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Abstract

Duchenne Muscular Dystrophy (DMD) is a fatal genetic disorder currently having no cure. Here
we report that culture substrates patterned with nanogrooves and functionalized with Matrigel (or
laminin) present an engineered cell microenvironment to allow myotubes derived from non-
diseased, less-affected DMD, and severely-affected DMD human induced pluripotent stem cells
(hiPSCs) to exhibit prominent differences in alignment and orientation, providing a sensitive
phenotypic biomarker to potentially facilitate DMD drug development and early diagnosis. We
discovered that myotubes differentiated from myogenic progenitors derived from non-diseased
hiPSCs align nearly perpendicular to nanogrooves, a phenomenon not reported previously. We
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further found that myotubes derived from hiPSCs of a dystrophin-null DMD patient orient
randomly, and those from hiPSCs of a patient carrying partially functional dystrophin align
approximately 14° off the alignment direction of non-diseased myotubes. Substrates engineered
with micron-scale grooves and/or cell adhesion molecules only interacting with integrins all guide
parallel myotube alignment to grooves and lose the ability to distinguish different cell types.
Disruption of the interaction between the Dystrophin-Associated-Protein- Complex (DAPC) and
laminin by heparin or anti-a-dystroglycan antibody I1H6 disenables myotubes to align
perpendicular to nanogrooves, suggesting that this phenotype is controlled by the DAPC-mediated
cytoskeleton-extracellular matrix linkage.
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1. Introduction

Duchenne Muscular Dystrophy (DMD) is a genetic disorder that causes progressive muscle
weakness and wasting, and the patients often die from cardiac and respiratory failure at an
age of 20-30s[1]. The disease affects one in 3500 male births worldwide[2]. It is known that
DMD is caused by mutations in dystrophin, a cytoplasmic protein essential for muscle
function[3, 4]. In healthy skeletal muscle, dystrophin links intracellular cytoskeleton to the
extracellular matrix (ECM) through the sarcolemma(muscle cell membrane)-associated
Dystrophin- Associated-Protein-Complex (DAPC): the actin-binding domains in dystrophin
associate with actin filaments and the C-terminal domain of dystrophin associates with the
transmembrane a/p dystroglycan complex, which further binds to laminin in the
surrounding basement membrane[5-8]. This cytoskeleton-ECM linkage stabilizes myofibers
during muscle contraction and relaxation and is essential for muscle function[4, 5, 9, 10].
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When dystrophin is missing or defective, myofibers are less stable and susceptible to chronic
injury, causing DMD symptoms and eventually depleting muscle regenerative ability. Given
the severe consequences of DMD and its high incidence among genetic disorders, massive
efforts have been made to search for DMD treatments[4, 11]. However, there is still no cure
for the disease; currently used corticosteroid treatment only slows down disease progression.
In addition, despite the advances in genetic testing technologies, there is an average delay of
about 2.5 years between onset of DMD symptoms and definitive diagnosis[12, 13], because
the dystrophin gene is very large and there are many possible types of pathogenic mutations
and some of which require expensive full gene sequencing and even RNA analysis to
identify[14]. Typical clinical diagnosis of DMD starts after symptoms become manifest, and
genetic testing is conducted only after its necessity is suggested by the results of a series of
other examinations such as physical examination, measurement of the serum creatinine
phosphokinase level, electromyography, and muscle biopsy[14, 15]. The well-documented
negative clinical impact of delayed diagnosis and treatment, together with the ongoing
efforts to develop new therapies that potentially can be initiated earlier than corticosteroid
treatment, makes early, accurate, and cost-effective diagnosis of DMD increasingly
important[12, 13, 16].

The advances in stem cell technologies, particularly those of human pluripotent stem cells
(hPSCs), including human embryonic stem cells (hESCs) and human induced pluripotent
stem cells (hiPSCs), have provided unprecedented opportunities to engineer human tissues
and disease models /n vitro for screening and validating drugs, facilitating diagnosis, and
elucidating pathological mechanisms[17-23]. Human PSCs can be expanded extensively and
induced for differentiation towards all somatic cell types, ensuring unlimited sources of
healthy and disease- specific human cells, and studies using these cells eliminate the issue of
interspecies differences associated with animal models. Patient-derived and disease-specific
hiPSCs retain genetic characteristics of donors, and therefore are particularly valuable for
studying genetic disorders such as muscular dystrophies. We have previously developed a
method to efficiently produce myogenic progenitors from hPSCs by inducible expression of
the paired box PAX 7 transcription factor (iPAX7), which are endowed with robust in vitro
and /n vivo muscle differentiation potential, representing a valuable tool for disease
modeling and regenerative medicine[24].

We hypothesized that engineered cell microenvironments would regulate the behavior of
hPSC-derived myogenic progenitors and that the phenotypic disparity between non-diseased
and DMD hiPSC-derived myotubes would be enhanced in response to certain
microenvironmental cues to yield a DMD biomarker for facilitating drug development and
diagnosis. It has been extensively reported that cell phenotypes and functions can be
profoundly impacted by biochemical ligands and topographical features engineered on cell
culture substrates[25-30]. In particular, micro- and nano-scale anisotropic topographical
cues have been extensively used in designing biomimetic microenvironments to engineer
skeletal muscle[31-49]. These topographical cues include parallel grooves, waves, wrinkles,
and aligned fibers; in most studies, the substrates were functionalized with cell adhesion
molecules such as collagen, gelatin, fibronectin, the RGD peptide, laminin, and Matrigel. All
these studies reported enhanced myotube alignment along the topographical direction and
subsequently improved tissue maturation, highlighting the importance of using anisotropic
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topographical cues to advance skeletal muscle tissue engineering. However, the myoblasts
used in most of these studies are C2C12 cells (a mouse cell line) and primary murine or
human myaoblasts. To our knowledge, only one study reported the effects of parallel
microgrooves on formation and alignment of hESC-derived myotubes[45], and no study has
been reported on using topographical cues to enhance the phenotypic disparity between non-
diseased and DMD hiPSC-derived myotubes[32], though it has been reported that parallel
nanogrooves could stratify the normal and disease phenotypes of hiPSC-derived
cardiomyocytes[50]. Therefore, we examined the behavior of nondiseased and DMD
patient-specific myogenic progenitors derived from iPAX7 hPSCs in response to
topographically patterned parallel grooves and substrate-bound cell adhesion molecules
during myogenic differentiation.

2. Results and Discussion

2.1. Myotubes differentiated from hESC-derived myogenic progenitors align nearly
perpendicular to topographical nanogrooves patterned on Matrigel-functionalized

substrates.

We set out to examine the behavior of hESC-derived myogenic progenitors undergoing
myogenic differentiation on polydimethylsiloxane (PDMS) substrates patterned with parallel
nanogrooves (800 nm groove/ridge widths and 400 nm depth; Supplementary Fig. 1) and
functionalized with Matrigel. This topographical feature was chosen because muscle cells
are anatomically aligned in native tissue and parallel nanogrooves were expected to promote
myotube alignment. Matrigel (reconstituted basement membrane extracted from Engelbreth-
Holm-Swarm (EHS) mouse sarcoma) was chosen because the basement membrane is the
ECM immediately adjacent to muscle cells in native tissue[6, 51]. Myogenic progenitors
were prepared from iPAX7 hESC by inducing PAX7 expression with doxycycline(dox) as
previously reported[24], seeded on the substrates at a density of 2.5x10° cells/cm?, cultured
in a dox- containing expansion medium for one day, and subsequently induced for
differentiation in a dox- free myogenic differentiation medium (medium components are
listed in Supplementary Information). Noticeable cell elongation was observed on day 3
upon differentiation induction, and formation of long, multinucleated myotubes was obvious
after 2 weeks. Immunofluorescent staining of the myotubes for sarcomeric a-actinin
revealed that they possessed sarcomeres giving the striated appearance and aligned in a
consistent direction throughout the entire area of each substrate (Fig. 1a). We then used
bright-field optical microscopy to determine the nanogroove direction on each substrate.
Remarkably, we found all the myotubes aligned nearly perpendicular to nanogrooves (Fig.
1b). In contrast, myotubes differentiated from the same cells on flat, Matrigel-functionalized
control substrates oriented randomly (Fig. 1c).

We further quantitatively determined myotube orientation distribution using the
Directionality plugin in ImageJ/Fiji[52, 53]. The orientation angle is defined as 90° when a
myotube aligns perpendicular to grooves and as 0°/180° when a myotube aligns parallel to
grooves. An arbitrary direction is used as the 0° reference for samples cultured on flat
controls. Fluorescent images acquired at a low magnification (with a 5x objective) were
analyzed. The probability density function (p.d.f.) of myotube orientations has a single,
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narrow, and high peak near 90° for samples cultured on nanogrooved substrates (Fig. 1d),
confirming that the myotubes aligned nearly perpendicular to nanogrooves throughout each
entire substrate. Each p.d.f. curve was fitted to a Gaussian function (equation (1)), and the
resulting peak position (mean myotube orientation angle) is highly reproducible for
myogenic progenitors prepared in different batches. Analysis of 9 p.d.f. curves revealed a
myotube orientation angle of 86.4°+2.1° (meanzS.D.). In contrast, the orientation p.d.f. of
myotubes cultured on the flat control does not have a narrow and high peak near 90° (Fig.
1d). Instead, low values of probability density spread throughout the whole angle range (Fig.
1d), suggesting random orientations of these myotubes (the wide and low peak in the curve
may result from the tendency of myotubes to align locally according to the directional
instruction provided by initially formed myotubes during myogenesis[54]). We further
examined samples cultured for 4 weeks, and the myotubes showed the same alignment and
orientation as those cultured for 2 weeks (Supplementary Fig. 2). To our knowledge, this is
the first study reporting differentiating myotubes aligning perpendicular to topographically
patterned grooves consistently throughout the whole area of a culture.

2.2. Myotubes align perpendicular only to submicron grooves.

We then examined whether the groove feature size would affect myotube alignment and
orientation. Human ESC-derived myogenic progenitors were cultured on Matrigel-
functionalized PDMS substrates patterned with 500-nm, 1000-nm, 1500-nm, or 3000-nm
wide grooves (Supplementary Fig. 1) and induced to undergo myogenic differentiation for 2
weeks. The myotubes aligned in a consistent direction in each sample, but the orientation of
aligned myotubes relative to grooves varied significantly with the feature size. The myotubes
cultured on 500-nm or 1000-nm grooved substrates aligned nearly perpendicular to the
grooves, similar to those on 800-nm grooved substrates. In contrast, the myotubes cultured
on 1500-nm or 3000-nm grooved substrates aligned nearly parallel to the grooves (Fig. 2a).
For all the samples, the p.d.f. of myotube orientations has a single, narrow, and high peak.
The peak is near 90° when the groove feature size is 500 nm or 2000 nm and near 0°/180°
when the feature size is 1500 nm or 3000 nm (Fig. 2b). The myotube orientation angle
(meanxS.D.) is 86.2°+2.4°, 83.8°+4.8°, 13.0°+10.1°, and 3.6°+2.8° (n=9) when the feature
size is 500 nm, 1000 nm, 1500 nm, and 3000 nm, respectively (Fig. 2c). These results
suggest that myotubes differentiated from hESC-derived myogenic progenitors align in a
highly consistent direction on each Matrigel-functionalized, grooved substrate, but
perpendicular alignment relative to grooves only occurs when the feature size is on the
submicron scale.

2.3. Matrigel or laminin functionalization on substrates is key to enabling perpendicular
myotube alignment to nanogrooves.

We further examined whether myotube alignment and orientation on nanogrooved substrates
would be affected by cell adhesion molecules functionalized on the substrates. Human ESC-
derived myogenic progenitors were cultured on 800-nm grooved substrates functionalized
with gelatin, the RGD peptide, fibronectin, and type I collagen, respectively. Myotubes
aligned in a consistent direction on each substrate, but interestingly, they all aligned nearly
parallel to nanogrooves (Fig. 3a), in contrast to perpendicular myotube alignment on
Matrigel- functionalized substrates having the same topographical pattern. The p.d.f. of
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myotube orientations has a single, narrow, and high peak near 0°/180° for all these samples
(Fig. 3b), in contrast to a peak near 90° for the samples cultured on Matrigel-functionalized
substrates (Fig. 1d). These results suggest that cell adhesion molecules functionalized on
nanogrooved substrates profoundly affect the orientation of aligned myotubes. Matrigel,
which is reconstituted basement membrane containing major components of the ECM
immediately adjacent to muscle cells in native tissue, plays an essential role in enabling
myotubes to align perpendicular to hanogrooves.

To find out which component in Matrigel is essential for this newly discovered phenotype,
we examined the alignment and orientation of myotubes differentiated from hESC- derived
myogenic progenitors on 800-nm grooved substrates functionalized with EHS mouse
laminin-111 or type IV collagen, two major components in Matrigel. Perpendicular myotube
alignment was observed on laminin-functionalized substrates, with the myotube orientation
p.d.f. having a single, narrow, and high peak near 90°; parallel myotube alignment was
observed on collagen-1V-functionalized substrates, with the myotube orientation p.d.f.
having a single, narrow, and high peak near 0°/180° (Fig. 3). We further examined the
alignment and orientation of hESC-derived myotubes on 800-nm grooved substrates
functionalized with human laminin- 111 and human laminin-211, and observed that the
myotubes aligned perpendicular to the nanogrooves, with the myotube orientation p.d.f.
having a single, narrow, and high peak near 90° (Fig. 3). Therefore, all the tested laminins
permit perpendicular myotube alignment regardless of their origins and types, probably
because different laminin types share similar binding sites for a- dystroglycan on the surface
of muscle cells[7, 55, 56]. It is known that laminin is structurally and functionally important
in native muscle tissue: it interacts with the DAPC through the transmembrane a/f
dystroglycan complex and disruption of this interaction impairs muscle function[5-8]. The
observation that laminin also plays an indispensable role in enabling perpendicular myotube
alignment relative to nanogrooves suggests that this phenotype may have a correlation with
muscle function.

2.4. Myotubes differentiated from other myogenic cells can also aligh perpendicular to
nanogrooves.

To find out whether perpendicular myotube alignment relative to nanogrooves on Matrigel-
functionalized substrates is unique to hESC-derived myogenic progenitors, we examined
myotubes differentiated from a variety of other non-diseased myogenic cells, including
hiPSC-derived myogenic progenitors, primary human skeletal myoblasts isolated from adult
donors, iPAX3 mouse ESC(mESC)-derived myogenic progenitors[57], and C2C12 cells
(immortalized skeletal myoblasts derived from adult mice[58]). The myotubes differentiated
from hiPSC-derived myogenic progenitors exhibited the same behavior as those from hESC-
derived myogenic progenitors: they aligned nearly perpendicular to grooves when the
feature size was 500 nm or 800 nm, but aligned nearly parallel to grooves when the feature
size was 1500 nm or 3000 nm (Fig. 4 and Supplementary Fig. 3). The myotubes
differentiated from primary human skeletal myoblasts, mESC-derived myogenic progenitors,
and C2C12 cells aligned nearly perpendicular to grooves when the feature size was 500 nm
(Fig. 4), and aligned nearly parallel to grooves when the feature size was 800 nm, 1500 nm,
or 3000 nm (Supplementary Fig. 4). Therefore, all examined myotubes, regardless whether
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they have a human or murine origin and whether they are PSC-derived or adult myoblasts,
aligned nearly perpendicular to topographical grooves when the feature size was sufficiently
small, though the feature size at which the myotube orientation transitioned from
perpendicular to parallel was different. We further examined two types of non-muscle cells,
human umbilical vein endothelial cells (HUVECSs) and 3T3 fibroblasts, cultured on the same
substrates. Cell elongation in the direction perpendicular to grooves was not observed
regardless of the feature size (Supplementary Fig. 5). Therefore, perpendicular alignment to
nanogrooves on Matrigel- functionalized substrates appears to be a universal property for
myotubes differentiated from non-diseased myogenic cells, but not a universal property for
other cells.

Using anisotropic topographical cues to enhance myotube alignment and maturation has
been investigated previously, and all the studies reported nearly parallel myotube alignment
relative to the topographical direction regardless of the feature size[33, 35-37, 39-43, 45]. In
particular, the Kim laboratory reported that primary mouse muscle cells cultured on
biodegradable poly(lactic-co-glycolic acid) patches patterned with a nanotopography similar
to what we used (800 nm groove/ridge widths and 600 nm depth) and coated with gelatin
differentiated into myotubes having enhanced alignment along the nanogroove direction and
maturity[36, 40]. These studies highlight the importance of anisotropic nanotopographies in
skeletal muscle tissue engineering for regenerative medicine and tissue modeling. On the
other hand, the novelty of our study is the new discovery that non-diseased myotubes align
perpendicular to nanogrooves when the substrates are functionalized with Matrigel or
laminin. Lack of laminin on nanogrooved substrates most likely accounts for the parallel
rather than perpendicular myotube alignment observed in these two studies even though a
nanotopography similar to ours was used. These results are in fact consistent with our
results, as we observed nearly parallel myotube alignment on substrates functionalized with
gelatin, the RGD peptide, fibronectin, type I collagen, or type IV collagen. Therefore, both
the previous reports and the present study suggest that perpendicular myotube alignment
relative to nanogrooves requires an engineered cell microenvironment mimicking that of
native muscle tissue, in which laminin is present to interact with the DAPC.

Myotube alignment and orientation on nanogrooved, Matrigel-functionalized

substrates can precisely distinguish hiPSCs derived from a non-diseased individual, a
dystrophin-null DMD patient, and a DMD patient carrying partially functional dystrophin.

Next, we investigated whether the ability of myotubes to align perpendicular to nanogrooves
would be impaired for cells derived from patients carrying genetic mutations for DMD. To
address this question, myogenic progenitors derived from hiPSCs of two DMD patients, one
exhibiting symptoms early and clinically diagnosed at age 2 with a deletion of exons 52-54
in the dystrophin gene (Aex52-54) that completely nullifies dystrophin and the other
exhibiting symptoms at a later age and clinically diagnosed at age 7 with a deletion of exon
31 (Aex31) that allows partially functional dystrophin to be produced, were examined side-
by-side with a non-diseased hiPSC-derived myogenic progenitor control. The investigator
conducting the experiments and data analysis was blinded to the experimental groups. The
cells were induced to undergo myogenic differentiation on Matrigel-functionalized
substrates patterned with 500-nm or 800-nm wide grooves for 2 weeks. The myotubes
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differentiated from these three types of cells exhibited strikingly different alignment and
orientation, allowing the investigator to accurately determine the identity of each myogenic
progenitor sample (Fig. 5a). The myotubes differentiated from one myogenic progenitor
sample aligned nearly perpendicular to nanogrooves throughout the entire culture area, and
this particular sample was inferred to be non-diseased. The myotubes differentiated from the
second myogenic progenitor sample appeared to orient randomly, and it was inferred to be
derived from the dystrophin-null DMD patient carrying the Aex52-54 mutation. The
myotubes differentiated from the third myogenic progenitor sample aligned in a consistent
direction throughout the entire culture area, but the angle between the myotube and
nanogroove directions obviously deviated from 90°. This third sample was inferred to be
myogenic progenitors derived from the DMD less affected patient carrying the Aex31
mutation. The identity of each hiPSC-derived myogenic progenitor sample was confirmed
by the collaborator providing these samples.

For both non-diseased and DMD less affected (carrying partially functional dystrophin)
cells, the p.d.f. of myotube orientations has a single, narrow, and high peak, suggesting that
these myotubes aligned in a consistent direction; the peak is near 90° for the former and near
70° for the latter (Fig. 5b). In contrast, the p.d.f. of myotube orientations for the dystrophin-
null DMD cells does not have a narrow and high peak (Fig. 5b). Instead, low values of
probability density spread throughout the whole angle range with some wide, low peaks,
suggesting that these myotubes did not have a consistent alignment direction. The
differences between the p.d.f. curves are so striking that the three cell types can be
distinguished readily with high accuracy. Quantitative analysis revealed the following
myotube orientation angles (meanzS.D.) for non- diseased and DMD less affected cells:
84.6+3.1° and 84.1+3.2° for the former and 71.3+5.6 ° and 69.0£7.1° for the latter when the
feature size is 500 nm and 800 nm, respectively (Fig. 5¢). Even though DMD less affected
myotubes align in a highly consistent direction, the mean orientation angle is approximately
14° lower than that of non-diseased myotubes. Such substantial deviation makes this
phenotype a sensitive biomarker to identify even DMD less affected cells.

To further confirm the reliability of the method to detect DMD cells, myogenic progenitors
derived from a different hiPSC clone from each of these two DMD patients were prepared,
and the investigator blinded to the cell groups repeated the experiments on 800-nm grooved
substrates. The myotubes differentiated from one cell sample aligned in a consistent
direction and quantitative analysis revealed an alignment angle of 75.4 + 1.0°; the myotubes
differentiated from the other cell sample oriented randomly (Supplementary Fig. 6). The
collaborator providing the cell samples confirmed that the former is from the DMD patient
carrying the Aex31 mutation and the latter is from the DMD patient carrying the Aex52-54
mutation.

When cultured on Matrigel-functionalized substrates patterned with 3000-nm wide grooves,
the myotubes differentiated from both types of DMD myogenic progenitors aligned nearly
parallel to grooves (Supplementary Fig. 7), similar to those differentiated from non-diseased
cells (Supplementary Fig. 3). Therefore, only the substrates patterned with submicron
grooves, which allow nearly perpendicular alignment for non-diseased myotubes, can
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distinguish the cells derived from non-diseased individuals and DMD patients affected by
different mutations.

Myotubes derived from the non-diseased individual, dystrophin-null DMD patient, and
DMD less affected patient exhibited substantially enhanced disparities in their alignment
and orientation on nanogrooved, Matrigel-functionalized substrates, which may potentially
serve as a DMD biomarker. A previous study pioneered the use of nanogrooved substrates to
stratify the normal and disease phenotypes of hiPSC-derived cardiomyocytes (hiPSC-CMs)
[50]. The topography was similar to what we used (800 nm groove/ridge widths and 600 nm
depth) and the patterned substrates were coated with fibronectin. The distribution of actin
fiber angles showed a peak near 0° for all examined hiPSC-CMs (the parallel rather than
perpendicular alignment may arise from lack of laminin on nanogrooved substrates and/or
different muscle cell type), though the peak for normal hiPSC-CMs was narrower and higher
than that for dystrophin-null DMD hiPSC-CMs. In our study, we observed considerable
batch-to-batch variations in the peak width and height of p.d.f. curves for cells derived from
the same individual and the same clone. Therefore, it might not be highly accurate to
distinguish non-diseased and DMD cells on the basis of peak width and height of p.d.f.
curves when all the cells align parallel to nanogrooves. In contrast, our method distinguishes
non-diseased and DMD cells on the basis of the highly reproducible peak position (mean
orientation angle) in each p.d.f. curve. This high reproducibility, in combination with
prominent deviations of disease phenotypes from the nondiseased phenotype, makes the
method reported here highly sensitive and accurate. In addition, our method is capable of
distinguishing diseased cells having partially functional dystrophin from both non-diseased
and dystrophin-null cells. Disease models having such capability have never been reported.

A variety of approaches have been used to create skeletal muscle models /in vitro for disease
modeling and drug discovery, with an emphasis on engineering biomimetic cell
microenvironments to promote muscle maturation to mimic muscle physiology and to
recapitulate disease phenotypes[32, 59]. Anisotropic topographical cues have been proven to
powerfully enhance myotube alignment and subsequently tissue maturation[33, 35, 36, 39].
Tissue models derived from hESCs and hiPSCs represent a powerful tool in drug discovery
and development, because they address the issue of interspecies differences associated with
animal models and offer the opportunity to detect patient-specific drug responses. However,
little has been reported on the effects of anisotropic topographical cues on hPSC-derived
skeletal muscle[45], though the importance of anisotropic topographical cues in promoting
alignment and subsequently structural and functional maturation of hPSC-derived
cardiomyocyte has been more extensively reported[17, 50, 60-66]. Carson et al. investigated
hiPSC-CMs cultured on substrates patterned with 350- to 2000-nm parallel grooves and
functionalized with RGD[60]. All feature sizes promoted hiPSC-CM alignment along the
groove direction, and the peak effects on enhancing cell alignment and subsequent
maturation were observed on 800-nm grooved substrates, where the majority of the cells fell
within 5° of the groove direction. This substrate was used to stratify the normal and disease
phenotypes of hiPSC-CMs on the basis of actin fiber distribution, cell elongation, and
contraction velocity anisotropic ratio[50]. Several studies reported using anisotropic
topographical cues to improve the sensitivity of hPSC-CM tissue models to drugs[63, 64,
66]. Human iPSC-CMs cultured on flexible nanofilms coated with aligned piezoelectric
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microfibers showed higher expression of cardiomyocyte markers, higher cellular alignment
along the microfibers, higher metabolic maturation, and higher contractility than those
cultured on a flat control, and the aligned and more mature hiPSC-CMs exhibited higher
sensitivity to cardiotoxic compounds and cardiomyocyte contraction modulators[66].
Human ESC-derived ventricular cardiomyocytes cultured on substrates having parallel
wrinkles showed improved alignment along the topographical direction, sarcomeric
structure, and calcium cycling properties; the aligned tissue model exhibited anisotropic
electrical conduction like native human ventricle and showed reduced spontaneous
arrhythmias to provide a physiological baseline, and this model successfully detected
cardiotoxicity of several drugs that previously failed in clinical trials or were withdrawn
from the market[63, 64]. These studies highlight the utility of anisotropic topographical cues
to improve the efficacy of hPSC-CM tissue models in drug screening and disease modeling.
Our study is the first to use anisotropic topographical cues to enhance phenotypic disparity
between non-diseased and DMD hiPSC-derived skeletal muscle cells. In addition, our study
is the first to offer a model capable of distinguishing DMD cells having partially functional
dystrophin from both non-diseased and dystrophin-null DMD cells.

Disruption of the DAPC-laminin interaction disenables myotubes to align

perpendicular to nanogrooves.

2.7.

Our results showed that both intact dystrophin in cells and the presence of Matrigel or
laminin on substrates are required for perpendicular myotube alignment, suggesting that the
phenotype is controlled by the DAPC-mediated cytoskeleton-ECM linkage. To further
confirm the important role of this linkage, we added heparin or anti-a-dystroglycan antibody
I1H6 to the culture media to disrupt the DAPC-laminin interaction when hESC-derived
myogenic progenitors were cultured on Matrigel-functionalized, 800-nm grooved substrates.
Both heparin and 11H6 have been previously used to inhibit the DAPC-laminin interaction in
skeletal muscle; heparin disrupts the interaction through its binding to laminin, and 11H6
blocks the interaction through its binding to a-dystroglycan, which is an essential DAPC
component interacting with laminin in native muscle[67, 68]. In the presence of 1 mg/ml
heparin, myotubes aligned parallel to the nanogrooves and the p.d.f. of myotube orientations
shows a high peak near 0°/180°. In the presence of 70 pug/ml 11H6, the p.d.f. of myotube
orientations shows a wide and low peak at approximately 40° (Fig. 6). In both experiments,
the myotube orientations deviated significantly from the perpendicular direction relative to
the nanogrooves, suggesting that disruption of the DAPC-laminin interaction disenables
perpendicular myotube alignment. These results confirmed the essential role of the DAPC-
mediated cytoskeleton-ECM linkage in regulating perpendicular myotube alignment relative
to nanogrooves.

Possible roles of the DAPC and focal adhesions in mediating topography-responsive

myotube orientation.

Cell alignment and orientation in response to anisotropic topographical cues has been
extensively examined for various cell types, including muscle cells. Typically cells elongate
in the direction parallel to grooves or aligned fibers[29, 31-50, 60-66, 69], and only a few
exceptions have been reported. Human corneal epithelial cells transition from parallel to
perpendicular orientation relative to grooves as the feature size decreases from microscale to
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nanoscale when cultured in Epilife medium[70]. Neurites growing from certain embryonic
neurons orient perpendicular to shallow, narrow grooves and parallel to deep, wide ones[71,
72]. Fetal myoblasts align parallel to the direction of deep microgrooves, but approximately
25% of these myoblasts align perpendicular to the direction of shallow microgrooves[73].
C2C12 cells cultured on dual-level topographical matrices combining parallel nanofibers
and a microgrooved topography formed myotubes aligning at an angle of 24° relative to the
fiber orientation, while those cultured on scaffolds having only nanofibers aligned parallel to
the fibers[74]. The detailed mechanisms underlying how cells sense anisotropic
topographical stimuli and transduce them to cell orientation, either parallel orientation in the
majority of studies or deviation from parallel orientation and perpendicular orientation in the
rare cases, remain not fully elucidated. However, it has been well recognized that the
cytoskeleton-ECM linkage mediated by focal adhesion protein complexes (FAs), which
contain transmembrane integrin receptors, plays a critical role in determining topography-
responsive orientation for non-muscle cells[75-78].

The DAPC and FAs are both essential sarcolemma-associated protein complexes connecting
cytoskeleton to the ECM in muscle[9], and our results suggest that they both play roles in
regulating topography-responsive myotube orientation. We observed that non-diseased
myotubes align perpendicular to nanogrooves only when laminin is present on substrates and
that DMD myotubes having mutated dystrophin do not exhibit this phenotype even on
laminin- functionalized substrates. Furthermore, when we blocked the DAPC-laminin
interaction, myotubes failed to align perpendicular to nanogrooves. These results clearly
suggest that perpendicular myotube alignment is controlled by the DAPC-mediated
cytoskeleton-ECM linkage. On the other hand, nanogrooved substrates functionalized with
adhesion molecules only interacting with integrins (gelatin, the RGD peptide, fibronectin,
and collagen) guide myotubes to align parallel to nanogrooves, suggesting that the parallel
orientation is mediated by integrin- containing FAs.

Since myotube orientation always aligns with the direction of myofibrils[79], the DAPC and
FAs most likely mediate topography-responsive myotube orientation through their regulation
on myofibrillogenesis. Although many details of myofibrillogenesis remain unclear, it has
been widely reported that FAs are an important regulator in the initial stage of
myofibrillogenesis, and a few studies suggest that other transmembrane protein complexes
could also play a role[80-84]. A hypothetical model that could explain the observed
influences of the groove feature size, the substrate-bound cell adhesion molecules, and
dystrophin mutations on myotube orientation is illustrated in Supplementary Fig. 8. It is
likely that FAs play an early role, and the polarized FA arrangement along both micro- and
nano-scale grooves guides myofibrils to orient parallel to grooves if FA maturation is not
hindered by geometric constraints and/or if the DAPC-mediated cytoskeleton-ECM linkage
is absent[75-77]. The DAPC may play a later role and possibly determine myofibril
orientation only if FA maturation is hindered by submicron grooves. On microgrooved
substrates, FA maturation is not restricted and FAs drive myofibrils to align parallel to the
microgrooves regardless of whether laminin is present or whether cells have mutated
dystrophin. On nanogrooved substrates, FAs are restricted mainly on ridges, as reported by
previous studies[30, 85-87] and supported by our own data (Fig. 7). Such restriction hinders
FA maturation[88-90], rendering the control of myofibril orientation to the DAPC-mediated
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cytoskeleton-ECM linkage, though the reason why the later regulator sets the orientation
perpendicular to nanogrooves is unclear. On nanogrooved substrates having no laminin, even
though FA maturation is hindered, the FAs along the ridge/groove direction guide myofibrils
to orient parallel to the nanogrooves because the later regulator is absent.

Potential applications of nanotopography-responsive myotube orientation on

Matrigel (or laminin)-functionalized substrates as a DMD biomarker.

We showed that nanogrooved, Matrigel (or laminin)-functionalized substrates allow
myotubes derived from non-diseased, less-affected DMD, and severely-affected DMD
hiPSCs to exhibit prominent differences in alignment and orientation, making these cells
precisely distinguishable. On the molecular level, we showed the importance of the DAPC-
mediated cytoskeleton-ECM linkage in enabling these phenotypes. It is well-known that the
DAPC- mediated cytoskeleton-ECM linkage is essential for muscle function, and defective
DAPC or defective DAPC-laminin interaction due to mutations in dystrophin and other
involving components underlies the pathology of many muscular dystrophies[4, 9, 10,
91-95]. The importance of the DAPC-mediated cytoskeleton-ECM linkage in regulating
both nanotopography-responsive myotube orientation and muscle function underlies the
observed correlation between the /n vitro disease phenotypes and clinically diagnosed DMD
patients affected by different dystrophin mutations, providing the basis for establishing
aberrant myotube alignment and orientation on these engineered substrates as a potential
DMD biomarker.

One potential application of this biomarker is to serve as a simple and cost-effective
phenotypic readout to detect drug effects in high throughput screening (HTS) for DMD
drugs. The HTS-based drug discovery has been recognized as a powerful approach[96, 97].
The hiPSC- derived myogenic progenitors provide an unprecedented opportunity to create
patient-specific human DMD models to screen drugs based on phenotypic readouts, which
address the limitations of molecular-target-based readouts in missing off-target and
polypharmacological effects of a drug[98, 99]. Since cost-effectiveness and ease of
operation are important criteria for translational applications such as HTS-based drug
discovery, we further examined whether data analysis could be conducted using bright-field
images. The results yielded from bright-field and fluorescent images of the same frame are
highly consistent for all tested conditions (Fig. 8), suggesting that immunofluorescent
staining, which is costly and time-consuming, is unnecessary to evaluate myotube alignment
and orientation as a DMD biomarker. Therefore, this phenotypic readout can be readily
adapted for high-throughput formats to search for effective drugs capable of switching DMD
hiPSC-derived myogenic progenitors to non-diseased or less-affected phenotypes.

Another potential application of this biomarker is to facilitate early diagnosis and screening
for DMD (and possibly for congenital muscular dystrophies caused by defective a-
dystroglycan as well[100]). Despite the advances in genetic testing technologies, the well-
documented diagnostic delay and the negative impact of consequently delayed treatment
makes early DMD diagnosis increasingly important[12, 13, 16]. Assessing the alignment
and orientation of hiPSC-derived myotubes on nanogrooved, Matrigel (or laminin)-
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functionalized substrates can potentially serve as a complementary tool to facilitate early
identification of DMD.

3. Conclusions

We discovered that myotubes differentiated from non-diseased hPSC-derived myogenic
progenitors align nearly perpendicular to nanogrooves and those differentiated from DMD
hiPSC-derived myogenic progenitors exhibit prominent deviations from perpendicular
alignment when these cells are cultured on nanogrooved, Matrigel (or laminin)-
functionalized substrates, verifying our hypothesis that the phenotypic disparity between
non-diseased and DMD cells could be enhanced by combined topographical and
biochemical cues carefully engineered in the cell microenvironment. The differences in
myotube alignment and orientation between the cells derived from a non-diseased
individual, a dystrophin-null DMD patient, and a DMD patient carrying partially functional
dystrophin are so striking that each cell type can be accurately identified by investigators
blinded to the experimental groups. Substrates engineered with micron-scale grooves and/or
cell adhesion molecules only interacting with integrins guide all myotubes to align parallel
to the grooves and lose the ability to distinguish different cell types. On the molecular level,
we showed the important role of the DAPC-mediated cytoskeleton-ECM linkage in
regulating perpendicular myotube alignment, as we observed that both intact dystrophin in
cells and the presence of laminin on substrates are required for this phenotype, and
disruption of the DAPC-laminin interaction disenables perpendicular myotube alignment.
Myotube alignment and orientation on nanogrooved, Matrigel (or laminin)-functionalized
substrates may serve as a sensitive and accurate phenotypic DMD biomarker to potentially
facilitate DMD drug development and early diagnosis.

4. Methods

4.1.

Fabrication of pattern templates and cell culture substrates.

A layer of 520-nm thick silicon oxide was deposited on a Czochralski silicon wafer (4
inches in diameter; Silicon Quest International) through plasma enhanced chemical vapor
deposition (PECVD) (Surface Technology Systems) at a rate of 372 A per minute. The
wafer was heated on a hot plate at 110 °C for 5 minutes to remove moisture, immediately
followed by treatment in hexamethyldisilazane (Sigma-Aldrich) vapor for one minute to
promote photoresist adhesion. Photoresist S1813 (Microchem) was spin-coated on the wafer
at a speed of 4000 rpm for 30 seconds to obtain a 1.4 pm-thick coating, followed by a soft
bake at 110 °C for 5 minutes. The wafer and a chrome mask were loaded into a Canon 2500
i3 stepper (Canon) and exposed to ultraviolet light with a dose of 95 mJ/cm? and a focus
offset of —0.2 um to photolithographically create desired patterns. The wafer was developed
in an MF319 developer (Microchem) for 45 seconds, hard baked at 120°C for 3 minutes,
cleaned by oxygen plasma for 45 seconds (Surface Technology Systems), and permanently
etched by nitride at a rate of 370 A per minute (the time was controlled to yield a 400-nm
etching depth). The remaining photoresist was thoroughly removed with acetone. Templates
patterned with 500-nm, 800-nm, 1000-nm, 1500-nm and 3000-nm wide parallel grooves
(groove and ridge widths are the same) were fabricated. The groove depth was 400 nm for
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all the patterns. To allow patterns to be readily transferred to PDMS surfaces, the wafer was
treated with chlorotrimethylsilane (Sigma-Aldrich) for 1 minutes and washed with acetone.

To fabricate PDMS films, the Sylgard 184 PDMS precursor and curing agent were mixed at
a 10:1 mass ratio, cast on a patterned wafer, vacuumed for 1 hour at room temperature to
remove trapped air, and cured at 37 °C overnight. Each PDMS film (2 mm thick) was
carefully peeled off the wafer and further cured at 120 °C in a vacuum oven for one week.
For surface modification, each film was sonicated in 70% (v/v) ethanol for 30 minutes,
cleaned with oxygen plasma (PDC-32G, Harrick Plasma), and allowed to react with a
solution of 3- glycidoxypropyltrimethoxysilane (Acros Organics; 10% (v/v) solution
prepared in 180 proof ethanol; pH 4.5) at room temperature overnight. After washing with
ethanol and PBS, the film was cut into 1 cm x1 cm squares, placed in a 24-well plate, and
further modified with a biopolymer solution (prepared in PBS; pH 7.8) at 4 °C for 48 hours.
The biopolymer solutions used in the study include growth factor reduced Matrigel (BD
Biosciences), gelatin (Sigma- Aldrich), human fibronectin (BD Bioscience), rat tail type |
collagen (BD Bioscience), cysARGD[101], human type IV collagen (Sigma-Aldrich),
laminin-111 produced by Engelbreth- Holm-Swarm mouse sarcoma cells (Sigma-Aldrich),
and recombinant human laminin-111 and laminin-211 (BioLamina) (0.1% (wi/v) for gelatin,
400 uM for cysARGD, and 0.1 mg/ml for the other biopolymer solutions). Each modified
PDMS film was washed with cold PBS twice, and the empty space surrounding the film in
the well was filled with agarose hydrogel (1.5% w/v, Invitrogen). Each well was further
washed 3 times with Dulbecco’s modified Eagle’s essential medium (DMEM, Invitrogen)
containing 1% Penicillin and Streptomycin, followed by sterilization under 254 nm
ultraviolet light for 1 hour in a biological safety cabinet.

4.2. Cell culture.

Myogenic progenitors derived from hESCs, hiPSCs, and mESCs were generated through
inducible expression of the paired box transcription factor PAX7 (for hESCs and hiPSCs)
[24] or PAX3 (for mESCs)[57] as previously described. Characterization of DMD hiPSC-
derived myogenic progenitors carrying the Aex52-54 mutation (DMD1705) was reported in
a previous study[102]; characterization of DMD hiPSC-derived myogenic progenitors
carrying the Aex31 mutation is presented in the Supplementary Information of the present
study (Supplementary Fig. 9). For subculture, hPSC-derived myogenic progenitors were
seeded at a density of 2x 104 cells/cm? and cultured in a dox-containing expansion medium
until 100% confluence was reached. Murine myogenic cells (MESC-derived myogenic
progenitors and C2C12 cells) and primary human skeletal myoblasts (Thermofisher) were
subcultured in their respective expansion media similarly except that 70% confluence was
reached in each passage. Medium was changed every two days. For experiments, myogenic
cells (passage 3 to 4 for PSC-derived myogenic progenitors, passage 5 for primary human
skeletal myoblasts, and passage 13 to 16 for C2C12 cells) were seeded on patterned PDMS
substrates at a density of 2.5x10° cells/cm? and cultured in their respective expansion media
for one day, followed by switching the media to their respective differentiation media.
During differentiation, half medium was changed every two days. The samples were
examined after 2 or 4 weeks of culture in differentiation media. Human umbilical vein
endothelial cells (from Lonza, passage 5) and 3T3 fibroblasts were cultured on patterned
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substrates similarly in their respective growth media. The composition of each medium is
listed in Table Sl in Supplementary Information.

To inhibit the interaction between the DAPC and laminin and evaluate its effect on the
orientation of hESC-drived myotubes on Matrigel-functionalized, 800-nm grooved
substrates, 1 mg/ml heparin sodium salt (Sigma-Aldrich) or 70 ug/ml anti-a.-dystroglycan
antibody I1H6 (Developmental Studies Hybridoma Bank, University of lowa) was added in
cell culture media, and the cells were cultured in the same manner as described above.

Immunocytochemistry.

Muscle cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X- 100,
blocked with 5% bovine serum albumin, and stained with an anti-sarcomeric a.-actinin
antibody (Sigma-Aldrich; 1:300 dilution) for sarcomere structures or anti-paxillin antibody
(Biolegend, 1:100 dilution) for FAs, followed by staining with goat anti-mouse
AlexaFluor488 (1:500 dilution) and the Hoechst 33342 nuclear marker (10 pg/ml).

Image acquisition.

To observe muscle alignment and striation, cells were imaged on a Zeiss Axio Observer
inverted microscope equipped with ApoTome. For striation, fluorescent images were
acquired with a 40x objective in the ApoTome mode. For myotube alignment and
orientation, fluorescent and bright-field images were acquired with a 5x objective, and 3
non-overlapping images were acquired for each sample. The groove direction on each
PDMS substrate was determined via a bright-field image acquired with a 40x objective (for
500-nm and 800-nm wide grooves) or a 20x objective (for 1000-nm, 1500-nm, and 3000-nm
wide grooves). Fluorescent images of HUVECs and 3T3 fibroblasts stained with 2 uM
calcein-AM (live cell tracker from Invitrogen) were acquired with a 5x objective.

Fluorescent images of focal adhesions were acquired with a 60x oil objective on an Olympus
I1X81ZDC inverted spinning disk confocal microscope. Grooves were imaged in bright field.

4.5. Analysis of myotube alignment and orientation.

To analyze myotube alignment and orientation, an image acquired with a 5x objective was
converted into a binary image using the Otsu auto local threshold command with a radius of
15 pixels, and the binary image was analyzed with Fast Fourier Transformation using the
Directionality plugin in ImageJ/Fiji. The output of the Directionality analysis was imported
to MatLab and subjected to further processing to yield the probability density function
(p.d.f.). Since the Directionality plugin uses the horizontal direction as the 0° reference and
reports orientation angles in the range between —90° and 90°, the p.d.f. was adjusted so that
the orientation angle is defined as 90° when a myotube aligns perpendicular to grooves and
as 0°/180° when a myotube aligns parallel to grooves. The p.d.f. of myotube orientations
between 0° and 180° is reported, with the position of the major peak adjusted to fall in the
range between 0° and 90° (if the peak falls between 90° and 180°, each angle is converted to
180° minus the angle). If the p.d.f. has a single peak, it was fitted to a Gaussian function
(equation (1)) using maximum likelihood estimates in Matlab:

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al. Page 16

f(9|90,02)=—1 e 1)

where f{6) is the p.d.f., 6yis the mean value, and o is the standard derivation. Each
experiment was triplicated and 3 non-overlapping images were acquired for each sample, so
9 images were analyzed for each condition. The revealed mean myotube orientation angles
are reported in box- and-whisker plots.

4.6. Analysis of focal adhesion distribution on nanogrooved substrates.

Fluorescent intensity distribution profile of paxillin along the muscle alignment direction
was calculated by the Plot Profile command in ImageJ/Fiji. The nanogroove spacing profile
of the same region was calculated by the same command. The numeric outputs were linearly
normalized by setting the lowest intensity value as 0 and the highest intensity value as 100.

4.7. Statistical analysis.

Statistical analysis was conducted using one-way analysis of variance (ANOVA) followed
by Tukey’s post-hoc test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight Points

>>Non-diseased myotubes align perpendicular to nanogrooves on substrates
having laminin.

>>Nanogrooved, laminin-modified substrates distinguish non-diseased and DMD
myotubes.

>>This phenotypic biomarker may facilitate DMD drug development and early
diagnosis.

>>All myotubes align parallel to grooves when grooves are larger or laminin is
missing.

>The DAPC and its interaction with laminin regulate perpendicular myotube
alignment.
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Figure 1.
Alignment and orientation of myotubes differentiated from hESC-derived myogenic

progenitors on Matrigel-functionalized substrates patterned with 800-nm wide topographical
grooves. (a) Cells differentiated into myotubes possessing sarcomeres (inset) and aligned in
a consistent direction throughout the entire substrate. Cells were immunofluorescently
stained for sarcomeric a-actinin (green) and nuclei were counter-stained with Hoechst 33342
(blue). (b) The nanogrooove direction (arrowed red line) was determined via bright-field
imaging, revealing nearly perpendicular orientation of the aligned myotubes relative to
nanogrooves. (c) Myotubes cultured on flat control substrates oriented randomly. (d) The
p.d.f of myotube orientations has a single, narrow, and high peak near 90° for cells cultured
on the nanogrooved substrates, but not for cells cultured on flat control substrates. The cells
were cultured for 2 weeks after differentiation induction.
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Figure 2.
The effects of the groove feature size on alignment and orientation of myotubes

differentiated from hESC-derived myogenic progenitors on Matrigel-functionalized
substrates. (a) Myotubes aligned in a consistent direction throughout each entire substrate,
but their orientation relative to the groove direction varied with the groove feature size.
Myotubes aligned nearly perpendicular to 500-nm and 1000-nm wide grooves (as those on
800-nm grooved substrates shown in Figure 1), but aligned nearly parallel to 1500-nm and
3000-nm wide grooves. Cells were immunofluorescently stained for sarcomeric a-actinin
(green) and nuclei were counter-stained with Hoechst 33342 (blue). Insets: bright-field
images used to determine the groove directions (arrowed red lines). (b) The p.d.f. of
myotube orientations has a single, narrow, and high peak near 90° when the groove feature
size is 500 nm, 800 nm, and 1000 nm and has a peak near 0°/180° when the groove feature
size is 1500 nm and 3000 nm. (c) The p.d.f. curves were fitted to a Gaussian function and
the revealed mean myotube orientation angles are shown as box-and-whisker plots: box
marks the 25th to 75th percentiles, horizontal line marks the median, whiskers mark the
minimum and maximum, dot marks the mean (n=9 for each condition). The cells were
cultured for 2 weeks after differentiation induction. (N.S.= no significant difference,
***p<0.0001 by one-way ANOVA)
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Figure 3.
The effects of substrate-bound cell adhesion molecules on alignment and orientation of

myotubes differentiated from hESC-derived myogenic progenitors on 800-nm grooved
substrates. (a) Myotubes aligned in a consistent direction on each of the substrates
functionalized with gelatin, RGD peptide, fibronectin, type I collagen, type IV collagen, and
laminin respectively. Aligned myotubes oriented nearly perpendicular to nanogrooves on
substrates functionalized with EHS mouse laminin-111, human laminin-111, and human
laminin-211, and oriented nearly parallel to nanogrooves on all other substrates. Images are
shown as in Figure 2a. (b) The p.d.f. of myotube orientations has a single, narrow, and high
peak for all the samples; the peak is near 90° for cells cultured on laminin-functionalized
substrates and near 0°/180° for cells cultured on all other substrates. The cells were cultured
for 2 weeks after differentiation induction.
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Figure 4.
Myotubes differentiated from non-diseased hiPSC-derived myogenic progenitors, primary

human skeletal myoblasts, mESC-derived myogenic progenitors, and C2C12 cells could also
align nearly perpendicular to nanogrooves on Matrigel-functionalized substrates, suggesting
that this phenotype might be universal for muscle cells regardless of their origins and
species. Images are shown as in Figure 2a. The cells were cultured for 2 weeks after
differentiation induction.
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Figure 5.
Myotube alignment and orientation on Matrigel-functionalized, nanogrooved substrates

allows investigators blinded to the experimental groups to accurately distinguish myogenic
progenitors derived from non-diseased hiPSCs, DMD hiPSCs carrying the Aex52-54
mutation that completely nullifies dystrophin, and DMD hiPSCs carrying the Aex31
mutation that allows partially functional dystrophin to be produced, (a) Myotubes
differentiated from the three cell types exhibited strikingly different alignment and
orientation. Images are shown as in Figure 2a (b) The curves of the p.d.f. of myotube
orientations for the three cell types are distinct, (c) The p.d.f. curves having a single peak
were fitted to a Gaussian function and the revealed mean myotube orientation angles are
shown as box-and-whisker plots (n=9 for each condition). Box- and-whisker plots are shown
as in Figure 2c. Cells were cultured for 2 weeks after differentiation induction.
(***p<0.0001 by one-way ANOVA)
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Page 29

Disruption of the DAPC-laminin interaction disenables hESC-derived myotubes to align
perpendicular to nanogrooves on Matrigel-functionalized, 800-nm grooved substrates, (a) In
the presence of 1 mg/ml heparin (which binds to laminin) or 70 pg/ml anti-a-dystroglycan
antibody I1H6, myotube orientations deviated substantially from the perpendicular direction
relative to the nanogrooves. Images are shown as in Figure 2a. (b) The p.d.f. of myotube
orientations shows a high peak near 0° for the cells cultured in the presence of heparin and a

wide, low peak near 40° for the cells cultured in the presence of 1IH6. The cells were

cultured for 2 weeks after differentiation induction.
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Figure 7.
Focal adhesions are mainly constrained on ridges when the feature size is submicron, as

shown by the overlay of the bright field (B.F.) image of the pattern and the fluorescent image
of paxillin. Images are further analyzed by overlaying the paxillin distribution profile and
the nanogroove spacing profile of the same region. Cells were cultured for 3 days after
differentiation induction.
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Figure 8.
Quantitative analyses of myotube alignment and orientation on the basis of bright-field and

fluorescent images of the same frame yield highly consistent results for all tested conditions.
All the cells were cultured on Matrigel-functionalized, 800-nm grooved substrates. The
dashed line for each p.d.f. curve represents the mean myotube orientation angle from
Gaussian curve fitting.
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