDAC4 channel in order to locate
nuclear boundary. Western blot images were analyzed
using ImageJ (NIH). Background was subtracted from
the average intensity of each band and data was nor-
malized to b-actin control.

One-way ANOVA was then employed for comparing
two groups or multiple groups for statistical analysis and
values of p<0.05 were considered statistically significant.
Error bars represent standard error of the mean (SEM).

Gel Preparation and Micropatterning

0.5 kPa and 100 kPA polyacryamide hydrogels gels
were fabricated as previously described.56 Briefly, a
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mixture of 5% polyacrylamide and 0.15% bis-acy-
lamide were created for each desired stiffness which
was then conjugated with 0.1% Ammonium Persulfate
(APS) and 0.1% Tetramethylenediamine (TEMED)
and pipetted onto a hydrophobically treated glass
slide. An amino-silanized glass coverslip was then
placed on top of the mixture to create a sandwich.
After polymerization, gels were lifted off and immersed
in 55% hydrazine hydrate (Fisher) for 2 h to convert
amide groups to reactive hydrazide groups and washed
in 5% glacial acetic acid for 1 h then stored in DI
water for later use.

Gel Patterning

Polydimethysiloxane (PDMS, Polysciences, Inc) was
polymerized on top of SU-8 patterned silion masters
fabricated via conventional photolithography to create
PDMS stamps of 0.001 cm2 circles. 25 lg/ml fibronectin
was incubated with Sodium Periodate for 20 min to
oxidize sugar groups into aldehydes and pooled on top
of the patterned PDMS stamps for 30 min. Stamps were
then dried under air and applied to the surface of
hydrogels for 30 s to form desired patterns.

RESULTS AND DISCUSSION

Matrix Mechanics Influence the Expression of Histone
Deacetylase Enzymes

Gene expression in cells is regulated through com-
plex networks of activity with chromatin modifying
enzymes. One particular class of enzymes that influ-
ences the accessibility of DNA are the histone
deacetylases (HDACs). To explore the influence of
substrate stiffness on HDAC activity, we used the well-
established material polyacrylamide that can be for-
mulated to span all physiologically relevant mod-
uli.13,65 Cells cultured on matrix coated polyacrylamide
will freely migrate and self-organize in a heterogeneous
fashion. In contrast, cells in tissue are spatially orga-
nized in well-defined architectures that are related to
functional activity. In order to control the spatial
coordination of cell populations on hydrogel sub-
strates, we used an approach based on soft lithography
to micropattern islands of covalently conjugated ma-
trix proteins across our polyacrylamide sub-
strates.2–4,31–33 PDMS stamps fabricated through
photolithography were ‘inked’ with oxidized fi-
bronectin and used to pattern 100,000 lm2 circles
across polyacrylamide hydrogels pre-treated with hy-
drazine hydrate to enable covalent hydrazone linkages
(Fig. 1a). Primary mouse embryonic fibroblasts
(MEFs) were seeded onto the patterned substrates at

high cell density and allowed to become confluent. To
explore how stiffness may influence nuclear signaling,
we first explored differences in nuclear area of cells
adherent to our hydrogels. Both cell and nuclear area
were significantly higher on the stiff (100 kPa) hydro-
gels compared to those cultured on soft (0.5 kPa)
hydrogels (Fig. 1b). This confirms previous studies
which have shown that cells cultured on softer sub-
strates have smaller nuclear areas due to transmittance
of forces via the cytoskeleton38 and differences in cell
spreading.37 To ask whether differences in nuclear size
were also related to changes in the chromatin state, we
fixed and immunostained our cultures with an anti-
body against global acetylated lysine residues (Ac-K).
Figure 1b shows on average there is higher Ac-K in
cells cultured on the stiff hydrogels as opposed to those
cultured on soft hydrogels. Higher histone acetylation
may correspond to decondensed chromatin in a more
open form with more active gene transcriptions21 and
changes in histone modifications such as acetylation
have been linked to changes in nuclear size and
shape.10,27,36,49 Micropattern and mechanical strain
has also been shown to modulate nuclear shape and
HDAC activity36 and HDAC1 and HDAC2 has been
shown to bind to nuclear actin.52 Thus, we immunos-
tained our cultures for the class I HDACs that are
known to be involved in a wide variety of cellular
processes. HDAC 1 shows similar expression in cells
on soft and stiff hydrogels, while HDAC 2 and 3 are
more highly expressed in MEFs cultured on the soft
hydrogels (Fig. 1c). Western blot analysis reveals
increased HDAC1 and HDAC 2 expression on soft
hydrogels; however, only the difference in HDAC 1 is
statistically significant (Fig. S1). These results are
consistent with the pattern in Ac-K where we would
expect high HDAC activity would correspond with low
Ac-K levels. Correlation plots of nuclear area and
HDAC2 reveals no significant correlation (Fig. S2).

Histone Deacetylase 4 Expression and Localization is
Mechanosensitive

A class 2 deacetylase, HDAC4, has been implicated
in regulating gene expression associated with a variety
of cellular functions including fibroblast–myofibrob-
last differentiation.17,19,63 Immunofluorescence imag-
ing of HDAC4 in our MEF cultures demonstrates a
similar trend to our observations with the class 1
HDACs—higher expression on soft substrates com-
pared to stiff substrates after 4 h of culture (Fig. S3)
and at 24 h of culture (Fig. 2b). However, while
HDAC1, 2, and 3 only show nuclear localization,
HDAC4 will localize to both the nucleus and cyto-
plasm.63 In our patterned cultures after reaching con-
fluence (24 h), we see a striking trend in localization on
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account of substrate stiffness, where there is signifi-
cantly higher HDAC4 expression in the cytoplasm on
soft gels (Fig. 2). HDAC4 localization and expression
level was confirmed by confocal microscopy and
western blot analysis (Figs. S4, S7c). HDAC4 is shut-
tled back and forth from the nucleus to the cytoplasm
on account of phosphorylation state which is regulated
by the opposing activities of kinase and phosphatase
enzymes.18 To investigate the role of kinase and
phosphatase activity in regulating HDAC4
localization, we selected inhibitors of several extracel-
lular-related mitogen activated protein kinases
(MAPK): SP600125 an inhibitor of c-Jun N-terminal

Kinase (JNK), and FR180204, an inhibitor of Extra-
cellular Related Kinase (ERK). Supplementation of
our MEF cultures with the JNK inhibitor decreased
total HDAC expression but did not demonstrate sig-
nificant changes associated with HDAC localization
(Fig. S6). However, treatment with the ERK inhibitor
abrogated both the localization and stiffness-depen-
dent differences in expression (Fig. 2). Previous studies
have demonstrated how ERK activity can direct the
translocation of HDAC4.67 Taken together, this sug-
gests that ERK may play a role in regulating the
phosphorylation state of HDAC4 in response to ma-
trix stiffness.

FIGURE 1. Changes in substrate stiffness leads to changes in the chromatin state for fibroblasts in culture. (a) Scheme depicting our
polyacrylamide hydrogel patterning approach. (i) microcontact printing of oxidized protein; (ii) cell seeding (b) Cell nuclear area and
global lysine acetylation (Ac-K) is lower in fibroblasts cultured on softer substrates. N = 12, N = 3 respectively. (c) Changes in class I
HDAC expression as a function of stiffness. N = 3. Error bars represent 6 SEM **p value<0.0001; *p value<0.05 scale bar = 90 lm.
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FIGURE 3. The phosphostate and nuclear localization of HDAC4 on soft hydrogels is guided by phosphatase PP2a. (a) Immunoflu-
orescence images and quantitation of pHDAC4 and PP2a 4 h after fibroblast seeding. N = 3; Error bars represent 6 SEM. *p value
<0.001; scale bar = 90 lm. (b) Immunofluorescence images and quantitation of pHDAC4 and PP2a 24 h after fibroblast seeding. N = 3;
Error bars represent 6 SEM. *p value<0.001; scale bar = 90 lm. (c) Timecourse analysis of nuclear HDAC4 and PP2a.N = 3; Error bars
represent 6 SEM. *0.5 kPa cytoplasmic HDAC4 is higher than nuclear, p<0.05. §0.5 kPa cytoplasmic HDAC4 is higher than 100 kPa
cytoplasmic HDAC4, p<0.05. ¥0.5 kPa nuclear HDAC4 is significantly higher than 100 kPa nuclear HDAC4, p<0.05. #0.5 kPa is sig-
nificantly higher than 100 kPa, p value <0.05.

FIGURE 2. HDAC4 localization is influenced by substrate stiffness. (a) Immunofluorescence images of HDAC4 with and without
ERK inhibition in fibroblasts cultured on soft (0.5 kPa) and stiff (100 kPa) polyacrylamide hydrogels. (b) Quantitation of fluores-
cence intensity. N = 3. Error bars represent 6 SEM. **p value <0.01; scale bar = 90 lm.
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Next we investigated a phosphatase that has been
previously associated with HDAC4 in regulating
translocation from the cytoplasm to the nucleus,
protein phosphatase 2a (PP2a).44 PP2a has been
shown to dephosphorylate HDAC4 at multiple 14-3-3
binding sites, including S246, S467, S632, to regulate
nuclear/cytoplasmic shuttling of HDAC4.44,61 Ini-
tially there is significantly higher PP2a and phos-
phorylated HDAC4 at S632 (pHDAC4) on soft gels
compared to stiff gels (Fig. 3a). After 24 h we see the
same trend in higher PP2a expression; however the
results are not statistically significant. Interestingly,
after 24 h there is a statistically significant increase in
pHDAC4 on the stiff gels relative to the soft gels,
which corresponds to the opposite trend in PP2a. This
result suggest that PP2a activity may regulate the
phosphostate and subsequent localization of
HDAC4, which is consistent with previous reports of
this phosphatase regulating nuclear/cytoplasmic
shuttling (Figs. 3b, S7). To follow the dynamics of
HDAC4 activity we performed a timecourse study

and observe enhanced total HDAC4 levels in fibrob-
lasts cultured on soft hydrogels over 5 days (Fig. 3c).
On average we see higher expression of PP2a on soft
hydrogels relative to stiff hydrogels over time. How-
ever, we do see a reproducible increase in nuclear
PP2a over the first 2 days on stiff hydrogels; we sus-
pect this is related to another bioactivity that is not
associated with HDAC4 localization.

Myofibroblast Differentiation is Enhanced Within
Microtissues on Soft Matrices

A key bioactivity where gene expression has been
shown to be influenced by HDAC4 is the fibroblast–
myofibroblast transition involved in wound heal-
ing17,19 where HDAC4 has been shown to be required
by TFGb1 induced myofibroblastic differentiation and
silencing of HDAC4 blocks TFGb1 stimulated aSMA
expression. However, the relationship between
HDAC4 localization and fibroblast–myofibroblast
differentiation, and a potential role for matrix

FIGURE 4. Fibroblast-myofibroblast transition is influenced by matrix mechanics. (a) Immunofluorescence images of fibroblasts
cultured on soft and stiff hydrogels stained for focal adhesion proteins and markers of smooth muscle. (b) Quantitation of
immunofluorescence images. N = 3; Error bars represent 6 SEM. (c) Western blot of focal adhesion proteins and aSMA in
fibroblasts. N = 4, Error bars represent 6 SEM.
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mechanics, remains to be explored. To investigate
whether our MEFs are undergoing myofibroblast dif-
ferentiation due to differences in HDAC4 localization
on our engineered substrates, we immunostained our
cultures for proteins involved in fibroblast adhesion to
fibronectin. After 24 h in culture we see a trend of
higher paxillin staining for MEFs cultured on soft
hydrogels relative to stiff hydrogels (Figs. 4, S8).
Paxillin is a focal adhesion protein which has been
shown to have a regulatory role in pulmonary arterial
smooth muscle cells58 and is an early marker for car-
diac fibroblast to myofibroblast differentiation.8,51

Vinculin, another focal adhesion protein indicated as
an early marker for cardiac fibroblast to myofibroblast
differentiation,8 showed a trend of increased expres-
sion as substrate stiffness increased. When our cultures
are stained for smooth muscle actin (aSMA), the actin
isoform employed by myofibroblasts, we see increased
expression in cells cultured on soft hydrogels, however
these differences were not statistically significant.
Western blot analysis corroborates the immunofluo-
rescence results (Fig. 4c, S8). Taken together, these
results suggest that matrix mechanics may influence the
fibroblast to myofibroblast transition in cultured
MEFs. This is interesting considering previous
research with collagen coated hydrogels which indi-
cated increased myofibroblast differentiation on stiffer
environments due to TFGb activation,24 though it is
worth noting that our system has a wider range of
stiffness than those previously utilized (0.5–100 kPa vs.
0.5–20 kPa). Our results suggest that HDAC4
localization plays a role in fibroblast to myofibroblast
differentiation in response to stiffness. While we did
not explore TGFb signaling in our system, it is rea-
sonable to expect that matrix mechanics will influence
the secretory profile from MEFs. For instance, previ-
ous research has shown that matrix mechanics can
influence secretory profiles of mesenchymal stem cells.4

Future research will involve profiling the secretome to
discern relationships between matrix mechanics and
cytokine secretion during fibroblast–myofibroblast
transitions on micropatterned hydrogels.

CONCLUSIONS

Morphogenetic processes in vivo are coordinated by
interplay between the microenvironment and intracel-
lular pathways that regulate changes in gene expres-
sion. In this paper we report the discovery of a
relationship between matrix stiffness, mechanotrans-
duction, the regulation of HDAC localization, and
fibroblast–myofibroblast differentiation. HDAC4
expression increases when fibroblasts are cultured on
soft hydrogels (0.5 kPa) relative to stiff hydrogels

(100 kPa), with preferential localization to the cyto-
plasm through phosphorylation. The opposing activi-
ties of HDAC4 and PP2a influences the phosphostate
of HDAC4 which in turn determines the enzymes’
localization. We propose that fibroblasts regulate this
balance in response to extracellular mechanical cues to
influence HDAC4 localization, and the acetylation
state during fibroblast–myofibroblast transition. This
result provides an example of how class II histone
deacetylase enzymes may be involved in
mechanosensing as direct players in regulating cellular
epigenetics and gene expression associated with mor-
phogenesis. Since myofibroblast differentiation is
involved in several physiological processes, including
angiogenesis and wound healing, we believe this work
will be of broad fundamental interest, and help guide
the design of materials for regenerative engineering.
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