
UC San Diego
UC San Diego Previously Published Works

Title
Mechanosensitive Kinases Regulate Stiffness-Induced Cardiomyocyte Maturation

Permalink
https://escholarship.org/uc/item/3m37b2wc

Journal
Scientific Reports, 4(1)

ISSN
2045-2322

Authors
Young, Jennifer L
Kretchmer, Kyle
Ondeck, Matthew G
et al.

Publication Date
2014

DOI
10.1038/srep06425
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3m37b2wc
https://escholarship.org/uc/item/3m37b2wc#author
https://escholarship.org
http://www.cdlib.org/


Mechanosensitive Kinases Regulate
Stiffness-Induced Cardiomyocyte
Maturation
Jennifer L. Young1, Kyle Kretchmer1, Matthew G. Ondeck3, Alexander C. Zambon2 & Adam J. Engler1,3,4

1Department of Bioengineering, University of California, San Diego, CA 92093, 2Department of Pharmacology, University of
California, San Diego, CA 92093, 3Department of Material Science Program, University of California, San Diego, CA 92093,
4Sanford Consortium for Regenerative Medicine, La Jolla, CA 92037.

Cells secrete and assemble extracellular matrix throughout development, giving rise to time-dependent,
tissue-specific stiffness. Mimicking myocardial matrix stiffening, i.e. ,10-fold increase over 1 week, with a
hydrogel system enhances myofibrillar organization of embryonic cardiomyocytes compared to static
hydrogels, and thus we sought to identify specific mechanosensitive proteins involved. Expression and/or
phosphorylation state of 309 unique protein kinases were examined in embryonic cardiomyocytes plated on
either dynamically stiffening or static mature myocardial stiffness hydrogels. Gene ontology analysis of
these kinases identified cardiogenic pathways that exhibited time-dependent up-regulation on dynamic
versus static matrices, including PI3K/AKT and p38 MAPK, while GSK3b, a known antagonist of
cardiomyocyte maturation, was down-regulated. Additionally, inhibiting GSK3b on static matrices
improved spontaneous contraction and myofibril organization, while inhibiting agonist AKT on dynamic
matrices reduced myofibril organization and spontaneous contraction, confirming its role in
mechanically-driven maturation. Together, these data indicate that mechanically-driven maturation is at
least partially achieved via active mechanosensing at focal adhesions, affecting expression and
phosphorylation of a variety of protein kinases important to cardiomyogenesis.

E
xtracellular matrix (ECM) elasticity, or ‘stiffness’ (measured in Pascal, Pa), regulates a variety of signaling
pathways and subsequent cellular responses, e.g. differentiation1,2, via myosin-based contractility3. These
pathways, e.g. p130CAS-Rap14, likely undergo significant temporal regulation throughout development as

cells secrete and assemble ECM5, giving rise to stiffer, mature tissues6,7. Stiffer matrices require increased con-
tractile work for cells to deform their surrounding microenvironment. The increased work done by cells is borne
out from changes in mechanosensitive signaling pathways3, such as with cardiomyocytes plated on stiffer sub-
strates requiring more myosin II contractility1,2,8. While aberrantly stiff matrix, i.e. as in tissue fibrosis, can impair
myosin II function in vitro9, we hypothesized that providing in vivo-like changes in stiffness found during
development would enhance cardiomyoycte sarcomere organization and calcium handling. Static substrate
stiffness is known to influence migration10,11, adhesion12,13, proliferation14,15, and differentiation1,2, but temporal
changes in stiffness that mirror in vivo stiffening are known to impact the expression of cardiac markers and
sarcomere assembly16. When these behaviors are integrated over many cells, stiffening can affect tissue morpho-
genesis6,17, e.g. tubulogenesis18 and heart development19, making stiffness not just a significant niche component,
but one that must be appropriately mimicked over time in vitro.

Temporal changes are likely important in almost every developmental context, but they are especially import-
ant for cardiomyocytes, which contract more effectively when grown on substrates mimicking the stiffness of
their native microenvironment versus rigid substrates16,20. Improved contractility in mature cardiomyocytes may
be due in part to the modulation of myofibril organization and alignment, both of which can affect beating rate,
and are known to be regulated by matrix stiffness8,9. On a hydrogel of 10 kiloPascal (kPa), which approximates the
adult myocardium21, intra- and extracellular strains become matched in mature cardiomyocytes, thereby
prolonging rhythmic beating in culture compared to substrates that are too soft or stiff9. Despite improved
mature cardiomyocyte function on matrices with biomimetic stiffness, the heart does not begin as a contractile
,10 kPa ECM but instead originates from much softer mesoderm where stiffness is less than 500 Pa16,22,23 and
stiffens up to 10 kPa by embryonic day 14 with a t1/2 , 60 hr16. Mimicking myocardial stiffening dynamics using
a thiolated hyaluronic acid (HA-SH)/poly(ethylene glycol) diacrylate (PEGDA) hydrogel, stiffening from ,2 to
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9 kPa with t1/2 , 69 hr in the absence of specific exogenous growth
factors aside from serum, resulted in improved cardiomyocyte mat-
uration based on gene expression and myofibrillar assembly16.

Many of the same signaling pathways for static matrices may be
relevant for dynamic ones, but those most relevant to cardiac mat-
uration are likely to be critical spatiotemporal heart patterning
pathways24,25. Such pathways include agonist phosphatidylinositol
3-kinase (PI3K)/protein kinase B (PKB/AKT)26,27 and non-canonical
Wnt/Ca28 and Wnt/polarity pathways29, as well as the antagonist
canonical Wnt/b-catenin pathway, which acts via GSK-3b, among
other important targets30,31. While these signaling pathways have
been extensively studied and identified as major regulators of cardiac
development and differentiation both in vitro and/or in vivo, stiff-
ness-mediated activation remains unclear. To understand what role
these and other pathways play in regulating sarcomere organization
and calcium handling in maturing embryonic cardiomyocytes, a
systematic examination of protein kinase pathway activation with
respect to dynamic vs. static substrate stiffness was conducted.

Results
Stiffness-mediated sarcomere assembly. To examine how dynamic
vs. static stiffness affects cardiomyocytes, pre-cardiac mesodermal
cells were cultured in vitro on polyacrylamide (PA) hydrogels of 1,
11, and 34 kPa whose stiffness did not change with time and were
thus ‘static.’ Cells were also plated on hyaluronic acid (HA)
hydrogels, whose stiffness changed from ,2 to 8 kPa (t 5

69.9 hr) or ,0.2 to 5 kPa (t ? 100 hr) over one week in culture
depending on the use of high (HMW) or low molecular weight
(LMW) PEGDA crosslinker, respectively16, to make HA hydrogels
appear ‘dynamic’. After 1 and 11 days (96 and 336 HPF, respectively)
in culture, cells on 1 kPa static matrices were either rounded and/or
exhibited poor myofibril development independent of time (Fig. 1,
first row). On stiff substrates similar to a fibrotic niche21, e.g. 34 kPa
static hydrogel, cells quickly developed a rod-shaped morphology
but a dominant fraction formed syncytia over the time course
(Fig. 1, third row). Cell changes within clusters could result from
both cell-matrix and cell-cell effects and thus were omitted from
further analysis. For static 11 kPa PA hydrogels and both dynamic
HA hydrogels, cells developed a rod-shaped morphology over time
with the highest percentage of striated single cells (Fig. 1, second,
fourth, and fifth rows). Despite similar morphology, isolated myo-
cytes on HMW PEGDA/HA hydrogels developed myofibrils over
time with average z-disc spacing of 1.8 mm (Fig. 2A, blue), which
is indicative of mature myofibrils32. Myocytes on less dynamic LMW
PEGDA/HA hydrogels and static 11 kPa hydrogels, however, exhi-
bited a significant population of cells with immature sarcomeres,
indicated by lower z-disc spacing (,1.8 mm32; Fig. 2A, orange and
green, respectively). Myocytes on the softest or stiffest substrates
were excluded from measurement because a majority of cells did
not exhibit striations or were obscured by fibroblast proliferation
and the prevalence of cell-cell junctions (Fig. 1).

To determine if sarcomere assembly differences resulted in func-
tional changes, calcium transients, which regulate contraction
magnitude and duration33, were observed for isolated myocytes
(Supplemental Video 1). To better quantify these transients, a power
spectral density (PSD) was computed, both overall and as a function
of beat frequency to indicate contraction regularity34. Over the dura-
tion of stiffening, average maximal PSD remained relatively constant
on static 11 kPa PA hydrogels and both dynamic HA hydrogels
(Fig. 2B). However as a function of beating frequency, dominant
peaks at regular intervals were present for all substrates initially after
plating, but over time, power spectrum peaks on dynamic HMW
PEGDA/HA hydrogels maintained their periodicity (Fig. 2C, top)
whereas peaks on less dynamic LMW PEGDA/HA hydrogels and
static PA hydrogels were sporadic (Fig. 2C, middle and bottom,
respectively). Together, these data indicate that matrices that are

too soft or stiff relative to mature niche stiffness, e.g. 10 kPa8,9,16,
impair sarcomere assembly and calcium handling. This data also
indicates that presenting mature matrix stiffness to immature cells
for a tissue in which the cells normally develop can also adversely
affect maturation of those precursor cells. While signaling events
regulating development and myofilament assembly may be fairly
well described in vivo35,36, the specific contributions of dynamic
matrix stiffness remain uncertain but could be teased out using the
matrices described here.

Mechanosensitive signaling. A protein kinase microarray was
employed to compare signaling differences in 72 HPF embryonic
cardiomyocytes plated on the most dynamic hydrogel, i.e. HMW
PEGDA/HA, and static 11 kPa PA hydrogels for 1, 3, 5 and 11
days (for a total age of 96, 144, 192 and 336 HPF, respectively), as
myocardial development and stiffening conclude by ,336 HPF16,37.

Figure 1 | Sarcomere Assembly on Hydrogels Improves with Dynamic
Stiffening. Immunofluorescence of a-actinin (green), actin (red) and

nuclei (blue) for 72 HPF cardiomyocytes at 1 (D1) and 11 (D11) days after

plating on static 1 kPa (first row), 11 kPa (second row) and 34 kPa (third

row) PA hydrogels and on dynamic HA hydrogels crosslinked using HMW

PEGDA (fourth row) and of LMW PEDGA (fifth row). Day 11 images

consist of single cells (middle column, inset indicated by white dashed box)

and clustered cells (right column) where the indicated percentage

corresponds to the fraction of cardiomyocytes in that state, i.e. single or

clusters of cells, with error shown from technical replicates. Dashed boxes

indicate where the inset images were taken. Scale bars 5 25 mm for large

images and 3 mm for insets.

www.nature.com/scientificreports
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While this sampling rate is relatively low for kinase screens, it was
intended to capture changes from as much of the stiffening dynamics
as possible; sampling at higher rates may limit data quality over the
entire 336-hour duration of stiffening. Data collected at these time
points was normalized to the initial post-isolation time point, and
expression of 280 phosphorylated and 530 pan-specific proteins were
assessed. 255 unique proteins measures were found to have statisti-
cally significant changes in expression or phosphorylation over time

and between hydrogels types based on 2-way ANOVA analysis of
their z-ratios. In order to convey greater differences in the data for the
purpose of clustering and identifying important proteins, data was
further filtered to only include proteins exhibiting at least one z-ratio
of greater than 1 or less than 21, of which 199 unique proteins were
identified (Supplemental Table 1). As shown in Figure 3 and anno-
tated in Supplement Table 1, data was grouped based on z-ratio
where time increases to the right, and data from dynamic HMW

Figure 2 | Myofibril Development and Calcium Imaging of Static and Dynamic Hydrogels. (A) Sarcomere spacing (mm) of individual myofibrils

was plotted for HMW PEGDA/HA (blue), LMW PEGDA/HA (orange) and static 11 kPa PA (green) hydrogels at 1 and 11 days after plating. The number

of cells and myofibrils analyzed exceed 12 and range between 50 and 150, respectively. **p , 0.01. (B) Average maximal power spectral density (PSD) of

beating from calcium imaging was plotted for cells 1 and 11 days after plating on HMW PEGDA/HA, LMW PEGDA/HA, and static 11 kPa PA

hydrogels. Error bars indicate standard deviation. (C) Power spectral density (PSD) plotted vs. frequency was shown 1 (left) and 11 days (right) after

plating 72 HPF cardiomyocytes on HMW PEGDA/HA (top), LMW PEGDA/HA (middle) and static 11 kPa PA (bottom) hydrogels. Peaks in the power

spectrum are indicated by arrowheads; graphs are representative analyses of single cells.

www.nature.com/scientificreports
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PEGDA/HA and static 11 kPa PA hydrogels are on the left and right
portions of the heat map, respectively. 90 and 109 proteins were
differentially expressed in myocytes on dynamic HA and static PA
hydrogels, respectively. When annotating the role of these proteins as
cardiac developmental agonists (blue; e.g. PI3K/AKT, Wnt-Ca21,
Wnt-Polarity and p38/JNK pathways) or antagonists (yellow; e.g.
canonical Wnt signaling)24,25, we found that 25 out of 90 proteins
(27%) were differentially up-regulated in myocytes on dynamic
HMW PEGDA/HA matrices over time versus only 14 out of 109
(13%) for static PA matrices. More antagonists were also up-
regulated on static PA vs. dynamic HMW PEGDA/HA matrices
(right hand column, Fig. 3). Agonist expression (blue) also gene-
rally increased with time, and thereby stiffness, on dynamic HMW
PEGDA/HA hydrogels, with a corresponding decrease in antagonist

(yellow) expression with time and stiffness, resulting in a correlation
coefficient of 20.53 (Fig. S1, top). Conversely, antagonist expression
was positively correlated with agonist expression (coefficient of 0.91)
on static PA hydrogels (Fig. S1, bottom), indicating that time-
dependent mechanical cues likely affect protein function.

While agonist/antagonist annotation indicated general signaling
differences, gene ontology (GO) analysis38,39 was used to identify
important pathways utilizing all proteins but noting the 255 statist-
ically significant proteins. Among all pathways within the GO-ELITE
program, the focal adhesion signaling Wikipathway, which encom-
passes PI3K/AKT, Wnt signaling, and p38 MAPK/JNK cardiac path-
ways24,25, contained the greatest percentage of differentially expressed
or phosphorylated proteins (Fig. 4). More specifically, the PI3K/AKT
pathway, which plays a major role in regulating survival, prolifera-
tion, growth, regeneration and metabolism of cardiomyocytes40, was
differentially expressed. During development, AKT regulates cardi-
ogenesis through various downstream targets, e.g. inhibition of the
cardiogenesis antagonist GSK3b41. Here, GO clustering indicated
AKT was highly up-regulated on dynamic HMW PEGDA/HA
hydrogels vs. static 11 kPa PA hydrogels. Corresponding down-
regulation of GSK3b on dynamic HMW PEGDA/HA hydrogels vs.
static 11 kPa PA hydrogels was also observed (Fig. S2A). These data
were consistent across many antibodies within the array and illus-
trate proteins within these pathways that change significantly
between systems and with time, e.g. AKT1/2 and GSK3b. How-
ever, a number of focal adhesion proteins that have been previously
implicated in mechanotransduction42,43 had many more antibodies
that did not change as a function of time and/or material than AKT
and GSK3b, e.g. paxillin (Fig. S2A, yellow data; Fig. S2B). Together,
these data imply that agonist pathways have higher expression in
developing myocytes on dynamic hydrogels, while antagonist path-
way expression was greater on static hydrogels.

Western blot analysis confirmed expression of specific proteins
within these pathways as only antibodies for total expression rather
than specific phosphorylation site were available (Fig. S3A, C); for
example, we observed enhanced expression of AKT 1 and AKT 2 on
dynamic HMW PEGDA/HA (dark grey) vs. static PA (light grey) in
both methods, as well as enhanced expression of the antagonist
GSK3b on static PA hydrogels. Focal adhesion protein expression
was higher for static PA than dynamic HMW PEGDA/HA hydro-
gels, e.g. paxillin (Fig. S3A, C), as has been shown for cells plated on
stiffer substrates44,45. Conversely, array data only showed significant
differences for phosphorylation sites and not for total expression
(Fig. 4, Supplemental Table 1). Despite other proteins being less
correlated, critical signaling cascades identified by GO, e.g. AKT
which inhibits GSK3b expression24, appear robust and could be cor-
roborated (Fig. S3A, C) with array data (Fig. 3 and 4).

Comparison with parallel maturation in vivo was also performed
to provide a more complete assessment of in vitro cell state. Western
blotting of embryonic myocardium 72, 120, 144, 240 and 288 HFP
indicated that paxillin and AKT 1 but not AKT 2 and GSK3b express-
ion increased (Fig. S3B, D). Direct comparisons of mature in vivo
expression to age-matched myocytes cultured on the hydrogels
showed that cells that matured on dynamic HMW PEGDA/HA
hydrogels (dark gray bars) were similar to cells that matured in the
animal for AKT1/2 and GSK3b as indicated by western blotting
(Fig. 5A) and microarray (Fig. 5B). Conversely, GSK3b was up-regu-
lated and AKT1/2 was down-regulated for cells on static hydrogels
relative to in vivo controls (light gray bars, Fig. 5). These data imply a
correlation in AKT1/2 and GSK3b expression for blotting and arrays
vs. in vivo at least for the signals that are upregulated on a particular
hydrogel, e.g. AKT1/2 and HMW PEGDA/HA hydrogels.

Assessing downstream signaling affected by time-dependent
stiffening. To functionally assess the effects of AKT1/2 and GSK3b
on time-dependent stiffness-induced sarcomere assembly and calcium

Figure 3 | Microarray Data Clustering Reveals Differentially Expressed
Protein Kinases on Dynamic versus Static Hydrogels. Z-ratios of

differentially expressed (at least one z-ratio . 1 or ,21) significant data

(interaction p , 0.05) of dynamic HMW PEGDA/HA and static 11 kPa PA

hydrogels over 3, 5 and 11 days in culture compared to cells initially

isolated cultured for 1 day were clustered using centroid gene clustering

linkages. Z-ratios range from a down regulation value of 23 (green), to no

change (0; black) to an up-regulation value of 13 (red) versus global

expression. At the right side of the figure, agonists of cardiac development

(e.g. Wnt-Polarity, Wnt-Ca21, p38/JNK, PI3K/AKT) were highlighted in

blue while antagonists (e.g. Wnt-Canonical) were highlighted in yellow.

www.nature.com/scientificreports
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handling, AKT1/2 and GSK3b were inhibited via the addition of MK-
220646 and CHIR-9902147, respectively. In addition to functional inhi-
bition, both also significantly reduced expression as observed via
western blot (Fig. 6A). When AKT1/2 was inhibited, myofibril deve-
lopment over time was impaired on HMW PEGDA/HA hydrogels
relative to DMSO controls (Fig. 6B, top left vs. right), resulting in
some fibrils exhibiting extremely short sarcomere spacing (Fig. 6C).
Conversely, GSK3b inhibition resulted in improved formation of
myofibrils over time on static PA hydrogels (Fig. 6B, bottom center
vs. right, Fig. 6C). A similar trend was observed for calcium transients
where PSD increased on static PA hydrogels when GSK3b is inhibited
but decreased for dynamic HMW PEGDA/HA hydrogels when
AKT1/2 was inhibited (Fig. 6D; Supplemental Video 2). As illu-
strated in Fig. S2, AKT inhibits GSK3b expression24 and this can
regulate Wnt signaling via b-catenin69. In dynamic HMW PEGDA/

HA but not in less dynamic LMW PEGDA/HA or static PA hydrogels,
b-catenin localized to the nucleus over time. Inhibition of AKT1/2, but
not GSK3b, also blocked b-catenin localization (Fig. 7), further
indicating that dynamic HMW PEGDA/HA hydrogels mechanically
induce sarcomere formation and regulate calcium handling via AKT
and possibly Wnts.

Discussion
While there is a developing appreciation for the role that mechanics
can play along with growth factors in stem cell differentiation, our
understanding of the molecular mechanisms of this process, let alone
in an in vitro environment that can signal to cells from its dynamic
properties, is somewhat limited. To address this problem, we iden-
tified a direct link between dynamic matrix mechanics and specific
signal transduction pathways that regulate cardiogenesis. Our data

Figure 4 | Focal Adhesion Signaling is Substrate Stiffness-Dependent. Focal Adhesion Signaling WikiPathway, identified by GO-ELITE analysis of the

microarray data, is shown in a more complete annotation of Fig. S2. For genes with interaction p , 0.05, protein boxes were divided into 6 smaller boxes

indicating z-ratios from 3, 5 and 11 days in culture compared to cells initially isolated cultured for 1 day (left to right) for dynamic HMW PEGDA/HA (left

three boxes) and static 11 kPa PA (right three boxes). Rows within each box indicate different antibodies used for each target. For proteins with

interaction p . 0.05, boxes were shaded yellow. For proteins not included in the array, the protein boxes are shaded grey. The color map indicates down-

regulation (21, green), no change with respect to the global average (0, white) and up-regulation (11, red).

www.nature.com/scientificreports
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shows that the presentation of developmentally-relevant tissue
mechanics can enhance cardiomyocyte maturation and function in
culture, consequently leading to the activation of protein kinases
required for proper development. When presented with static mat-
rices, maturation is hindered in immature cardiomyocytes, leading to
an up-regulation of antagonistic pathways of cardiogenesis. Using
pathway antagonists, we showed that mechanically induced signal-
ing can be altered to make permissive substrates appear non-
permissive and vice versa. As the stiffening dynamics of our culture
system here intentionally mirror mechanics of cardiac tissue mor-
phogenesis, some of the signaling observations obtained from these
mechanics alone directly mirror what has been previously found in
development as we describe below. Also noted below are specific
caveats to the culture system and the types of signals examined here.

Mechanosensing in development guides matrix design. Heart mor-
phogenesis, as well as differentiation and development of resident
cardiac cells, has been classically described by growth factor
gradients48–50, but can also be driven by active mechanical forces
derived from torsion, bending, and fluid shear stress51,52. More
recently, passive mechanical properties, e.g. Young’s Modulus, have
also been observed to assist in heart development and patterning23,53.
Concomitant with these active mechanical and morphological events
are changes in ECM composition, which can be up- or down-
regulated as much as 10-fold16,54; misregulation of matrix proteins
during cardiac development can stiffen tissues and induce a variety
of defects21,55. Yet, as cells secrete and assemble new matrix under
healthy conditions, passive mechanical properties gradually stiffen16,19

and can induce cardiomyocyte lineage marker expression and sarco-
mere assembly16.

As this occurs, how cells feel their environment changes, and if
done so over an appropriate time period and within an appropriate

stiffness range, mechanotransductive signaling can guide develop-
ment and myofilament assembly35. However, increasing matrix stiff-
ness beyond this point can negatively regulate cardiomyocyte
maturation9,56 and their calcium handling8. In agreement with these
in vivo and in vitro data on the negative effects of improper stiffness
on cardiomyocyte phenotype, our findings indicate that matrices
that are too soft or stiff relative to the mature niche, i.e. ,10 kPa
for muscle1, impair maturation via decreased myofibril formation
and contractility. Presenting a matrix of mature tissue stiffness to
immature cells of that same tissue type can also adversely affect
maturation, indicating the importance of reflecting the precise
time-dependent characteristics of the constituent tissue. While this
in vitro system is useful to isolate and examine the influence of
specific bulk ECM characteristics on cells in 2D, it is also important
to note its limitations; first multiple cell types comprise the cardio-
vascular system and secrete and assemble their own complex ECM,
e.g. cardiac fibroblasts57. Even cardiomyocytes themselves secrete at
least collagen IV, XVIII and fibronectin58 and thus the dynamic
control provided by the HA substrate with time is likely augmented
by cell-mediated niche remodeling. A second important area of con-
cern is the difference in mechanotransduction that could exist in a
3D environment versus the dynamic 2D system here. Indeed, cardi-
omyocytes in 3D matrices are smaller, form critical cell-cell junc-
tions, and express different proteins59. Though they often have high
cell density convoluting substrate effects, these 3D systems can
reconstitute many maturation processes and signaling pathways
found in vivo through a combination of matrix and junctional sig-
naling60. Additionally, we noted some differences in protein regu-
lation for adhesive proteins versus kinases when comparing in vivo to
hydrogel system expression, e.g. paxillin vs. AKT1/2. While this may
be expected given the limited number of cues presented to isolated
cells in these assays, it certainly warrants a note of caution and further
investigation. That said, reductionist systems such as the HA sub-
strates here are becoming increasingly complex, and for signals that
they recapitulate in developmentally appropriate ways, there is a
surprising degree of control over cell behavior and maturation. It
is also interesting that cells interpret these ECM changes using
canonical pathways, which we will discuss below.

Matrix-dependent pathway analyses in maturing cardiomyocytes.
Contractility has been shown to be critical for matrix-mediated
differentiation, both in vitro and in vivo9,61; however the molecular
links between ECM and cardiac differentiation are less appreciated;
thus we chose to more closely examine intermediary effects, i.e.
protein kinase signaling, on pre-cardiac mesodermal cells on
substrates with dynamic vs. static stiffness. Precise spatial and
temporal patterning of the heart is achieved partially through the
activation of signal transduction pathways involving a highly
complex network of interacting protein kinases, both positively-
and negatively-acting on differentiation, e.g. p38 MAPK, PI3K/
AKT, and Wnts24,25. That said, these previous studies in stem cells
have almost exclusively been examined using chemical induction of
these pathways, yet activation of specific pathways due to mechanical
cues has been less studied. These cardiac signal transduction
networks are extremely complex, and thus a protein kinase
microarray was performed to identify global perturbations as a
result of matrix stiffness alone. Gene clustering and ontology
analysis identified that agonists of cardiogenesis were more highly
up-regulated on dynamic HMW PEGDA/HA vs. static hydrogels,
providing a molecular explanation for improved cardiomyocyte
function. More specifically, the PI3K/AKT pathway, which plays a
major role in regulating survival, proliferation, growth, regeneration
and metabolism of cardiomyocytes40, was differentially expressed.
During development, AKT regulates cardiogenesis through various
downstream targets, e.g. inhibition of antagonist of cardiogenesis,
GSK3b41. Here, AKT was highly up-regulated, consistent across a

Figure 5 | Maturation of Cells In Vitro vs. In Vivo as Assessed by Western
Blot and Microarray. (A) Ratio of paxillin (PXN), AKT 1, AKT 2 and

GSK3b expression in cells isolated 72 HPF and cultured for 11 days on

dynamic HMW PEGDA/HA (dark grey) and static 11 kPa PA (light grey)

to time-matched chicken lysate control samples (336 HPF) as determined

by western blot analysis. Dashed line indicates a ratio of 1.

(B) Corresponding ratios from microarray data. *p , 0.05.

www.nature.com/scientificreports
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panel of antibodies, on HMW PEGDA/HA vs. static hydrogels,
corresponding with a down-regulation of GSK3b on HMW PEGDA/
HA vs. static matrices. Furthermore, inhibition of GSK3b on static
substrates resulted in enhanced myofibril assembly and func-
tion, while inhibition of AKT on HMW PEGDA/HA substrates
decreased function, thereby demonstrating the importance of these
two proteins in stiffness-mediated maturation. This data is also
supported by b-catenin localization, in which nuclear translocation
is present only in HMW PEGDA/HA with or without GSK3b
inhibitor and static PA with AKT inhibitor. While these data and
the microarrays suggest Wnt-dependent signaling as observed
elsewhere for canonical Wnt signaling62, b-catenin localization has
also been shown to occur via Wnt-independent mechanism(s)63; thus
the temporal stiffening-induced activation of AKT and localization
of b-catenin that we detected may not specifically identify the type of
downstream signaling that manifests in striation maturation and
calcium handling.

Together, these data indicate that perturbing mechanosensitive
signaling pathways can affect the ability of a cell to undergo stiff-
ness-based maturation. These data could also be useful in cellular
cardiomyoplasty, i.e. cells injected into the fibrotic tissue formed
after a myocardial infarction improperly differentiate based on the

diseased, stiff niche64, as one could alter undesirable responses by
inhibiting specific mechanosensitive pathways. Thus, in an infarct
where matrix is stiffening with time, mechanosensitive maturation of
injected cells may be controlled by independently manipulating AKT
and GSK3b pathways. That said, these pathways could also be modu-
lated by more complex extracellular changes with time in addition to
stiffness such as tethering of the matrix proteins to the underlying
hydrogel65. Regardless of the specific extracellular changes, these data
provide insight into kinase signals that control matrix-related mat-
uration, which thus identify new roles for pathways commonly
associated with chemically induced maturation of cardiomyocytes.
These data also highlight how sensitive the mechanical induction of
these pathways is: LMW PEGDA/HA hydrogels are unable to induce
sarcomere assembly likely because they do not sufficiently activate
AKT and Wnt pathways. Thus the HMW PEGDA/HA hydrogels,
which more closely match how mechanical properties gradually
increase during development16,19, would appear to sufficiently activ-
ate these pathways at the right time. With respect to timing however,
it is important to note that the sampling rate was sufficient to observe
large changes with time but the resolution to capture subtle changes
in these pathways may not have been sufficient, i.e. pathways influ-
encing cardiogenesis cycle from being inactive to active throughout

Figure 6 | Inhibition of Mechanosensitive Players Results in Appropriate Responses. (A) Western blots of MK-2206- (left) and CHIR-99021-treated

cells (right) at their indicated concentrations. Data was normalized by total protein concentration as determined by BCA assay. (B) Representative

fluorescent images of 72 HPF isolated chicken cardiomyocytes after 1 and 11 days on dynamic HMW PEGDA/HA (top) or static 11 kPa PA (bottom).

Cells were cultured in the presence MK-2206 (100 nM), CHIR-99021 (100 nM), or DMSO as indicated. Dashed white boxes indicate the inset regions.

Scale bars 5 50 mm and 5 mm for insets. (C) Sarcomere spacing of individual myofibrils was plotted for dynamic HMW PEGDA/HA (blue) and static

11 kPa PA (green) hydrogels after 11 days in culture in the presence of MK-2206 or CHIR-99021 as indicated. A red-dashed line indicated the average for

DMSO-treated cells. *p , 0.05 for comparisons to DMSO-treated cells. (D) The average power spectral density (PSD) of beating from calcium imaging

was plotted as a ratio of the indicated inhibitor-treated cells to DMSO-treated cells. Cells cultured on dynamic HMW PEGDA/HA and static 11 kPa PA

hydrogels at 11 days after plating are shown in blue and green, respectively. Cells were treated with either MK-2206 (left) or CHIR-99021 (right). Red-

dashed line indicates a ratio of 1 or no change from DMSO-treated control cells. *p , 0.05 for comparisons to DMSO-treated cells.
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development69. For example, LMW PEGDA/HA hydrogels and stiff
PA hydrogels could have also induced some but not all of the sarco-
mere assembly signals to fully form mature sarcomeres. One final
caveat to kinase signaling assays here is that they observe intermedi-
ate changes within pathways, i.e. they do not capture the initial
signals that change mechanical signals into chemical ones such as
kinase cascades. Since much of the cardiac literature has examined
how the precise spatial and temporal patterning of protein kinases
regulates differentiation24,25, we focused our assays on kinase signal-
ing. That said, significant efforts to understand focal adhesion pro-
tein signaling in this context, e.g. conformational changes in focal
adhesion proteins to initial kinase signaling1,2, are required to further
develop our link between the initiation of mechano-sensitive signaling
to the propagation of those signals with kinases in cardiomyocytes.

Methods
Hydrogel polymerization. Hyaluronic Acid (HA) hydrogels were prepared in two
formulations-with low molecular weight (LMW) and high molecular weight (HMW)
poly(ethylene glycol) diacrylate (PEGDA)-in order to achieve hydrogels of different
stiffness. To prepare HA hydrogels of the appropriate stiffness to mimic heart
stiffening, 4.53% (w/v) HMW PEGDA (BioTime, CA) of ,3.4 kDa (polydispersity
index or PDI , 3) in degassed phosphate buffered saline (DG PBS) and 1.25%
thiolated HA (HA-SH, BioTime, CA) in DG PBS were separately mixed at 37uC with
gentle shaking for up to 30 min. Thiolated HA was analyzed via 1H nuclear magnetic
resonance (NMR) spectroscopy (ECA 500, JEOL) to assess thiol substitution (,40%).
To initiate polymerization, solutions were combined at a 154 volume ratio of PEGDA
to HA to yield a 1% HA/0.9% PEGDA hydrogel. The solution was allowed to
polymerize in a humidified 37uC incubator for at least 30 min between
aminosilanated and non-adhesive hydroxylated glass coverslips as described
elsewhere66. Similarly for the preparation of soft HA hydrogels, LMW PEGDA
(475629, Sigma, Mn , 250) was mixed with 1% thiolated HA at 0.069% and allowed
to polymerize for ,30 min at 37uC. To attach protein to the hydrogel surface, 20 mM
EDC (ThermoScientific), 50 mM NHS (ThermoScientific) and 150 mg/mL type I rat
tail collagen (BD Biosciences) were mixed in PBS and incubated with the hydrogels

overnight. Polyacrylamide hydrogels (PA) were prepared as described previously66.
Briefly, hydrogel crosslinker n,n9-methylene-bis-acrylamide and acrylamide
monomer (Fisher Scientific) concentrations were varied in PBS and polymerized
between adhesive, aminosilanated and non-adhesive hydroxylated glass coverslips
using 1/200 volume of 10% ammonium persulfate (Sigma) and 1/2000 volume of
n,n,n9,n9-tetramethylethylenediamine (TEMED, BioRad) in order to create hydrogels
of defined Young’s Modulus, E, according to a previously published protocol66. To
attach protein to the PA hydrogel surface, 0.5 mg/ml of the photo-activating
crosslinker, sulfo-SANPAH (Pierce), was mixed in 50 mM HEPES (EMD) of pH 8.5
and activated with 350 nm UV light for 10 min. Type I Collagen (BD Biosciences)
was added as with HA hydrogels overnight.

Cell isolation and culture. Animals received humane care in compliance with
University of California, San Diego’s Institutional Animal Care and Use Committee
(protocol #S09200). Chicken embryos were obtained from McIntyre Poultry Farm
(Lakeside, CA) and embryonic hearts were obtained by isolation at 72, 120, 168, 240,
312 and 336 hours post-fertilization (HPF) as indicated. Embryo age was confirmed
using Hamburger–Hamilton’s developmental stages of the chick embryo37. Hearts
were obtained by dissection and digested for cell isolation. Isolated hearts were
minced using sterile razor blades and collected with 10 mL of 0.05% trypsin-EDTA
(Invitrogen) and incubated in a sterile humidified 37uC incubator (5% CO2) for
10 min. In order to remove red blood cells, the tube was inverted and tissue was
allowed to settle prior to a change of solution to another 10 mL of fresh trypsin. After
incubation for 10 min, the sample was centrifuged at 500 g for 2.5 min and the pellet
was carefully triturated with normal heart medium (89% MEM-alpha: l-glutamine
(1), ribo-/deoxyribo-nucelosides (2), Invitrogen; 10% fetal bovine serum, Hyclone;
and 1% penicilin:streptomycin, Invitrogen). The cell solution was passed through a
70 mm cell strainer (BD Falcon) and pre-plated on tissue culture dishes for 1 hr at
37uC in order to remove fibroblasts from the solution. Unattached cells, which
represent the cardiomyocyte fraction67, were collected, counted, and re-plated at a
density of 1–2 3 106 cells/mm2. Overall, myocytes accounted for most cells based on
pre-plating and staining. For inhibition experiments, AKT inhibitor (MK-2206,
SelleckChem) or GSK3b inhibitor (CHIR-99021, SelleckChem) were added to the
media every 2 days at 100 nM from the outset of the experiment. Cells were selectively
lysed as described below to monitor targeted protein inhibition via western blotting.
Cells used for western blotting were incubated for 1, 3, 5 and 11 days (total age: 96,
144, 192 and 336 HPF, respectively) on HA and 11 kPa PA hydrogels. Cells used for
microarray assays were cultured on HA and PA hydrogels for the same time course, in

Figure 7 | Localization of b-Catenin Corresponds to Cell State. Cells fixed and stained for b-Catenin (red) and DAPI (blue) are shown for the indicated

culture times, treatments, and matrix support types. Open or closed arrowheads highlight diffuse or nuclear localized staining, respectively. At day 11,

numbers indicate the percentage of the population with a nuclear localized staining pattern, with error shown from technical replicates. Scale bars 5 50 mm.
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addition to a 336 HPF sample isolated from the animal as described above. Cells used
for immunofluorescence were plated on HA hydrogels and PA hydrogels of 1, 11, and
34 kPa for 1 and 11 days, and on HA and 11 kPa PA hydrogels for the same time
course for calcium imaging. Media changes were performed every 2 days. All cell
culture and tissue experiments were performed at least in triplicate as indicated.

Protein kinase microarray and analysis. For microarray assays, cells were washed
twice in ice cold PBS and lysed in a buffer containing 20 mM MOPS (Fisher
Scientific) pH 7.0, 2 mM EGTA (EMD Biosciences), 5 mM EDTA (EMD
Biosciences), 30 mM sodium fluoride (J.T. Baker), 60 mM b-glycerophosphate
(Sigma), pH 7.2, 20 mM sodium pyrophosphate (Fisher Scientific), 1 mM sodium
orthovanadate (Sigma), and 1% Triton X-100 (Fisher Scientific). Two Roche
Complete Mini Inhibitor Cocktail tablets (Roche)/10 mL buffer and 1 mM
dithiothreitol (DTT, Amresco, OH) were added to the buffer just prior to use. Lysates
were sonicated four times for 10 seconds each time with 10–15 second intervals on ice
in order to rupture the cells and to shear nuclear DNA. The homogenate was
centrifuged at 90,000 3 g for 30 min at 4uC in a Beckman Table Top TL-100
ultracentrifuge and the resulting supernatant fraction was analyzed for protein
concentration using a commercial Bradford assay reagent (BioRad).

For the KinexTM Antibody Microarray analyses, a single dye, non-competitive
sample binding methodology was used. The array employed 810 polyclonal and
monoclonal antibodies (array list available at: http://www.kinexus.ca). Arrays con-
tained 530 pan-specific antibodies (for protein expression) and 280 phosphorylation
site-specific antibodies; with overlap in the dataset, 309 unique proteins were
examined. For each sample, the microarray chip contained a field of 16 sub-grids,
with each grid containing 10 3 11 antibody spots of diameter 120–150 mm. To briefly
describe how the microarray was loaded and analyzed, 50 mg of lysate protein from
each sample were fluorescently labeled and free dye removed by gel filtration. After
blocking for non-specific binding, samples were incubated on the chip, and unbound
proteins were subsequently removed with successive washing. Imaging was per-
formed with a Perkin-Elmer ScanArray Reader laser array scanner (Waltham, MA)
and signal quantification was performed with ImaGene 8.0 (BioDiscovery; El
Segundo, CA). Z scores were calculated by subtracting average spot intensity within a
sample from the raw intensity of each spot and dividing by the spot standard devi-
ation (SD) within each sample68. Z ratios were then calculated by taking the difference
between the averages of the protein Z scores and dividing by the SD of all of the
differences for that particular comparison, e.g. day 3 vs. day 1 HA.

Statistically significant values were determined by performing a 2-way ANOVA
with an interaction p , 0.05. Clustering was performed using Gene Cluster 3.0 with
centroid gene clustering linkage and the resulting heat maps were assembled in Java
TreeView. Only those data that were statistically significant as well as at least one time
point significantly expressed (z-ratio . 1 or 21 . z-ratio) were visualized in clus-
tering in order to choose the most conservative dataset (Supplemental Table 1). GO-
ELITE analysis39,69 was performed on the statistically significant dataset (not the
further reduced set) in order to identity those signaling pathways38 that were sig-
nificantly and differentially over-expressed or phosphorylated. Significant pathways
were edited using PathVisio software, again using the statistically significant dataset.

Protein array validation via western blotting. Microarray data was validated by
performing western blots on a select set of proteins determined by GO ELITE to be in
cardiomyocyte relevant pathways that were both statistically significantly and
differentially expressed. For western blots, cells still bound to their hydrogels were
washed twice in PBS and lysed with mRIPA containing 1% Triton-X (Fisher
Scientific), 1% Sodium Deoxycholate (Sigma), 0.1% sodium dodecyl sulfate (Fisher
Scientific), 150 mM Sodium Chloride (Fisher Scientific), 10% glycerol (Fisher
Scientific), 1.5 mM Magnesium Chloride (Fisher Scientific), 50 mM Hepes (EMD),
and pH adjusted to 7.5. Just before use 1 mM Phenylmethylsulfonyl fluoride (EMD),
1 mM Ethylenediaminetetraacetic acid (EMD), and 1% Phosphatase Inhibitor
Cocktail B (sc-45045, Santa Cruz Biotechnology) were also added to the buffer. Upon
lysis, samples were prepared such that the loading solution consisted of 1/3 volume
protein loading dye (National Diagnostics), and were subsequently heated at 90uC for
2 min, and loaded into 10% resolving/5% stacking acrylamide hydrogels and
subjected to an electrophoretic gradient for 45 min to 1 hr at 150 V in 10% SDS
buffer containing 25 mM Tris (Fisher Scientific), 192 mM Glycine (J.T. Baker) and
20% v/v Methanol (Fisher Scientific). Separated proteins were transferred onto
nitrocellulose membrane for 1 hr 15 min at 100 V at 4uC and blocked overnight in
blocking buffer containing 1% non-fat milk or 4% Sea-block (ThermoScientific),
25 mM Tris (Fisher Scientific), 150 mM NaCl (Fisher Scientific), and 0.1% Tween-20
(Fisher Scientific). The following antibodies were added to blocking buffer: Paxillin –
1 hr, 151000 (MBS470022, MyBioSource); AKT1 – 1 hr, 151000 (AP09425PU-N,
Acris Antibodies); AKT2 - 1 hr, 155000 (AP03032PU-N, Acris Antibodies); GSK3b –
overnight at 4uC, 151000 (ADI-KAM-ST002, Enzo Life Sciences, Inc.); GAPDH –
overnight at 4uC, 151000 (MAB374, Milipore). Upon rinsing, the following HRP-
conjugated secondary antibodies were added for 1 hr, depending on the primary
antigen: goat anti-rabbit 1510000 (170-6515, BioRad); donkey anti-sheep 1510000
(713-035-003, Jackson); or goat anti-mouse 1510000 (115-035-062, Jackson). Films
were exposed using ECL reagent (Thermo Scientific) and processed in a Konica
Minolta SRX-101A x-ray developer for 30 sec, 5 min, or 1 hr. All westerns were run
in triplicate and quantified using ImageJ, normalized to GAPDH expression except
where BCA assays were used for normalization as indicated.

Immunofluorescence assays. In order to examine cell maturation from the time
course previously described, immunofluorescence of myofibril development and
beta-catenin localization, as well as calcium imaging were performed. For
immunofluorescence, cells were fixed with 3.7% formaldehyde in PBS for 30 min,
rinsed, and permeabilized using 1% w/v Triton X-100 for 10 min. For myofibrils, cells
were rinsed and incubated with primary mouse antibody for a-actinin (A7811,
Sigma) at 15500 in 2% ovalbumin (Sigma) for 60 min at 37uC. Samples were then
incubated with 151000 rhodamine-phallodin (R415, Invitrogen) and 151000 Alexa
Flour 488 conjugated goat anti-mouse secondary antibody (A11001, Invitrogen) in
2% ovalbumin for 30 min, followed by 155000 Hoescht (33342, Sigma) in DH20 for
10 min at 37uC. For beta catenin localization, cells were stained as above, except that
primary rabbit antibody for beta-catenin (ab6302, Abcam) and secondary Alexa
Flour 488 conjugated goat anti-rabbit antibody (A11008, Invitrogen) were used at
151000. A secondary Alexa Fluor 647 conjugated goat anti-mouse antibody (A21235,
Invitrogen) was also used for to stain the a-actinin antibody at 151000. Samples were
rinsed and mounted with Fluoromount-G (SouthernBiotech). Images were captured
using a 60 3 water objective on a Nikon Eclipse TE2000-U fluorescent microscope
with a CARVII confocal attachment (Becton Dickenson) and Metamorph 7.6
software. Images were analyzed using ImageJ to determine striation length by
drawing a calibrated line through assembled myofibrils within a cell. At least 12 cells
were analyzed for cells in culture on PA and HA hydrogels after 1 and 11 days,
resulting in analysis of between 46 and 145 myofibrils. For CHIR-treated cells after 11
days in culture on PA and HA hydrogels, at least 9 cells representing between 55 and
87 myofibrils, were analyzed. For MK-2206-treated cells after 11 days in culture on
PA and HA hydrogels which had reduced viability, 8 and 4 cells representing 84 and
25 myofibrils, respectively, were analyzed.

Calcium handling assay. Calcium imaging was performed at days 1 and 11 after
plating by adding Fluo-4 AM (F-14201, Invitrogen) at 152000 directly to the media
for 10 minutes. Videos were captured using a Nikon Eclipse TE2000-U fluorescent
microscope outfitted with a LiveCell imager with Metamorph 7.6 software. Videos
were analyzed in MATLAB using custom-written code to determine the power
spectral density and frequency of the signal using a Fourier Transform-based
analysis34.

Statistical analyses. Microarray and western blot validation statistical analyses were
performed using a 2-way ANOVA. Differences among groups were assessed to
identify statistical differences between the interaction of hydrogel types and time
points when p , 0.05. All other statistical analyses were performed using student t-
tests or 1-way ANOVA as indicated. Differences among groups were assessed to
identify statistical differences between treatments when p , 0.05. All data is presented
as mean 6 standard deviation from triplicate biological experiments except those
within the microarray, which were performed in duplicate, or when otherwise
indicated.
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