Coupling to substrate adhesions drives the

ARTICLE

maturation of muscle stress fibers into myofibrils

within cardiomyocytes
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ABSTRACT Forces generated by heart muscle contraction must be balanced by adhesion to
the extracellular matrix (ECM) and to other cells for proper heart function. Decades of data
have suggested that celllFECM adhesions are important for sarcomere assembly. However,
the relationship between cell-ECM adhesions and sarcomeres assembling de novo remains
untested. Sarcomeres arise from muscle stress fibers (MSFs) that are translocating on the top
(dorsal) surface of cultured cardiomyocytes. Using an array of tools to modulate cell-ECM
adhesion, we established a strong positive correlation between the extent of cel-ECM adhe-
sion and sarcomere assembly. On the other hand, we found a strong negative correlation
between the extent of cell-ECM adhesion and the rate of MSF translocation, a phenomenon
also observed in nonmuscle cells. We further find a conserved network architecture that also
exists in nonmuscle cells. Taken together, our results show that celllECM adhesions
mediate coupling between the substrate and MSFs, allowing their maturation into sarcomere-
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containing myofibrils.

INTRODUCTION

The heart generates contractile force through the shortening of sar-
comeres, which consist of myosin “thick” filaments forming sliding
interactions with actin “thin” filaments. Actin filaments of adjacent
sarcomeres are cross-linked by o-actinin-2 at Z-discs, which are
important sites for intracellular signaling and mechanical stability of
cardiomyocytes (Knoll et al., 2011; Kovacic-Milivojevic et al., 2001).
The basic functional unit of contraction within a cardiomyocyte is the
myofibril, comprised of a series of sarcomeres. In healthy cardio-
myocytes, contractile forces generated by myofibrils are balanced
by adhesive forces, specifically at cell-extracellular matrix (ECM)
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contacts (referred to as costameres), which transfer these forces to
the ECM, and at cell-cell contacts (referred to as intercalated discs)
(Samarel, 2005; Liu et al., 2016). Loss of this force balance can lead
to detrimental phenotypes and disease states (Samarel, 2005; Dabiri
et al., 2012). Previous work has shown that cell-ECM contacts
comprise the majority of sites of force generation during early
cardiomyocyte spreading during the time window of myofibril
assembly (McCain et al., 2012). These sites of force generation are
subsequently transferred to cell-cell contacts as cells start to form
intercalated discs.

Early studies of cultured primary chick cardiomyocytes localized
adhesion proteins, such as vinculin, to the ends of myofibrils and
proposed that “adhesion plaques” serve as sites of myofibril assem-
bly (Lu et al., 1992). This idea was supported by multiple genetic
studies performed in the skeletal muscle of worms and fruit flies
(Volk et al., 1990; Hresko et al., 1994; Bloor and Brown, 1998).
Knockout of proteins involved in cel-ECM adhesion, such as integ-
rin or perlecan, resulted in fewer myofibrils compared with the
knockout of myofibril components themselves. Thus, the genetic
evidence suggests that cell-ECM adhesion is upstream of myofibril
assembly (Sparrow and Schock, 2009). It has additionally been
shown that inhibiting contraction of cultured rat primary cardiomyo-
cytes results in a loss of adhesions (Simpson et al., 1993; Sharp et al.,
1997). Conversely, modulating the size of adhesions by varying
substrate stiffness can modulate the contractile properties of
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cardiomyocytes (Jacot et al., 2008; Hersch et al., 2013). This
indicates that there is feedback between cardiomyocyte adhesion
and contractile function. Despite this evidence, the mechanistic re-
lationship between cell-ECM adhesion and myofibril assembly has
remained unclear. This has been in part due to muiltiple conflicting
models of myofibril assembly itself (Sanger et al., 2005).

Of the multiple competing models of myofibril assembly that
have been proposed, the Template (aka, pre-myofibril) model has
the most experimental support. First proposed by Howard Holtzer
in 1984, the Template model postulated that nonmuscle stress fiber-
like structures are the precursors of myofibrils (Dlugosz et al., 1984).
We have recently shortened Holtzer's initialism to MSFs (muscle
stress fibers) for brevity (Fenix et al., 2018). While there was substan-
tial evidence from fixed cultured myocytes and tissue to support the
Template/pre-myofibril model, there was little dynamic data directly
demonstrating the transition of MSFs to myofibrils (Dlugosz et al.,
1984; Rhee et al., 1994). We have recently utilized human iPSC-
derived cardiomyocytes (hiCMs) to capture this transition (Fenix
et al., 2018). hiCMs are transcriptionally similar to embryonic and
neonatal cardiomyocytes, a time at which sarcomere assembly is
occurring in vivo. We reported that freshly plated hiCMs did not
have sarcomeres and subsequently assembled them over 4-16 h
after plating (Fenix et al., 2018). Live-cell imaging of either actin or
o-actinin-2 revealed that MSFs move away from the edge and
obtain sarcomeres over time.

Studies in primary skeletal myocytes from B1 integrin-deficient
mice proposed that cell-ECM adhesion could regulate the transi-
tion of MSFs to myofibrils, rather than the formation of MSFs them-
selves (Schwander et al., 2003). In fixed cells, the authors observed
that inactivation of B1 integrin led to a lack of myofibrils, but not
MSFs (Schwander et al., 2003). A more recent study, however,
claimed a new model of sarcomere assembly, where cell-ECM
adhesion sites serve as the site for centripetal nucleation of sarco-
meres (Chopra et al., 2018). In this model, a sarcomere-containing
myofibril directly grows out of an adhesion, without the need for a
template (i.e., MSFs). The authors imaged a-actinin-2, which marks
both focal adhesions and the Z-lines of myofibrils. Indeed, a cursory
glance at the movies presented gives the impression that the Z-lines
are streaming out of adhesions. However, closer frame-by-frame in-
spection of the data revealed that these events were preformed
myofibrils coming from the dorsal surface of the cell to the ventral
(in focus) surface. We have now experimentally demonstrated this
phenomenon (Fenix et al., 2018). It is important to note that we
were only able to capture these events after 24 h postplating, which
is the time window in which Chopra et al. (2018) imaged their hiCMs.

Here, we sought to investigate the role of cel-ECM adhesion in
myofibril assembly within the context of the Template/pre-myofibril
model. By combining high-resolution three-dimensional imaging
and multiple perturbations to focal adhesion assembly, we show
that 1) dorsal stress fiber (DSF)-like actin-based structures couple
myofibrils to focal adhesions, 2) focal adhesions do not serve as the
direct site for nucleation of myofibrils or MSFs, and 3) stronger cou-
pling to the ECM correlates with the ability of MSFs to mature into
myofibrils.

RESULTS

The spatiotemporal relationship between cell-ECM
adhesion and myofibril maturation

We first wanted to explore how adhesions, which are present on the
ventral surface of the cell, are connected to myofibrils on the dorsal
surface of the cell. We noticed that the relative organization of the
focal adhesions and contractile structures (i.e., MSFs and myofibrils)
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bore a striking resemblance to that of mesenchymal crawling non-
muscle cells (Figure 1A). Indeed, we have previously noted that
MSFs were similar in their organization to stress fibers found on the
dorsal surface of mesenchymal cells called actin arcs (Fenix et al.,
2018). In mesenchymal cells, actin arcs are connected to focal adhe-
sions through specialized actin filament-based structures called
DSFs (Hotulainen and Lappalainen, 2006). To test if DSF-like struc-
tures exist in hiCMs, we examined the actin filament channel
throughout the axial (Z) dimension (Figure 1, B and C; Supplemental
Figure S1A). We found that diffraction-limited imaging was not able
to resolve the relative axial positions of different actin filament struc-
tures, especially those close to the edges of hiCMs (Supplemental
Figure S2). For this reason, we imaged actin filaments with struc-
tured illumination microscopy (SIM), which provides a ~2x increase
in axial resolution. SIM revealed that strands of actin filaments ex-
tended from the ventral surface of the cell up to the dorsal surface
(Figure 1B). These strands ended in the MSFs and myofibrils on the
dorsal surface (Figure 1C; Supplemental Figure S1B; Supplemental
Movie S1).

We next wanted to experimentally test if DSFs were mechani-
cally coupled to MSFs and myofibrils. We hypothesized that the
contractile MSFs and myofibrils could be pulling on DSFs. There-
fore, we predicted that cutting DSFs would result in MSFs/myofibrils
moving away from the edge of the cell. To test this possibility, we cut
a DSF that appeared connected to either an MSF (Figure 1D) or a
myofibril (Figure 1E) using a high intensity-focused laser. We found
that cutting of the DSF resulted in translocation of the MSF or
myofibril away from the edge (Figure 1, D and E). To further test
mechanical coupling, we also cut a myofibril that was attached to
two DSFs; one on either end (Supplemental Movie S2). On cutting,
the two halves of the myofibril retracted away from each other along
with the DSF each half was attached to (Supplemental Movie S2).
Taken together, the localization and laser dissection experiments
suggest that DSFs mechanically connect MSFs and myofibrils to
adhesions.

Given the physical connection between focal adhesions and
myofibrils, we next investigated if there was a temporal relation-
ship between the relative assembly of the two structures. We im-
aged actin filaments and paxillin in live hiCMs during the transition
of MSFs into the first myofibrils. We use the term “myofibril matu-
ration” to describe this transition. This should not be confused
with “cardiomyocyte maturation,” which involves transcriptional
and metabolic changes over developmental time scales (Jiang
et al.,, 2018). As previously demonstrated, MSFs translocate away
from the edge and obtain sarcomeres over time (Fenix et al.,
2018). The purple arrowheads in Figure 2A denote this pheno-
menon. The paxillin channel revealed that focal adhesions also
elongate during this same time period (Figure 2A, green arrow-
heads). Consistent with how DSFs form in mesenchymal cells
(Hotulainen and Lappalainen, 2006), we observed the appearance
of DSF-like connections between the elongating adhesions and
maturing myofibrils (Figure 2A, yellow arrowheads). We next
wanted to quantify the potential relationship between adhesion
growth and myofibril maturation over time.

As focal adhesions mature, their area increases (Geiger et al.,
2009). Similarly, when myofibrils mature, the length of their Z-lines
increases (Dabiri et al., 1997). Therefore, we used total area of focal
adhesions as a proxy for adhesion maturity and Z-line length as a
proxy for myofibril maturity. To identify focal adhesions, we localized
the adhesion protein, paxillin (Figure 2B). To identify Z-lines, we
localized o-actinin-2 (Figure 2B). We then used a computer-
assisted analysis method we developed to measure Z-line length
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FIGURE 1: Three-dimensional organization of myofibrils and DSFs. (A) SIM of actin filaments (magenta) and paxillin
(green) in hiCM plated for 24 h. (B) SIM showing the layers of actin filaments in the axial (Z) dimension from the box in A.
Arrowheads denote different DSFs. (C) Three-dimensional color projection of the data in (B). Lines denote the different
DSFs denoted in B. (D, E) Focused laser-mediated cutting of DSF attached to an MSF (D) or a myofibril (E) in hiCM
expressing Lifeact-mApple at 16 h postplating. Green arrowheads denote DSFs and blue arrowheads denote MSF or
myofibril. Yellow line denotes cut site. Temporal color-coded overlays and image subtractions show the change in
positioning of the MSF or myofibril following cutting of the DSF. See Supplemental Figure S1C for uncropped

views of cells.
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Dynamics of adhesions and myofibril maturation. (A) Time montage of actin labeled with Lifeact-mEmerald
and paxillin-mCherry during myofibril assembly. The first frame (top) and last frame (bottom) are separated by a time
montage of the regions shown in the boxes (dotted lines). The purple arrowhead denotes an MSF becoming a myofibril.
The green arrowhead denotes a growing adhesion. The yellow arrowhead denotes an extending DSF. (B) Representative
SIM images of endogenous paxillin and o-actinin-2 in hiCMs plated from 6 h, 24 h, or 1 wk. (C) Quantification of Z-line
lengths and adhesion area in hiCMs plated for 6 h, 24 h, and 1 wk. Z-line measurements: 6H: n=58 cells, N=4
independent experiments; 24H: n =75 cells, N = 4 independent experiments; 1 Week: n=81 cells, 3 independent
experiments. Adhesion measurements: 6H; n= 38 cells, N = 5 independent experiments; 24H: n= 48 cells, N=5
independent experiments; 1 Week: n = 28 cells, N = 3 independent experiments.

and adhesion area in hundreds of cells during hiCM spreading (Sup-
plemental Figure S3, supplemental software). We analyzed cells that
were allowed to spread for 6 h, 24 h, and 1 wk postplating (Figure
2B). We chose these time points based on our previous observa-
tions on the timing of myofibril maturation. At 6 h postplating, most
hiCMs were characterized by immature myofibrils with punctate Z-
lines (i.e., Z-bodies). By 24 h, hiCMs contained myofibrils with elon-
gated Z-lines. As suggested by our live data, we observed a strong
positive correlation between the extent of adhesion and myofibril
maturity at 6 h, 24 h, and up to 1 wk postplating (Figure 2C). We
next wanted to further establish the relationship between cel-ECM
adhesion and myofibril maturation by altering components of the
adhesion machinery and measuring the effects on myofibril
maturation.

Decreasing cell-ECM adhesion results in attenuation of
myofibril maturation

We chose to start with vinculin, a component of focal adhesions that
links the adhesion to the actin cytoskeleton (Carisey and Ballestrem,
2011). It was predicted two decades ago by Howard Holtzer and
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colleagues that vinculin would play a role during myofibril assembly
(Lu et al., 1992). Furthermore, knockout of vinculin in hiCMs has
been shown to alter the organization of Z-lines (Chopra et al., 2018).
We depleted vinculin using a pooled siRNA approach and found a
significant reduction in paxillin-positive area (Figure 3, A-C). To test
if reduction in vinculin altered myofibril maturation, we measured
the length of Z-lines after 24 h of spreading, since this is the time
point at which most control cells contained myofibrils (Fenix et al.,
2018). Knockdown of vinculin resulted in a significant reduction in
Z-line length (Figure 3, D and E). This reduction in Z-line length was
in agreement with previously published data (Chopra et al., 2018).
We next wanted an additional measure of myofibril maturation. The
incorporation of the large Z-disk protein titin is considered a marker
for maturation of myofibrils (Sanger et al., 2005). We localized the
N-terminal region of titin, which should localize on either side of Z-
lines (Figure 3F) (Wang and Greaser, 1985). In control cells plated for
24 h, we found distinct organization of titin at a mean distance of 4.1
+ 2.3 um from the edge (Figure 3G). Knockdown of vinculin resulted
in severe disruption of overall titin organization, with the first titin
structures localizing 9.5 £ 3.8 pm from the edge (Figure 3G). The
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independent experiments. (B) Paxillin localization (single optical section) in hiCMs treated with either scrambled or
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effects of vinculin knockdown on adhesion area, Z-line length, and
titin organization were recapitulated using a single siRNA mediated
knockdown approach (Supplemental Figure S4, A-D).

In nonmuscle cells, vinculin is thought to act as a "clutch" that
mechanically couples focal adhesions to actin stress fibers (e.g.,
actin arcs) to impede their rearward translocation (Thievessen
et al., 2013). As a result, we asked if vinculin could also be slowing
the translocation of MSFs. We previously reported that MSFs
translocate away from the edge and then slow down as they transi-
tion into myofibrils, which undergo little translocation (Fenix et al.,
2018). Therefore, we quantified the rate of rearward movement of
MSFs in control versus vinculin-depleted cells. We used kymogra-
phy to measure the rates of MSF translocation (Figure 4, A and B).
In control cells, we found MSFs underwent rearward translocation
at comparable rates as our previous report (Figure 4, A, B, and E).
Vinculin knockdown resulted in a significant increase in MSF trans-
location rates (Figure 4, C and E). This is consistent with a potential
role for cell-ECM adhesion in slowing the translocation of MSFs.
We next wanted to test if reduction of adhesion size through alter-
ing other adhesion components could also attenuate myofibril
maturation.
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Talin is a focal adhesion protein that directly binds B integrins
through its N-terminal “head” domain and to vinculin through
its C-terminal “tail” domain (Dumbauld et al., 2013). As a result,
talin binding to vinculin leads to focal adhesion strengthening
by linking vinculin to integrins (Case et al., 2015). It has been
previously reported that overexpression of the head domain of
talin acts in a dominant negative manner, resulting in attenua-
tion of focal adhesion signaling (Tan et al., 2015). We hypothe-
sized that expression of talin head domain should result in
reduction in focal adhesion area, similar to vinculin knockdown.
Therefore, we measured paxillin-positive area in hiCMs express-
ing talin head-mEGFP (Figure 5, A and C). We found a marked
decrease in focal adhesion area in hiCMs expressing talin head-
mEGFP versus control cells (Figure 5, B and C; Supplemental
Figure S5). We also found that this decrease in adhesion area
correlated with a decrease in Z-line length, as well as an increase
in the distance from the edge at which titin localizes (Figure 5,
D-G). The rate of MSF translocation also increased in hiCMs
expressing talin head-mEGFP (Figure 5H).

We next investigated the role of focal adhesion kinase (FAK),
which is a key scaffolding and signaling protein at focal adhesions
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control vs. vinculin-depleted cells. si-Scr: n = 30 MSFs from 19 cells;
si-Vinculin: n = 22 MSFs from 14 cells; N = 3 independent
experiments. Exact p values are stated in the graphs.

necessary for regulating focal adhesion growth (Parsons et al.,
2000). A previous study has suggested that knocking down FAK in
skeletal muscle precursors (i.e., myoblasts) reduced focal adhesions
as well as attenuated myofibril formation (Quach and Rando, 2006).
We asked whether this role for FAK is conserved in cardiomyocytes.
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To that end, we depleted hiCMs of FAK using a pooled siRNA ap-
proach (Figure 6A) and first measured focal adhesion area. Consis-
tent with previous reports (Quach and Rando, 2006), we found a
significant reduction in focal adhesion area on knockdown of FAK
(Figure 6, B and C). In correlation with this reduction in adhesion, we
found a decrease in Z-line length as well as an increase in the
distance from the edge at which titin localized (Figure 6, D-G). We
verified these phenotypes using single siRNA-mediated knockdown
of FAK (Supplemental Figure S4, E-H). Furthermore, depletion of
FAK resulted in increased rates of MSF translocation (Figure 6H).
Taken together, we used four different methods to reduce focal
adhesions in hiCMs. Our data suggest that reducing focal adhesion
area correlates with attenuation of myofibril maturation and an in-
crease in rate of MSF translocation. We next wanted to increase
adhesion area to test if it would result in increased or accelerated
myofibril maturation.

Increasing ECM adhesion results in precocious myofibril
maturation

It has been shown in nonmuscle cells that pharmacologically dis-
rupting the kinase activity of FAK leads to inhibition of adhesion
turnover without affecting adhesion assembly, resulting in increase
in adhesion area (Slack-Davis et al., 2007; Taneja et al., 2016). There-
fore, we used a specific small-molecule inhibitor, PF-228, to disrupt
the kinase activity of FAK in hiCMs. The autophosphorylation of FAK
at Y397 is classically used as a readout for FAK kinase activity
(Schaller et al., 1994; Slack-Davis et al., 2007; O'Brien et al., 2014).
We found that treatment of hiCMs with PF-228 led to a nearly com-
plete loss of localization of pFAK from adhesions (Figure 7A). Treat-
ment of hiCMs with PF-228 led to a small increase in focal adhesion
area at 24 h postplating, but this was not significant (Supplemental
Figure Sé). Furthermore, there was a significant, but small change in
Z-line length (Supplemental Figure Sé). We wondered whether any
potential effects of FAK inhibition could be observed at earlier time
points in plating when the first myofibrils are assembling. We previ-
ously showed that the first myofibrils arise 4-16 h after plating (Fenix
et al., 2018). Therefore, we chose to investigate the relationship be-
tween focal adhesions and myofibrils at 6 h postplating. Indeed, we
found that at 6 h postplating, hiCMs treated with PF-228 had a sig-
nificantly higher adhesion area (Figure 7, B-C). Strikingly, we found
that hiCMs treated with PF-228 also had significantly longer Z-lines,
as well as closer titin localization to the edge (Figure 7, D-G). Fur-
thermore, we found that PF-228-treated hiCMs had slower rates of
MSF translocation compared with control hiCMs (Figure 7H). We
next wanted to test if the correlation between an increase in
adhesion area and precocious myofibril assembly was specific to
FAK inhibition. Therefore, we wanted to increase focal adhesion size
without any genetic or pharmacological perturbations.

It has been shown in nonmuscle cells that increasing the concen-
tration of the ECM protein, fibronectin, leads to larger focal adhe-
sions (Gupton and Waterman-Storer, 2006; Taneja et al., 2016). As
our standard procedure, we plate hiCMs on glass coverslips coated
with 10 pg/ml fibronectin. As such, all the previous experiments pre-
sented here were performed with this coating concentration. To test
if increasing fibronectin would increase focal adhesion area in
hiCMs, we plated them on glass coverslips coated with 50 pg/ml fi-
bronectin, as we have done previously using nonmuscle cells (Taneja
et al., 2016). At 6 h postplating, we found that hiCMs plated on
50 pg/ml fibronectin had a higher paxillin-positive adhesion area
compared with control hiCMs plated on 10 pg/ml fibronectin (Figure
8, A and B). This increase in adhesion area correlated with an in-
crease in Z-line length as well as closer titin localization to the edge

Molecular Biology of the Cell
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(Figure 8, C-F). The rate of MSF translocation was also significantly
slower compared with control hiCMs plated on 10 pg/ml fibronectin
(Figure 8G). Of note, focal adhesion area and Z-line length were not
significantly different for hiCMs plated on 10 or 50 pg/ml fibronectin
at 24 h postplating, similar to what we observed with FAK inhibition
(Supplemental Figure S6). Taken together, our data suggest that in-
creasing focal adhesion area correlated with precocious myofibril
maturation.

DIAPH1 is required for the maturation of myofibrils

We next wanted to further investigate the mechanism controlling
substrate coupling during myofibril maturation. As DSFs form the
connection between adhesions and myofibrils, we hypothesized that
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reducing this connection could lead to less mature myofibrils. In non-
muscle cells, the actin filament nucleator DIAPH1 is known to be criti-
cal for focal adhesion growth and its depletion results in fewer and
smaller focal adhesions (Riveline et al., 2001; Fessenden et al., 2018).
We previously showed that DIAPH1 is expressed in hiCMs using
RNAseq (Fenix et al., 2018). In that study, we also showed that an-
other formin, FHOD3, is critical for the assembly of myofibrils (Fenix
et al., 2018). However, FHOD3 only localized to MSFs and myofibrils
but not to DSFs (Fenix et al., 2018). To examine whether DIAPH1 lo-
calized to DSFs, we expressed DIAPH1-mEGFP. In contrast to
FHOD3, we found that DIAPH1 localized to the actin filaments of
DSFs (Figure 9A). Furthermore, depletion of DIAPH1 using siRNA
resulted in a reduction of DSFs but not MSFs (Figure 9, B and C).
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We next examined if DIAPH1 knockdown reduced focal adhe-
sions and myofibril maturation. Indeed, we found that hiCMs did
have a significant reduction in focal adhesion area after DIAPH1
depletion using pooled siRNA (Figure 9, D and E). Further estab-
lishing the correlation between focal adhesion area and myofibril
maturation, we found a significant decrease in Z-line length (Figure
9, F and G). There was also an increase in the distance from the
edge at which titin localized in DIAPH1-depleted cells (Figure 9, H
and I). The phenotypes observed for focal adhesion area, Z-line
length, and titin organization were recapitulated using single
siRNA-mediated knockdown of DIAPH1. Further supporting the
hypothesis that DIAPH1 is required for substrate coupling in
hiCMs, we found a significant increase in the rate of MSF translo-
cation (Figure 9J).

DISCUSSION

Here we present a new model of how cell-ECM adhesions regulate
the maturation of sarcomere-containing myofibrils (Figure 10). We
started by examining the architecture of focal adhesions relative to
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the contractile machinery in hiCMs during de novo assembly of
myofibrils. Sarcomeres formed on the top (dorsal) surface of the cell
(Fenix et al., 2018), while adhesions matured on the bottom (ventral)
surface of the cell. In striking resemblance to the architecture of
actin stress fibers in nonmuscle cells, we found thin, actin-based
connections spanning the axial distance between focal adhesions
and myofibrils. We showed using laser-mediated cutting that DSFs
mechanically link both MSFs and myofibrils to focal adhesions. Live
imaging of adhesions and actin filaments during myofibrillogenesis
revealed that these structures arise and elongate out of focal adhe-
sions as MSFs translocate away from the edge and mature into myo-
fibrils. This results in the long axis of focal adhesions being parallel
to the long axis of Z-lines.

In our attempt to modulate adhesion area, our results have impli-
cated a canonical adhesion pathway that is well characterized in
nonmuscle cells. We started with the hypothesis that this canonical
signaling axis would be conserved in cardiomyocytes. Previous su-
perresolution studies have elaborated the nanoscale architecture of
focal adhesions, revealing layers of focal adhesion components

Molecular Biology of the Cell



B

A Phospho-FAK (Y397)
24 hours after plating

PF228

Control
Control

10 um

gray levels
o M 10K

D

a-actinin 2
6 hours after plating

Control

Length of Z lines

1.5
1.0 ° %
0.5 %
0
control PF228

Focal adhesions (paxillin)
6 hours after plating

Ftitin
6 hours after plating

Area of focal adhesions

100
80
~ 60 o
E ®
= 40
20
control  PF228

ray levels
0& 20K G
Distance of titin
from the edge

53%10

Control 20
(yellow box) s .
g‘ 10 é
5
0
control  PF228

PF-228 H MSF translocation
(yellow box) 0.009
1507

<100
£
€
£ 50

0

control  PF228

Inhibition of FAK kinase activity results in precocious myofibril maturation. (A) Localization of pFAK Y397 in
control or 3 yM PF-228-treated hiCMs 24 h postplating. (B) Paxillin localization (single optical section) in control vs.
PF-228-treated hiCMs 6 h postplating. (C) Quantification of adhesion area in PF-228-treated cells. Control: n = 38 cells,
N =5 independent experiments. PF-228: n = 44 cells, N = 4 independent experiments. (D) o-actinin-2 localization
(maximum Z-projection) in control vs. PF-228-treated hiCMs 6 h postplating. (E) Quantification of average length of
Z-lines in PF-228-treated hiCMs. Control: n = 58 cells, N = 4 independent experiments; PF-228: n = 107 cells, N=4
independent experiments. (F) Localization of titin in control vs. PF-228-treated hiCMs after 6 h of spreading.

(G) Quantification of distance of titin localization from the cell edge. Control: n =23 cells; PF-228: n = 23 cells; N=3
independent experiments each. (H) Quantification of MSF translocation rates in PF-228-treated cells vs. control. PF-228:
n =24 MSFs from 17 cells; N = 3 independent experiments. The control data set is the same is in Figure 5H. Exact

p values are stated in the graphs.

(Kanchanawong et al., 2010). Here we modulate each of these layers
and reveal multiple positive correlations between the extent of ad-
hesion and myofibril maturation. We modulated the integrin layer
by increasing the concentration of fibronectin, the signaling layer by
modulating talin and FAK, the force transduction layer by modulat-
ing vinculin, and the actin regulatory layer by modulating DIAPH1.
Interestingly, these data revealed that perturbations that led to
reduced adhesion area and decreased MSF maturation correlated
with an increase in the rate of MSF translocation, while perturbations
that led to increased adhesion resulted in a decrease in the rate of
MSF translocation.

The inverse relationship between the rate of MSF translocation
and the extent of adhesion parallels observations made in migrating
cells. In migrating cells, adhesions slow the movement of actin arcs
(Alexandrova et al., 2008; Burnette et al., 2011), which are the ortho-
logs of MSFs (Fenix et al., 2018). Actin arcs are physically linked to
focal adhesions through DSFs (Hotulainen and Lappalainen, 2006;
Burnette et al., 2014). DIAPH1 has been shown to be required for
DSF assembly in nonmuscle cells (Hotulainen and Lappalainen,
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2006). Therefore, it was not surprising that knockdown of DIAPH1
led to an increase in the rate of MSF translocation. DSFs are linked
to adhesions through vinculin, which has been proposed to act as a
clutch in nonmuscle cells (Thievessen et al., 2013). Indeed, MSF
translocation was also accelerated on vinculin depletion. Talin me-
chanically links vinculin to integrins. In nonmuscle cells, overexpres-
sion of the head domain of talin disrupts the ability of endogenous
talin to bind integrins, thus effectively losing this mechanical cou-
pling (Tan et al., 2015). In line with the vinculin depletion phenotype,
overexpression of the head domain of talin also accelerated MSF
translocation.

These multiple correlations between cell-ECM adhesion and
MSF translocation, as well as direct mechanical coupling through
DSFs, strongly suggest a role for mechanical forces in the matura-
tion of myofibrils. Focal adhesions are ideally suited for allowing an
increase in tension since they can both sense and adapt to the
magnitude and direction of mechanical forces (Janostiak et al.,
2014; Swaminathan et al., 2017). Components such as integrins,
talin, and vinculin are mechano-sensitive (Katsumi et al., 2005;
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del Rio et al., 2009; Pasapera et al., 2010); that is, they change their
structural conformation on application of mechanical forces. Fur-
thermore, it was reported that only a small proportion of talin mole-
cules at cell-ECM attachment sites in the Drosophila flight muscle
experience significant forces, suggesting a large pool of talin is
primed for adapting to changes in load (Lemke et al., 2019). There-
fore, our data support a model where adhesions could serve as
load-bearing sites and allow an increase in mechanical tension in
MSFs, which would allow their maturation into myofibrils (Figure 10).
Indeed, in the flight muscles of Drosophila, the establishment of
cell-ECM sites with tendons precedes the maturation of stress fibers
to myofibrils (Lemke and Schnorrer, 2017).

A bidirectional interplay between myofibrils and cell-ECM adhe-
sions has also been implicated using computational modeling, where
it was proposed that myofibrils and stress fibers form along the
maximal principal stress direction (Yuan et al., 2017). Interestingly,
cell-ECM adhesion was dominant over the contribution of cell
shape to determine the direction of stress; “immature” iPSC derived
cardiomyocytes with uniformly arranged smaller adhesions formed
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radially arranged myofibrils on square micropatterns, while more
mature neonatal cardiomyocytes with larger adhesions formed lin-
ear substrate attached myofibrils (Yuan et al., 2017). Our data are in
agreement with these theoretical predictions, since trypsinized
hiCMs form radially arranged focal adhesions at early time points
(6 h, Figure 2B) and thus form radially arranged myofibrils. At later
time points (beyond 24 h), as adhesions grow larger, a symmetry-
breaking process occurs where these myofibrils linearize and
become substrate attached.

A recent study claimed to have delved into the fundamental me-
chanics of sarcomere assembly, where they propose that myofibrils
stream out of “protocostameres” (i.e., focal adhesions) through a
“centripetal” assembly mechanism (Chopra et al., 2018). It is impor-
tant to note again that the authors made these claims about “de
novo” sarcomere assembly during a time window when sarcomeres
are already assembled. The apparent appearance of myofibrils per-
pendicular to focal adhesions was interesting, and different than the
parallel arrangement we find during sarcomere assembly. This is an
effect of imaging the ventral plane of the cell and capturing the

Molecular Biology of the Cell
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FIGURE 10: Working model for the role of substrate adhesion in
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preformed myofibrils falling down from the dorsal surface, a phe-
nomenon observed routinely in nonmuscle cells (Hotulainen and
Lappalainen, 2006; Tojkander et al., 2015). In nonmuscle cells, actin
arcs on the dorsal surface fuse with at least two DSFs as they
move to the ventral surface and convert to a ventral stress fiber with
an adhesion at both ends (Hotulainen and Lappalainen, 2006;
Tojkander et al., 2015). The data from Chopra et al. (2018) appear to
support such a mechanism of creating ventrally attached myofibrils
and may be a manifestation of the symmetry breaking that occurs at
later stages of hiCM spreading. We speculate DSFs are key struc-
tures that may relay the direction of principal stress from adhesions
to MSFs or myofibrils.

Furthermore, Chopra et al. (2018) reported that knockout of B-
myosin Il led to a decrease in sarcomere content. This led the au-
thors to propose that a force balance between B-myosin II, but not
other myosin Il paralogs, and focal adhesions directs the centripetal
assembly of sarcomeres. Interestingly, subsequent studies have
called into question the relative roles of the myosin Il paralogs
during sarcomere formation (Fenix et al., 2018; Yang et al., 2018).
Another lab has also generated B-myosin Il knockout hiCMs, and
sarcomere formation in these cells still occurs (Yang et al., 2018).
This calls into question the requirement for B-myosin Il in sarcomere
formation. Furthermore, we have recently shown that knockdown of
“nonmuscle” myosin lls does lead to attenuation of sarcomere for-
mation (Fenix et al., 2018). These requirements are also mirrored in
Drosophila flight muscles, where nonmuscle myosin Il-mediated
tension, but not muscle myosin Il, was required for the increased
ordering in actin filaments (Loison et al., 2018).

It is important to note that our data suggest that centripetal as-
sembly does, in part, contribute to myofibril formation. Centripetal
assembly is likely to be the mechanism of nucleating the connec-
tions between myofibrils and focal adhesions (i.e., DSFs). The
concept of centripetal assembly was first proposed in 1984 in non-
muscle cells, where stress fibers arise at the edge and elongate in a
centripetal manner toward the middle of the cell (Wang, 1984).

1284 |

N. Taneja et al.

Subsequent studies established this mode of assembly to be driving
DSF formation, but not the assembly of actin arcs (Hotulainen and
Lappalainen, 2006). This concept of centripetal assembly was ap-
plied to myofibril formation as early as 1990, where vinculin
“plaques” at the edge were proposed to give rise to the precursors
of myofibrils (Lu et al., 1992). Our data argue while myofibrils do not
directly arise from adhesions through centripetal assembly, DSFs
that link myofibrils to adhesions are likely to arise due to centripetal
assembly. In support of this idea, disruption of B1 integrin in skeletal
muscle in vitro led to the absence of mature myofibrils, but not MSF-
like structures (Schwander et al., 2003).

Cell—cell adhesion is another source of balancing forces gener-
ated by myofibrils (Liu et al., 2016). However, cell-cell adhesion is
still unknown to play a significant role in de novo myofibril assembly.
It has been demonstrated previously that cel-ECM adhesion sites
are responsible for the majority of traction force generation during
early cardiomyocyte spreading; as the cell continues to spread and
makes cell-cell contacts, load-bearing sites are transferred to cell-
cell contact sites (McCain et al., 2012). As such, it is interesting to
note that focal adhesion proteins such as FAK and vinculin also
localize to intercalated discs once they form (Koteliansky and
Gneushev, 1983; Yi et al., 2003). Indeed, a recent study found that
vinculin localizes to cell-cell-adhesion sites under increased load in
zebrafish hearts in vivo, driving the thickening of myofibrils (Fukuda
etal., 2019). Determining the mechanisms driving the localization of
such proteins to sites of increased load should be the focus of future
studies.

Finally, we show a similar actin architecture in spreading hiCMs,
namely, a force-generating contractile stress fiber (i.e., MSFs and
myofibrils) connected to a load-bearing structure (i.e., focal adhe-
sion) via a noncontractile stress fiber (i.e., DSF) that is commonly
observed in mesenchymal cells. It is interesting to note while this
architecture is conserved, there are minor differences in the regula-
tory mechanisms between the formation of MSFs and actin arcs
(Fenix et al., 2018). We speculate that this may allow a mesodermal
progenitor cell to modify the same mechanical system to perform
two distinct functions, cell migration in the case of mesenchymal
lineages and sarcomere assembly in the case of cardiac lineages.

MATERIALS AND METHODS

Material availability

Further information and requests for resources and reagents should
be directed to and will be fulfilled by the corresponding author, Dylan
Burnette. Key reagents and resources are summarized in Table 1.

Cell culture
Human iPSC-derived cardiomyocytes (CMM-100-012-000.5, Cellu-
lar Dynamics, Madison, WI) were cultured as per manufacturer’s in-
structions in proprietary manufacturer-provided cardiomyocyte
maintenance medium in polystyrene 96-well cell culture plates.
Cells were maintained at 37°C and 5% CO,. For replating hiCMs
onto glass substrates, cells were washed 2x with 100 pl 1x phos-
phate-buffered saline (PBS) with no Ca**/Mg?* (PBS*, 70011044, Life
Technologies, Grand Island, NY). PBS* was completely removed
from hiCMs, and 40 pl 0.1% Trypsin-EDTA with no phenol red
(15400054, Life Technologies, Grand Island, NY) was added to
hiCMs and incubated at 37°C for 2 min. Following incubation, the
cells were washed 3x with trypsin, the plate was rotated 180
degrees, and the cells were washed another 3x. Trypsinization was
then quenched by adding 160 pl of culture media and total cell
mixture was pipetted into a 1.5-ml Eppendorf tube. Cells were cen-
trifuged at 200 x g for 5 min, and the supernatant was aspirated.
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Reagent or resource

Source

Identifier

Antibodies

Mouse monoclonal anti-alpha actinin 2 (Clone EA-53)
Mouse monoclonal anti-paxillin
Rabbit polyclonal anti- DIAPH1
Mouse monoclonal anti-FAK

Rabbit monoclonal anti-pFAK Y397
Mouse monoclonal anti-Titin (9 D10)
Goat anti-mouse 488

Goat anti-rabbit 488

Goat anti-mouse 568

Goat anti-rabbit 568

Bacterial and virus strains

Biological samples

BSA

Chemicals, peptides, and recombinant proteins
Phalloidin Alexa Fluor 488
Phalloidin Alexa Fluor 568

FAK inhibitor PF-573228

PBS, 10x, Ca*/Mg? free

PFA, 16%

PBS, 10x, with Ca?*/Mg?*

0.5% Trypsin

0.1% Gelatin

Dimethyl sulfoxide

Vectashield with DAPI

Triton X-100

Critical commercial assays
Mix-N-Stain Antibody Labeling kit
Deposited data

Experimental models: cell lines

iCell cardiomyocytes? kit
Experimental models: organisms/strains

Oligonucleotides

SMART Pool siRNA against human FAK5-AAACGUCGAAAAUUGAUUG-
3",5-AAACGUCGAAAAUUGAUUG-3’, 5-CAGCAUUUCGUCAU-

AAGGC-3’, 5-AGACAACCCAACUUCAAAG-3’

SMART Pool siRNA against human DIAPH15"-CUGUCUUUGAAUC-
CAACAC-3’, 5-CACUAAUAAUAAAUAACCA-3, 5-UGAUAUUGAAGC-

CAAAAGC-3’, 5-AAGUCAUCCAUCUCCAUGC-3’

SMART Pool siRNA against human VCL5-UUCGAAUUUUGAUUG-
AAGC-3’, 5-CAACCUUAAUAAAUGCUGG-3, 5-AGUCUAUGGAGGC-

CAAUGC-3", 5-ACAAAUCCUAGCUUAUAAA-3
Recombinant DNA

mApple-Lifeact

mEmerald-Lifeact

mCherry-Paxillin

Sigma

BD Biosciences
Bethyl Laboratories
BD Biosciences
Abcam

DHSB

Life Technologies
Life Technologies
Life Technologies

Life Technologies

RPI

Life Technologies

Life Technologies

Sigma

Life Technologies

Electron Microscopy Sciences
Corning

Life Technologies

Sigma

Sigma

Vector

Fisher Scientific

Biotium

Cell Dynamics International

Horizon Discovery

Horizon Discovery

Horizon Discovery

Addgene
Addgene
Addgene

A7811
610051
A300-078A
610088
Ab81298
9D10
A11001
A11034
A11004
A11036

A30075-100.0

A12379
A12380
PZ0117
70011-044
15710
46-013-CM
15400-054
ES-006-B
276855
H-1200
BP151100

92233

CMC-100-012-000.5

E-003164-00-0005

E-010347-00-0005

E-009288-00-0005

54747
54148
55114

TABLE 1: Key resources
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Reagent or resource Source Identifier
mCherry-Alpha-actinin-2 Addgene 54974

Talin Head-mEGFP Addgene 56448
Talin-mEGFP Addgene 56446

Software and algorithms

MATLAB code to analyze Z-line length and adhesion area This study

Fiji (Fiji Is Just ImageJ) National Institutes of Health

Nikon elements Nikon

Other

TABLE 1: Key resources. Continued.

The cell pellet was resuspended in 200 pl of culture media and
plated on 35-mm dishes with a 10-mm glass bottom (D35-10-1.5-N;
CellVis, Sunnydale, CA) precoated with 10 pg/ml fibronectin
(354008, Corning) for 1 h at 37°C.

Chemicals

FAK inhibitor PF-228 (PZ0117) was purchased from Sigma. Alexa
Fluor 488-phalloidin (A12379), Alexa Fluor 568-phalloidin (A12380),
Alexa Fluor 488-goat anti-mouse (A11029), Alexa Fluor 488-goat
anti-rabbit (A11034), Alexa Fluor 568-goat-anti-rabbit (A11011), and
Alexa Fluor 568-goat anti-mouse (A11004) antibodies were pur-
chased from Life Technologies (Grand Island, NY).

Mouse anti-Paxillin (1:200, 610051) and mouse anti-FAK (1:500,
610088) antibodies were purchased from BD Biosciences. Rabbit
anti-FAK pY357 (1:200, ab81298) was purchased from Abcam.
Mouse anti-a-actinin 2 (1:200, A7811) was purchased from Sigma
Aldrich. Titin (?9D10) antibody was purchased from the Develop-
mental Studies Hybridoma Bank (University of lowa). Primary anti-
body conjugation was performed using Mix-n-Stain kits (92233)
purchased from Biotium (Fremont, CA) according to the instruc-
tions provided by the manufacturer. Paraformaldehyde (PFA,
15710) was purchased from Electron Microscopy Sciences
(Hatfield, PA). Triton X-100 (BP151100) was purchased from Fisher
Scientific (Suwanee, GA).

Fixation and immunostaining

Cells were fixed with 4% PFA in PBS at room temperature for
20 min and then permeabilized for 5 min with 1% Triton X-100/4%
PFA in PBS as previously described (Burnette et al., 2014). For
actin visualization, phalloidin 488 or 568 in 1x PBS (15 pl of stock
phalloidin per 200 pl of PBS) was used for 2 h at room tempera-
ture. For immunofluorescence experiments, cells were blocked in
10% bovine serum albumin (BSA) in PBS for 20 min, followed by
antibody incubations.

For visualizing titin, a live-cell extraction was performed to re-
move cytoplasmic background as described previously (Burnette
et al., 2011). Briefly, a cytoskeleton-stabilizing live-cell extraction
buffer was made fresh containing 2 ml of stock solution (500 mM
1,4-piperazinediethanesulfonic acid, 25 mM ethylene glycol tetra
acetic acid, 25 mM MgCly), 4 ml of 10% polyoxyethylene glycol
(PEG; 35,000 molecular weight), 4 ml H,O, and 100 pl of Triton
X-100, 10 uM paclitaxel, and 10 pM phalloidin. Cells were treated
with this extraction buffer for 1 min, followed by a 1-min wash with
wash buffer (extraction buffer without PEG or Triton X-100). Cells
were then fixed with 4% PFA for 20 min, followed by antibody label-
ing. VectaShield with DAPI (H-1200, Vector Laboratories, Burlin-
game, CA) was used for mounting.
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Protein expression

For protein expression in hiCMs, 200 ng plasmid and 0.4 pl ViaFect
(E4981, Promega, Madison WI) were added to a total of 10 pl of
Opti-MEM (ThermoFisher, Waltham, MA) and added to a single well
of hiCMs in a 96-well plate. The transfection was incubated over-
night (~16 h) prior to plating for imaging.

Plasmids

All plasmids used in this study are available from Addgene
(Cambridge, MA). mCherry-Alpha-Actinin2-N-18 (Addgene plasmid
#54974), mApple-Lifeact-7 (Addgene plasmid #54747), mEmerald-
Lifeact-7 (Addgene plasmid #54148), mCherry-Paxillin-22 (Addgene
plasmid #55114) (Paszek et al., 2012), EGFP-Talin-H-18 (Addgene
plasmid #56448), and EGFP-Talin-CW-18 (Addgene plasmid #
56446) were gifts from Michael Davidson.

Knockdown experiments

Knockdowns for FAK (PTK2), DIAPH1, and VCL were performed us-
ing Accell SmartPool siRNA (PTK2: E-003164-00-0005; DIAPH1:
E-010347-00-0005; VCL: E-009288-00-0005; scrambled control:
D-001910-10-05) purchased from GE Dharmacon. Experiments
were performed in 96-well culture plates using the TransIT-TKO
transfection reagent using instructions provided by the manufac-
turer (MIR2154, Mirus Bio). Single siRNA-mediated knockdown
experiments were performed using PTK2: A-003164-21-0005;
DIAPH1: A-010347-14-0005; VCL: A-009288-13-0005; and scram-
bled control: D-001910-10-05 were purchased from GE Dharma-
con. Three consecutive rounds of knockdown were performed to
deplete protein levels. Following knockdown, cells were replated
onto glass substrates for 24 h and fixed for immunofluorescence or
lysed for Western blotting.

Western blotting

Gel samples were prepared by mixing cell lysates with LDS sample
buffer (Life Technologies, NP0007) and sample reducing buffer (Life
Technologies, NPO009) and boiled at 95°C for 5 min. Samples were
resolved on Bolt 4-12% gradient Bis-Tris gels (Life Technologies,
NWO04120BOX). Protein bands were blotted onto a nylon mem-
brane (Millipore). Blots were blocked using 5% nonfat dry milk
(Research Products International, Mt. Prospect, IL, M17200) in Tris-
buffered saline Tween-20 (TBST). Antibody incubations were also
performed in 5% NFDM in TBST. Blots were developed using the
Immobilon Chemiluminescence Kit (Millipore, WBKLS0500).

SIM

SIM imaging and processing was performed using a GE Healthcare
DeltaVision OMX equipped with a 60 x 1.42 NA Oil objective and
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sCMOS camera or using a Nikon N-SIM equipped with a 100 x
1.49 NA Oil objective and EMCCD camera.

Fluorescence, live-cell microscopy, and focused
laser-mediated cutting

High-resolution widefield fluorescence images (for Z-line measure-
ment) and live imaging of actin filaments (to measure MSF transloca-
tion rates) were acquired on a Nikon Eclipse Ti equipped with a
Nikon 100x Plan Apo 1.45 numerical aperture (NA) oil objective and
a Nikon DS-Qi2 CMOS camera. Live imaging for Figure 2 and
focused laser-mediated cutting for Figure 1 were performed on a
Nikon Spinning Disk confocal microscope equipped with a 60 x
1.4 NA objective and an Andor iXON Ultra EMCCD camera, pro-
vided by the Nikon Center of Excellence, Vanderbilt University. Cut-
ting of DSFs was performed using a 100 mW UV laser (Coherent
Technologies) at 75% power, using a dwell time of 500 ps for a total
period of 1 s. TIRF imaging was performed using a Nikon TiE in-
verted light microscope equipped with a 100 x 1.49 NA TIRF objec-
tive and an Andor Neo sCMOS camera. Cells were maintained at
37°C with 5% CO, using a Tokai Hit stage incubator.

Quantification and statistical analysis

To measure Z-line length in hiCMs, Z-sections were acquired at 200-
nm intervals using widefield imaging at 100 x with 1.5 Zoom. Im-
ages were deconvolved with the Automatic deconvolution using
Nikon Elements software. All o-actinin 2 structures were 3D thresh-
olded manually in Nikon Elements using the clean algorithm 3x. The
lengths of the major axis of each body were exported from Ele-
ments for the calculation of Z-line length. Using a length minimum
exclusion criterion of 0.2 ym, Z-line lengths were calculated using
MATLAB (supplementary software).

To measure sum adhesion area of hiCMs, one single Z-slice of a
reconstructed SIM image where the focal adhesions were in focus was
selected. Focal adhesions were thresholded and the sum area was
measured in Fiji using a size minimum exclusion criterion of 0.1 um?2.

For measurement of the distance of titin to the edge (Figure 3, F
and G), we measured the length of a line from the edge to the first
titin ring in Fiji. The researcher analyzing the data was blinded to
treatment groups.

For measurement of MSF translocation rates, hiCMs were trans-
fected with Lifeact-mApple and allowed to spread for 16 h post-
plating. Two Z-sections were acquired, one at the ventral plane
and one 0.5 um above the ventral plane, at 2-min intervals for a
total time of 2 h. Maximum Z-projections were performed on the
time montages, followed by alignment of the image stacks using
the StackReg plugin in Fiji. A 3 pixel-thick line was drawn parallel
to the direction of MSF translocation to create a kymograph, fol-
lowing which the rates were measured for MSFs; 1-3 trajectories
were counted for each cell.

Statistical significance was determined using unpaired two-tailed
Student’s t tests performed in MATLAB or Excel. Each experiment
was performed a minimum of 3x and each cell was counted as a
data point and pooled over the biological replicates. All data were
displayed as Tukey plots, which were represented with boxes (with
Q1, median, Q3 percentiles), whiskers (minimum and maximum val-
ues within 1.5 times interquartile range), and outliers (solid circles).
No outliers were removed from the analysis. For Western blot
graphs, error bars represent standard error of the means.
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