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Abstract

BAG3 gene mutation is one of the major reasons for dilated cardiomyopathy, which is a
leading cause of sudden heart failure. Previous studies have investigated the impairment of a-
actinin assembly and force generation capacity by the BAG3 gene mutation. In this work,
shape memory polymers have been implemented to create a dynamic environment to study
the disturbance of sarcomere structure and function caused by the BAG3 gene mutation. The
integrity and function of the sarcomere Z-line, M-band, and the thin filament have been

studied in a dynamic environment by analyzing the change in sarcomere parameters.

Keywords: Dilated cardiomyopathy, BAG3, Shape memory polymer, Myofibril formation,

Dynamic Substrate.
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1 Introduction

1.1 Human Induced Pluripotent Stem Cell (hiPSC) and Cardiomyocyte
1.1.1 Human Induced Pluripotent Stem Cell

Induced pluripotent stem cells (iPSCs) are a type of pluripotent stem cell introduced by Dr.
Shinya Yamanaka in 2006. iPSCs can be converted from somatic cells by programming with
the Yamanaka factors (Figure 1)*2. Compared to embryonic stem cells, iPSCs can be
derived from adult tissues without the destruction of the early stage embryo®. This unique
advantage makes iPSCs an ideal source for regenerative drug research, tissue repair, and
organ regeneration. One of the clinical applications of iPSC is to generate iPSC-derived
cardiomyocytes. The iPSC-derived cardiomyocytes have the same beating ability compared
to natural cardiomyocytes and can also reflect cardiac drug responses because they possess
the same genetic background as the patients from whom the iPSCs are derived®. The
characteristics of iPSC-derived cardiomyocytes make it possible to study various kinds of

cardiovascular disease in vitro.
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Figure 1 The origin and the application of iPSCs?.

1.1.2 Cardiomyocytes

Smooth muscle, skeletal muscle, and cardiac muscle are three kinds of muscle that exist in
the human body. Cardiac muscle is mostly composed of cardiomyocytes that only exist in
hearts®. The shape of cardiomyocytes changes with the maturation process, from a round
shape to a cylinder shape, with an average length of 100 pm®. Cardiomyocytes are connected
to each other to form the contractile coordination of cardiac myofibrils. This structure allows
the heart to pump blood. Cardiac myofibrils are contained in the cardiomyocytes and
connected with intercalated discs to form long fibers’. Sarcomeres are the fundamental
functional unit of myofibrils: about 50 sarcomeres form a myofibril fiber in matured
cardiomyocytes. The resting length of sarcomere units is about 2jum, and it can increase up
to 70% strain during contraction®. The structural unit of the sarcomere is called Z-line,
which is composed of actinin, supports the sarcomere, and maintains the stability and

integrity of the sarcomere. The sliding transverse filament system between the z-lines, which
2



are thin and thick filaments, enables sarcomere contraction. Actin and myosin are the major
components of thin and thick filaments, respectively. Thin filaments are anchored to the z-
line, while thick filaments are connected to titin and titin connects to the z-line. The other
end of thin filaments is connected to the structure in the middle of the sarcomere unit, which
is M-bands. An M-band is composed of myomesin, and this structure provides elasticity and
plasticity to the sarcomere during contraction. The increased overlap caused by thin and
thick filament sliding leads to myofibril contraction. The length of A-bands of thick filament

and thin filaments are 1.6pm and 1.0pm in the human body (Figure 2)%°.

Thick filament Troponin
Tropomyosin

Thin filament

M-line

MyHC myBP-C
head

I-band A-band " I-band

C-zone H-zone C-zone

Figure 2 Schematic image of sarcomere structure. Tropomyosin forms an a-helical coiled-
coil double-strand lying along the grooves of actin double strands through head-to-tail
polymerization. Myosin heavy chain (MyHC) has a globular head domain-containing actin-
binding and ATP hydrolytic sites. Myosin-binding protein C (MyBP-C) is a thick filament-

associated protein, which forms 7-9 transverse stripes at regular intervals of 43 nm in the
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C-zone of the sarcomere A-band. Titin is a giant protein constituting the third myofilament

spanning the entire half of the sarcomere from Z-disc to M-line®.

The maturation of sarcomere is divided into three stages: pre-myofibril, nascent myofibril,
and mature myofibril (Figure 3)°. The sarcomere formation starts with pre-myofibril.
Non-striated, continuous, non-muscle myosin 11 fibers that appear in the overlapping actin
filaments near the cell membrane as the precursor of myofibrilstl. The non-muscle myosin
fibers function as templates or scaffolds for sarcomere proteins to assemble'?. F-actin also
forms the non-striated template and alpha-actinin then aligns and starts to connect to the
template in the form of z-body filaments'®. The non-striate pattern represents the stage of
the nascent myofibril***°, Muscle-specific myosin and non-muscle myosin both exist in the
nascent myofibrils. Titin filaments are added to the nascent myofibril, and alpha-actinin
becomes more aligned with the pattern in a beaded band shape®. As the mature myofibril
forms, the beaded Z-bands become linear, and non-muscle myosin is replaced by muscle-

specific myosin?’.

The formation of myofibril is impacted by the mutated sarcomere protein genes and results

in a wide range of cardiomyopathies, including dilated cardiomyopathy (DCM).
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Figure 3 The schematic description of the three stages of myofibril formation. Non-muscle
myosin IIB is present in premyofibrils and in nascent myofibrils but is not present in
mature myofibrils. Non-muscle myosin Il is the only non-muscle protein in the
premyofibril. Muscle myosin Il appears in nascent myofibrils, in overlapping myosin 11
filaments that will then align to form the A-Bands of mature myofibrils. Titin makes its first
appearance in the nascent myofibrils and may play a role in the alignment of the muscle

myosin Il thick filaments to form the A-Bands of the mature myofibrils®®.

1.1.3 Gene mutation in Cardiac Myofibril Formation

Since the first discovery of -myosin heavy chain gene mutation, which causes
hypertrophic cardiomyopathy (HCM), over 400 gene mutations that cause HCM, DCM,
and restrictive cardiomyopathy (RCM) has been discovered related to the sarcomere
proteins of cardiac muscle®®. However, it is still hard to predict the exact impact on cardiac

functions based on the nature and position of the gene mutations. The study on



cardiomyopathy-related gene mutation has provided a wider view of cardiomyopathy

studies.

Studies have discovered the mutation of genes in different sarcomere positions including
thin filament, thin filament, titin, and Z-line. In thin filament, actin gene mutation has been

discovered to be related to HCM and DCM. The o-Cardiac actin mutation impairs the

formation of myofilaments by decreasing the thermal stability of the actin monomer in
HCM®2L, 1t also suggested that the actomyosin interaction is impaired by the mutation
such that the average sliding velocity is decreased and the affinity of actin for myosin is

impaired?l. In DCM, the affinity of actin for o-actinin slightly impairs force transmission.
The o-Cardiac actin mutation also impairs the protein-folding pathway and filament

formation, similar to the impact in HCM°-2°,

In thick filaments, the mutation in the myosin gene has been reported as an important cause
of HCM and DCM. Mutations in the f-MyHC gene (MYH?7) are the most common causes
of HCM?>2%, Mice with the MYH6 gene knocked out expressed delayed left ventricular
relaxation, resulting in the diastolic dysfunction of the heart, which indicated the primary
response to the mutation?*. Other studies also demonstrated that myosin gene mutation
impaired the ability to generate force by the heart?®. The myosin gene mutation has been
reported to impair heart contractility. The gene knock-out mouse model shows that this
gene mutation impairs force-generating capacity and the velocity of actin filament sliding,

which may trigger the cascade event that leads to DCM?.



In the Z-line area, gene mutations of titin and o-actinin have been studied and reported.

Titin plays an important role in muscle structure as a structural unit that determines muscle
stiffness and acts as a biomechanical sensor, controlling gene expression. The affinity of

titin for o-actinin is increased by HCM-causing gene mutations, and is decreased by

DCM-causing gene mutations?’. This phenomenon suggests that the mutations have
distinct impacts on sarcomere structure and integrity. The actinin gene mutation has been

reported to impair the interaction between o-actinin and muscle Lim protein (MLP),

impairing muscle integrity. The above studies indicate that gene mutations have been

involved in cardiac muscle formation and result in cardiomyopathies?-2°,

1.2 Dilated Cardiomyopathy and BAG3 Gene Mutation

1.2.1 Dilated Cardiomyopathy

Heart failure is characterized by low contractility and impaired cardiac output ability, and it
is one of the biggest causes of morbidity and mortality. The left ventricle (LV) of a healthy
human heart has a thick heart wall and a bullet-shaped chamber, while the right ventricle
(RV) is thinner and has a crescent-shaped structure (Figure 4). The force generation
capacity in both the LV and the RV is impaired in heart failure cases. Heart failure results
in the dysfunction of cells at the cellular level, including the impaired ability of calcium
transportation, hormone imbalance, and sarcomere dysfunction. Increased calcium
sensitivity and decreased contraction force generation capacity are reported in heart failure

cases,



Dilated cardiomyocyte (DCM) is a heart disease in which the heart become same enlarged
and cannot pump blood efficiently. The enlargement and dilation of one or both heart
ventricles are characteristics of DCM, in which the left ventricular ejection fraction is less
than 40%3'. DCM can lead to sudden heart death and chronic heart failure, and 30-40% of
all heart failure cases are caused by DCM. DCM is one of the major reasons for heart
transplantation, the survival rate is poor for patients without heart transplantation®. Since
20-35% of DCM patients have family histories with DCM inheritance, gene mutations in
DCM have been brought to attention. The cardiomyocytes collected from DCM patients
have shown a decreased capacity to generate contraction force®. The cells also showed a
decrease in the calcium concentration required to elicit half-maximal force (EC50),
indicating an increase in calcium sensitivity®*. One of the common features of heart failure
is the impairment of the sarcomere protein quality control mechanism and the decreased
ability to remove the misfolded and dysfunctional sarcomere proteins, resulting in a
decrease in force generation capacity. By detecting the ubiquitin level, which serves as the
indicator of misfolded sarcomere protein rate, the protein misfolding rate is significantly
increased in DCM cells. The proteins which are detected as highly misfolded included
myosin regulatory light chain-2, desmin, myozenin-2, a-actinin-2, and tropomyosin alpha-
1. These proteins serve as important structural proteins of the Z-line, M-band, and thin
filaments. This result may explain the decrease in the force-generating capacity, in that the
misfolded proteins are not being removed from the contractile apparatus and are still being
assembled into the sarcomere structure so they can be detected with the ubiquitin

indicator®®,



DCM has also been reported to impair the sarcomere structure. Arimura et al has shown
that the localization of Z-line proteins is impaired in DCM cells that the proteins are
localized in the nuclei instead of the sarcomere®. On the M-band which is believed to act
as structural linkers between the thick filaments, the expression of myomesin is
downregulated. EH-Myomesin, a member of the myomesin family, is considered a signal

of DCM when its expression is decreased®.

Heart with Dilated

Normal Heart Cardiomyopathy

Chambers relax and fill, Muscle fibers have stretched.
then contract and pump. Heart chambers enlarge.

Figure 4 The comparison between normal heart and DCM heart. DCM heart is
characterized by the enlarged left ventricles31.

1.2.2 BAG3 Gene Mutation

The DCM cardiomyocytes have shown a significant decrease in the BAG3 production
level. The myofilament BAG3 expression level is shown to be correlated with the force-

generating capacity, DCM cells which have lower force-generating also showed a
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decreased BAG3 expression level. No association between the BAG3 level and calcium
sensitivity has been discovered in DCM cells. This evidence supported that the BAG3 gene

mutation is one of the mutations that cause DCM?®*,

B-cell lymphoma 2 (Bcl-2)-associated anthanogene (BAG3) is a member of the
antiapoptotic BAG protein family and a heat shock protein co-chaperone factor that binds
heat shock protein 70 (Hsp70) within the C-terminal BAG domain and controls the
chaperone activity of Hsp70%. BAG3 functions in protein quality control by mediating
autophagic clearance of misfolded proteins. BAG3 plays an important role in maintaining
myocardial homeostasis, in that myofibrillar disorganization occurs in cardiac-specific
homozygous BAG3 knocked-out mice and leads to death in four weeks*®. BAG3 mice with
heterozygous BAG3 deletion express a substantial reduction in ventricular function®.
BAG3 localizes to the Z-line in the sarcomere structure in adult myocytes, in contrast to
the localization of BAG3 in the cytoplasm in neonatal myocytes. At the cell level, BAG3
knocked-out neonatal myocytes express rapid disruption of the myofibril structure under
mechanical stretch, which indicates BAG3 plays an important role in excitation-contraction

coupling“.

BAG3 gene mutation is also one of the key factors in a wide range of cardiomyopathies.
Around 15% of DCM cases are caused by BAG3 mutation®!. The left ventricular tissue
obtained from a DCM patient shows a reduced BAG3 level of less than 25% compared to
the normal subject, resulting in the haploinsufficiency*?. The BAG3 mutation in DCM

impairs the localization of a-actinin and desmin to the sarcomere and enhanced the

10



localization within the nuclei. The interaction between BAG3 and Hsc70/Hsp70 is also
disrupted in DCM cardiomyocytes, which suggests that the interaction is critical for BAG3

to stabilize heat shock proteins and maintain cardiomyocyte protein homeostasis®.

1.3 Surface Microtopography and Cell-Material Interactions.

1.3.1 Cardiomyocyte Alignment Regulatory with Surface Topography

The extracellular matrix (ECM) is a supportive three-dimensional extracellular structure
that contains a wide range of specific proteins and growth factors that regulate the
morphology and functions of cells. The major protein components of ECM are
proteoglycans and fibrous proteins that form the ECM structure, while the ECM in
different tissues is also composed of unique proteins, indicating that the ECM in different
tissues has unique properties. The ECM also regulates cell morphology and functions by
applying mechanical signals to cells; mechanical signals can be transduced to biochemical
forces in the cells to regulate cell behaviors. The morphology changes by applying external

force can trigger protein production and gene expression in the cells.

In recent decades, new technologies have been introduced to study how morphology
change impacts cells. Structural compartments, including cytomembrane and nuclei in
cells, are interrelated and involved in the perception of mechanical signals. In the nuclei,
the DNA is connected to the nuclei envelope, and the mechanical signals applied to the
nuclear envelope also alternate DNA, which results in the functioning of gene expression

regulation in cells. The cytomembrane is directly involved in receipt and transmission of
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contractile force. Vinculin, talin, actin, titin, a-actinin desmin, and other proteins are
assembled into a three-dimensional structure in the muscle cells to detect force and position
the cell with adjacent muscle cells. The interaction between cytomembrane and nuclei,
which transmit force signal, determines the position of nuclei in the cell and the position of

nuclei is very important for protein production in the cell*,

The topic of how cell morphological change by external force regulates cell functions has
been brought into interest for decades and one of the most popular research topics is how
mechanical cues regulate the behavior and cardiomyocytes functions*. Although the
behavior of cardiomyocytes can also be regulated by cell-ECM adhesion, cell-cell contact,
and ECM proteins, the nature that cardiomyocytes experienced lifelong wrinkling and
squeezing makes the mechanical stimuli the most critical regulatory factor. External
mechanical signals are believed to play an important role in cardiomyocyte maturation and
morphogenesis, in that the cell elongates from a round shape to a cylinder shape. Bishop et
al. transplanted an intact and functional neonatal rat heart into an external force-free
chamber, and the result shows that insufficient external force leads to the failure of
cardiomyocytes’ elongation, while Olivetti et al. discovered that the increased load of force

results in additional myofibril assembly*546,

Since ECM serves as an important factor in cardiomyocytes’ development and functioning,
developing biomaterials to mimic the topography of ECM and regulate cell behavior has
been a popular research field in recent years. The development of microscale and nanoscale

fabrication technology has enabled researchers to create substrates that mimic the natural

12



ECM, as well as the regulation on cells to empower in vitro studies on cell behaviors. Two-

dimensional substrates with microscale topography are used to control the cell orientation,

movement, differentiation, and proliferation. Surface topography features can be responded

to by cells by the change in morphology, protein production, and gene expression*’48,

To understand cell-ECM interactions, a wide range of substrate designs and technologies

have been implemented in different research topics (Figure5). One of the classic

technologies is micropipette aspiration. This technique deforms a cell and elongates a part

of the cell into the micropipette by a low magnitude, negative pressure to the cell*.
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Figure 5 Schematic illustrations of micro-engineered techniques for characterizing and
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stimulating single cells for cell mechanobiology. (a) Micropipette aspiration. (b) Laser
trapping. (c) Magnetic bead measurement. (d) Microcantilever sensor. (€) Micro post
sensor array. (f) Electrodeformation. (g) ECM micropatterning. (h) Micro- and nano-
topographic substrate. (i) Microfluidic shear device. (j) Micromechanical cell stretching.

(k) Substrate stiffness*.

Hogan et al. used micropatterned coverslip and micropipette fabrication to study how
constant rate aspiration detached cells and how detachment impacted cell behaviors
(Figure 6). The micropattern on coverslips was prepared by applying UV light through a
photomask on the PLL-g-PEG surface solution and then incubating the coverslips in
fibronectin solution. The micropipettes are fabricated by placing glass capillaries on a
micropipette puller and cutting the capillaries with a micro forge to the desired diameter.
This system can apply well-controlled aspiration force to a single cell adhering to a
substrate, and the aspiration pressure and pipette section can be fixed to a constant rate to
monitor the detachment of cells on the micropatterned substrate. The system works in two
modes: the in-plane mode and the profile mode. The micropipette works directly with the
cells cultured on the bottom of a petri dish, and the tip of the micropipette contacts
perpendicular to the luminal surface to monitor the detachment of cells and measure the
projected cell area. In the profile mode, cells are held by a second micropipette and aspired
into another pipette parallelly. The profile mode enables the observation of cell detachment
from a side view, although the parallel aspiration cannot show the cell projected area on the

petri dish. The mode provides an opportunity to study the dynamics of cell detachment®.
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Figure 6 (A) Experimental setup for in-plane aspiration experiments. The micropipette is

positioned perpendicular to the surface of adherent endothelial cells cultured on the
bottom of a petri dish. The syringe pump on the left creates a constant-rate aspiration
pressure increase. (B) The plot of the projected cell area versus time for three different
cells. (C) Time-lapse of a cell throughout a detachment assay. (D) Experimental setup for
profile aspiration experiments. (E) Time-lapse of the detachment assay of an endothelial

cell adhering to a Cytodex-3 bead®.

The other popular substrate to study how morphology change affects cell behavior is micro
post arrays. For the last 20 years, microfabricated elastomeric post arrays were
implemented to measure the force generated by cells and manipulate the mechanical
compliance of the substrate with the cells®. Tan et al. used a micro post array system with
adjustable mechanical properties and surface chemistry to measure the force generated by
cells at different adhesion sites (Figure 7). Microfabricated post array substrates are

15



prepared by replica molding. The template for array fabrication is prepared by pouring
polydimethylsiloxane (PDMS) over an array of SU-8 posts on a silicon wafer, which is
prepared by photolithography. The microfabricated post array substrates are then fabricated
by pouring PDMS prepolymers on the template, degassing under vacuum, fixed at 110 C
overnight, and then peeled off from the template. The substrate is then immersed into
fibronectin and washed and sanitized for cell seeding. The tips of the micro-posts are
fluorescently stained for fibronectin or coated with fluorescently labeled collagen 1V for
tacking and detecting the force generation. The controlling of substrate stiffness is achieved
by controlling the height and dimension of micro-posts, and the different dimensions and

heights of the posts ranged from 2 to 10 um and 3 to 50 um, respectively. The stiffness of
micro-posts ranges from 2.7 to 1600 nN/um. By changing the heights of specific posts in

the array, the stiffness can be adjusted in designated target areas. The effective stiffness of
posts can be adjusted by changing the heights of posts, decreasing the height of posts by
half causing an 8-fold local change in stiffness. The effective stiffness can also be adjusted
by changing the shape of the posts. The specific posts with an oval shape require 8 times
more force to deflect along the long axis than along the short axis. This micro post system
can be used to detect force generated by cells and determine the mechanisms of cell-ECM
interaction. Smooth muscle cells with inhibited myosin generation capacity are seeded on

the substrate and a decrease in post deflected is observe®!®?,
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Figure 7 Fabrication of arrays of posts. (A) With the appropriate surface density of the
vertical post, a cell should spread across multiple posts. Under the proper geometric
constraints of post height and width, cells exerting traction forces would deflect the
elastomeric posts. (B) Scheme of the fabrication of the posts. (C-G) Scanning electron
micrographs of fabricated arrays (C, D, and F), schematic drawing indicating the

compliance of posts (E and G)%2.
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This micro post system can be used to detect force generated by cells and determine the
mechanisms of cell-ECM interaction. Smooth muscle cells with inhibited myosin
contractility generation with 2,3-butanedione monoxime are seeded on the substrate and a
decrease in post-deflected is observed for several minutes (Figure 8). The actin
cytoskeleton contractility was also observed as decreased with cytochalasin D treatment.
Force generated by cells is applied to the tip of single micro-posts when cells have strictly
adhered to the top surface of the substrate. Quantifying and localizing the source of force is
achieved by tracking the movement of the tips of multiple posts simultaneously through the
use of immunofluorescence microscopy. The result of force tracking showed that the force
vectors are summed to zero, which supported the reliability of force tracking with this
substrate. The focal adhesion of a single cell is stained and imaged. Compared to the focal
adhesion quantity resulting from the magnitude of force at a single post, the subcellular

distribution of focal adhesion shows a correlation with the local traction forces.

cytoD
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Figure 8 Measurement of contractile forces in cells. (A-D) Differential interference
contrast micrographs of a smooth muscle cell (outlined in blue) cultured for2 h on an array
of posts in 10% serum (A and B), 20 min after 20 mM 2,3-butanedione monoxime (BDM)
was added to the culture to inhibit myosin contractility (C), and after 2gml cytochalasin D
(Cyto D) was added to the same culture for an additional 10 min to disrupt the actin
cytoskeleton (D). (E-G) Confocal images of immunofluorescence staining of a smooth
muscle cell on posts. The position of fibronectin (E, red) on the tips of the posts was used to
calculate the force exerted by cells. The force map was spatially correlated to
immunofluorescence localization of the focal adhesion protein vinculin (F, white; G,
green). (H) A plot of the force generated on each post as a function of the total area of

focal adhesion staining per post®2.

Microtopographic substrates are substrates with various topographical features such as
pores, wells, grooves, ridges, stops, and nodes in a nano or micro scale. Micro-
topographical substrates can be used to understand cell-substratum interactions; the
topography of substrates can dramatically influence the cell function and behaviors such as
attachment, proliferation, differentiation, and gene expression. In recent years, nano-scale
topographic substrates have received increasing attention due to their potential to mimic
the in vivo environment. Nanoscale topography is fabricated using many approaches,
including photolithography, reactive ion etching, and polymer fabrication®8. Yim et al.
reported the development of nano topographic substrate with nanoimprinting technology
(Figure 9). The mold for reproducing the imprinting molds is fabricated with
microlithography. A poly (methyl methacrylate) (PMMA) mask mold is pressed via a pre-

patterned SiO2 mold for 10 minutes at a pressure of 6 MPa and 180 <C, which is above the
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glass transition temperature of PMMA, so that the PMMA substrate can be molded and
flow. The PMMA substrate is then cooled down to a fixed pattern with gratings. The
imprinting mold is prepared using soft lithography on PDMS, and the degassed PDMS
solution with cross-linking reagent is poured onto the PMMA substrate in a weight boat
and baked at 50 <C overnight. The PDMS mold is separated from the PMMA mold after
being cooled down for cell seeding. The prepared PMMA and replica PDMS substrates
have 350nm wide gratings on the surface, the surface topography maintained its integrity

with collagen coatings®’.

500 nm

Figure 9 Scanning electron micrographs of (A and B) nano-imprinted gratins
on PMMA coating on SiO2 wafer, (C) PDMS nanopatterned by replica molding, and (D)

collagen-coated PDMS with nanopattern. Bar=2um for A, C, and D, bar=500 nm for B®’.

Smooth muscle cells seeded on the surface of substrates with nanogratings showed an

elongated morphology following the gratings (Figure 10). The cells seeded on the
20
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unpatterned substrates have not shown a clear orientation and are distributed randomly.
The F-actin fiber and nuclei of cells are also to be elongated on the patterned substrates and
align to the long axis of the cells. The percentage of aligned cells is also calculated, and the
cells are considered aligned when the angle between the long axis of the cell and the
grating is less than 15< The percentage of the aligned cells on the PMMA and the PDMS
substrates was 96.172.7% and 89.775.3%, respectively. The proliferation rate of SMCs is
determined by adding BrdU into the culture media four hours before the fixation and
staining of the samples with the anti-BrdU antibody. The incorporate rate is counted as the
proliferation rate and the result shows that the proliferation rate is 56.67% and 47.77% for
cells cultured on patterned PMMA and PDMS substrate surfaces, respectively. In contrast,
the proliferation rate of cells seeded on the unpatterned surfaces is 35.57% and 30.97% on
PMMA and PDMS, respectively. This result shows that the proliferation of SMCs is

promoted on the nano-grating patterned substrates®’.
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Figure 10 Confocal micrographs of F-actin stained SMC on (A) nano-imprinted PMMA at
low cell density, (B) nano-imprinted PMMA at high cell density, (C)

nanopatterned PDMS at low cell density, (D) nano-patterned PDMS at high cell density,
(E) non-patterned PMMA and (F) glass cover slip. Scanning electron micrographs of SMC
cultured on (G) nano-imprinted gratings on PMMA coated on SiO2 wafer and (H) non-

patterned PMMA coated on SiO2 wafer®’.

1.3.2 Shape Memory Polymer

With recent developments in biomaterials fabrication, it is now possible to study cell

behavior changes in dynamic extracellular environments on nano topographic substrates.
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Shape memory polymer (SMP) is a type of smart polymer that can memorize a permanent
shape, be programmed to a temporary shape by external stimuli, and recover to the
permanent shape®*°. The implementation of SMPs enables cell-ECM studies to take
multiple factors into the experiment design, including time, surface topography, and the
stretch rate of SMPs. The dynamic topography of SMPs can be achieved with a stable
surface coating. Henderson et al. developed the tBA-co-BA SMP that has a recovery
temperature close to body temperature that enables SMP recovery triggered under
intraoperative conditions®. Sun et al. used this SMP system with nano wrinkle topography
on the surface to study changes in morphology and functions of hiPSC-derived
cardiomyocytes (Figure 11). The SMP is fabricated with 95 wt % tert-butyl acrylate (tBA)
and 5 wt % butyl acrylate (BA) solution with 1 wt % 2,2- dimethoxy-2-phenyl
acetophenone (DMPA) as photoinitiator and 5 wt % tetra- ethylene glycol dimethacrylate
(TEGDMA) as crosslinker. The solution was mixed and injected onto two glass slides
coated with Rain-X and separated with a 1 mm thick Teflon spacer and crosslinked in UV
for 1 hour. The sample was then immersed overnight in a solution of 50% methanol and
50% water to remove excess monomers. The washed sample was then transferred to a
vacuum oven at —15 psi at 40 °C for 24 hours for drying. The sample was then cut into 25
mm by 5 mm rectangles and then stretched to 140% strain. The stretched SMPs were then
moved to the polyelectrolyte multilayer (PEM) coating in a spin coater. The sample is
coated with polyethyleneimine, and 20 cycles of poly(styrene 4-sulfonate) (PSS) and
poly(allylamine hydrochloride) (PAH) with two times Millipore water wash between PSS

and PAH. The PEM-coated samples are then coated with Geltrex for cell seeding®?.

The results show that a nanoscale wrinkle topography is generated on the SMP surface

after recovery. 75% of cells seeded on the SMPs are aligned with the wrinkles compared to
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the alignment rate of 5% of cells seeded on the flat surface. The substrates have also been
implemented in studying how disruption of myofibril remodeling impaired cells adapt to

the dynamic environment. With the application of myosin kinase inhibitor, RnoA/ROCK
kinase inhibitor, actin kinase inhibitor, and focal adhesion kinase inhibitor, all the

inhibitors caused a decreased sarcomere index, indicating the disarray of sarcomere.
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Figure 11 Schematics of experimental procedures for SMP-PEM fabrication and dynamic
cell culture. (a). tBA-co-BA polymer fabrication and stretched with 40% strain. (b). The
stretched polymer is coated with PEM film with 20 cycles of coating process. (c) Human

iPSCs are seeded on the sanitized SMPs for (d) cell alignment analysis®..
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The applications of SMPs show a great potential for studying the dynamics of cells on
nano-scale topography and mimicking the natural environment in the human body. The
recovery of SMP makes it possible to observe the changes of cells in a dynamic
environment, which is critical for understanding how cells respond to the changes of the

external environment.

1.4 Research Goal

Following the previous studies of SMP, BAG3 gene mutation and myofibrillogenesis, the
goal of this study is to understand how BAG3 gene mutation impairs the myofibril
structure and function in a dynamic environment. Since the nano-wrinkled topography is
required for the stretching of cardiomyocytes, the formation and the stability of the
wrinkles during SMP recovery will be studied in this work with atomic force microscope.
The localization of actinin to the sarcomere structure is disturbed in BAG3 mutant cells has
been observed in previous studies but the impact of BAG3 gene mutation on the assembly
of other sarcomere proteins remains unclear. The current studies have investigated BAG3
gene mutation in a static environment while the impact of BAG3 gene mutation on
myofibrillogenesis in the dynamic environment is unclear. With the implementation of
SMP, this work will study the BAG3 gene mutation in a dynamic environment to

understand how the mutation disturbed myofibrillogenesis.

25



2 Materials and Methods

2.1 Overview

To study how BAG3 mutant cardiomyocytes’ behaviors and functions are affected by
external topography change, we used shape memory polymer to create the dynamic surface
topography. The entire experiment process includes polymer fabrication, cell preparation,

SMP recovery, and data collection.

Shape memory polymers are fabricated, stretched to an ideal strain, and coated with PEM
coating. The polymers are then sanitized for cell seeding. BAG3 mutant cardiomyocytes are
prepared by BAG3 mutant iPSC differentiation and purification. The cardiomyocytes are
seeded on SMPs at low temperatures to avoid SMP recovery and allow cell attachment. The

samples are recovered after cell seeding and the data is collected by microscope.

2.2 Polymer Preparation

2.2.1 Polymer Fabrication

The shape memory polymers have a major component of Tert-Butyl Acrylate (TBA). The
monomer solution of SMP is composed of 95 percent weight TBA and 5 percent weight
Butyl acrylate (BA), 1 percent weight 2-2- dimethoxy-2-phenyl acetophenone (DMPA) as
initiator, and tetra ethylene glycol dimethacrylate (TEG DMA), as the crosslinker. The

percentage of the components is calculated with the equation:
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Volume in mL of TBA needed =

((Mass of DMPA in grams) * (weight percent of TBA))

(Density of TBA)
Volume in mL of TBA needed =

((Mass of DMPA in grams) * (weight percent of BA))

(Density of BA)
Since the standard DMPA volume is 25mg, the density of TBA is 0.875 g/ml, the density of

BA is known as 0.894 g/ml and the volume of TEG DMA is the same volume of BA, the
component volume needed for SMP fabrication is 2.714 ml TBA, 0.127 ml BA, 0.127 ml

TEG DMA and 25mg DMPA.

The components are fully mixed in a glass flask which is washed with Millipore water and
dried before the mixture. The solution was then injected into the polymer fabrication mold
which has 2 glass slides, a Teflon spacer, and binder clips. The inner side of the slides is
coated with Rain-X to avoid crosslinked polymer sticking on the slides. The Teflon spacer is

cut to fit the size of the glass slides and fixed by the binder clips.

The mold with the mixture solution is moved into a UV box for photo-crosslink for 1 hour.
After crosslinking, the polymer is immersed in a 50% methanol-DI water solution from the
mold for washing away the rest monomers. The solution is placed onto a shaker overnight at
room temperature. After washing, the polymer is placed into a hood for drying for 24 hours

and then drying in a vacuum oven for 24 hours. The dried polymer is ready for use.
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2.2.2 Polymer Stretching

The fabricated polymer is cut into pieces with a length of 2.3 cm and a width of 0.5 cm
before stretching. Polymer samples can be stretched automatically or manually. The
automatic stretching used Dynamic Mechanical Analysis (DMA) to stretch the polymer to a
strain of 140%. The manual stretch used a manual stretcher, the polymer is fixed on the
stretcher on the clips and the clips are screwed to be tightened at 5N force to avoid polymer
sliding during the stretch. The stretcher with polymer is placed into a preheated oven at 70C
for 5 minutes. The polymer will become softened, and it is slowly stretched to the target
strain by rotating the knob of the manual stretcher. After stretching, the stretcher is placed in
the oven for 3 minutes and then the stretcher is taken out and cooled down to room

temperature for PEM coating.

2.2.3 Polyelectrolyte Multilayers (PEM) Coating

The wrinkled topography on the SMP surface is formed by the folding of PEM film when the
stretched SMP recovers to its permanent shape. The PEM coating includes a layer of PEI
coating and 20 cycles of PSS coating, PAH coating, and Millipore water rinse between the
coating process. The polymer is fixed on a round shape glass slide with double-sided tape and
the glass slide is fixed on the spin coater with the vacuum. The coating solution is added to
the polymer by dropper pipette to cover the entire surface of the polymer and spin-coated at

3000 RPM for 12 seconds.
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2.2.4 Geltrex Coating

Polymers are coated with Geltrex for cell seeding. After the PEM coating, the polymer is cut
into small pieces to fit the single well size of the 48-well cultural plate. The polymers are then
sanitized and moved into 48-well cultural plate and incubated with Geltrex at room

temperature overnight.

2.3 Cell Preparation

2.3.1 Cell Culture

The cardiomyocytes are derived from human-induced pluripotent stem cells (hiPSC-CMs).
Cardiomyocytes are cultured in the well plates in a 37 <C incubator with 5% CO2. The cells

are maintained in RPMI media supplemented with B-27 complete.

2.3.2 Cell Seeding and Experiment Conduction

After the overnight Geltrex coating, the polymers are ready for cell seeding. hiPSC-CMs are
washed with PBS solution and incubated with 0.025% trypsin at 37 <C for 12 minutes to
detach the cardiomyocytes from the culture plate. The warmed EB20 media is added into cell
suspension to terminate the effect of trypsin. The cell suspension is then centrifuged for 5
minutes at 800 RPM, and the supernatant is aspirated after centrifuge. The RPMI-B27 media
is added to re-suspend. The RPMI-B27 media is warmed to room temperature instead of

warming to 37<C in a water bath to avoid the recovery of polymers.
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The number of cells in the suspension is counted with the cell counter. 30,000 cells are
seeded into each well of a 48-well plate. This number ensures the maximum number of cells
attached to the polymer surface and also avoids tight junctions to keep the cells in a single-
cell status. RPMI-B27 media at room temperature is added to each well to fill the well with
5004 media. Then, one piece of polymer is placed into each well with the PEM-coated side
facing upwards. The culture plate is incubated at 30 <C with 5% CO2 for cell recovery, and

attachment and to avoid polymer recovery.

2.3.3 AFM Image Collection

To further investigate the formation and the stability of the wrinkled topography on the SMP
surface, the SMPs coated with PEM are placed in a 48-well plate and covered with the RPMI
media prewarmed to room temperature. The plate is incubated at 37 <C and one piece of
SMPs is taken out from the plate every 15 minutes for 1.5 hours, and every 2 hours for 6
hours. The recovered SMPs are then rinsed with Millipore water and dried for image

collection with an atomic force microscope (AFM).

The surface topography image and the height of wrinkles are collected with AFM. The
samples are fixed on the sample plate with double-sided tape. The data is collected with an
AFM cantilever with a range of 20um, 50um, and 100pum. The data is analyzed automatically

with the AFM controlling software.
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2.3.4 Fluorescent Image Collection and Analysis

Cardiomyocytes are attached to the surface of polymers and well-spread after 2 days of
incubation at 30<C. The culture plate is transferred to a 37 <C incubator with 5% CO2 to
trigger the polymer recovery. The initial transfer time is set as 0 hour. One piece of polymer
is taken out every 1 hour for 6 hours. The sample is then fixed for immunostaining. The
samples are washed by PBS 5 times immediately after being out from the plate, then the
sample is fixed with 4% PFA solution for 15 minutes, 5 times PBS wash again. The sample is
then immersed in 0.2% triton solution for 5 minutes and then immersed in 2% BSA solution

for 30 minutes to wash away the triton solution.

After the fixation, the primary antibodies of a-actinin, actin, myomesin, and non-muscle-
specific myosin are used to incubate the polymer for 1.5 hours at room temperature or
overnight at 4<C, the samples are washed with PBS 5 times after the primary antibody
staining. The secondary antibodies are then used to incubate the polymer for 1.5 hours to
stain the proteins labeled by the primary antibodies. The samples are then washed with PBS 5

times before image collection.

Fluorescent images of cardiomyocytes are captured with a 40> oil objective on a Nikon
microscope. The direction of wrinkles is examined with the brightfield channel. The
immunostaining labeled proteins are detected with the fluorescent channels. The fluorescent
images are processed with Fiji Image J, and a plugin called Adaptive Threshold is used to
conduct the original images to threshold masks. The masks showed the distribution of the

specific protein. The masks are then analyzed with a MATLAB software called Z-line
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Detection Master. The software automatically detects the protein distribution and produce a
mask as output, then it analyzed the different parameters of sarcomere proteins with the

output masks (Figure 12).

The statistical analysis is processed with one-way ANOVA test and tukey multiple
comparison. Data from different cell types and dynamic/static groups are analyzed within the

same time point to see if there is a significant difference between the cell groups at that time

point.
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Figure 12 The processing of immunofluorescent images. (A) the original image that cell
stained with actin. (B) The sarcomere structure of cell. (C) The threshold mask of the
sarcomere structure. (D) The sarcomere bands mask produced by MATLAB. (E) The

detection of sarcomere bands to produce the sarcomere bands mask.
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3 Results

3.1 The Formation and Stability of Nano Wrinkles on SMP

3.1.1 The Formation of Nano Wrinkles

To investigate the process of wrinkle formation on the SMPs, the SMPs with PEM coating
are incubated at 37°C for recovery, and the topography is detected with an atomic force
microscope (AFM). The surface topography of non-recovered SMPs is detected. The surface
of unrecovered SMPs showed a flat topography with no significant pattern existed. The
height of the unrecovered SMP also suggested that the surface is flat (Figure 13). The
formation of wrinkles can be observed from 15 minutes after the samples were moved to the

incubator. The density of wrinkles increased over time and became stable after 45 minutes of

incubation (Figure 14).

Figure 13 The AFM image of SMP surface topography without the recovery process. No

significant topography feature has been shown.
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Figure 14 The AFM images of SMP surface topography after recovery at 37°C. Wrinkles are

b

\
1

formed on the SMPs after 15 minutes of incubation and the wrinkle density increased over

the incubation time.

The detected height of the wrinkles also suggested the same result that the height and density
of nano wrinkles increased over the incubation time. The height of wrinkles is detected by
capturing the movement of the AFM cantilever (Figure 14). The result shows that the
formation of wrinkles can be observed on the SMPs from 15 minutes of incubation, the

average height of wrinkles is about 50nm and average wavelength of 1.7857um. The height

of the wrinkles is increased to 100 and 150 nm after 30 and 45 minutes of incubation and the

average wavelength are 1.9231um and 2.0000um, respectively (Figure 15). After 60 minutes

of incubation, the SMP is fully recovered, and the height of wrinkles is increased to 200nm

while the density of wrinkles also increased that the average wavelength is 1.3514um. The

result suggested that the recovery of SMPs is completed within 60 minutes of incubation at
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37°C. The height and density of the wrinkles are increased by the increase in the PEM film

folding rate on the SMP.

Scope Trace Scope Trace

Scope Trace

Figure 15 The height result of SMPs. Wrinkles can be observed from 15 minutes of
incubation with an average of 50nm. The average height of wrinkles increased over the

incubation time and stabilized at 200nm after 45 minutes of incubation.
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3.1.2 The Stability of Nano Wrinkles

After detecting the surface topography of SMPs during the recovery phase, we also tested the
stability of nano wrinkles during the entire experiment (Figure 16). The surface topography

of SMPs is detected by AFM after 2, 4, and 6 hours of incubation at 37°C. The result of AFM
indicated that the surface topography of SMPs remains stable after the recovery. The average

height of nano wrinkles remains at the level of 150nm and the average wavelength is 1.1364p
m, 1.1628um and 1.1628um, which is consistent with the result of 60 minutes of incubation.

This result suggested that the surface topography of SMPs is stable during the incubation and

the external impact on cells seeded on the SMP is consistent.

Figure 16 The section analysis of wrinkles on the SMPs. After 6 hours of incubation,
wrinkles on the SMP surface are still stable and have the same average height of 200nm as

they were formed.

3.2 BAG3 induced sarcomere changes

3.2.1 Immunofluorescent images

The wild-type and BAG3 mutant cells are stained with a-actinin, non-muscle specific myosin
(Figure 17, 18), myomesin and actin (Figure 19, 20). In the wild type cells, the non-muscle
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specific myosin is localized near the cytomembrane of cells to form the structure of the
premyofibril. a-actinin is distributed in the entire cell, the filaments of a-actinin are localized
near the cytomembrane that join the non-muscle specific myosin to form the premyofibrils.
The bands of a-actinin are localized at the center of the cell to form the mature myofibril/
sarcomere structure. During the SMP recovery, non-muscle specific myosin is produced at

the nuclei (Figure 17).

In the BAG3 mutant cells, the amount of the mature myofibril is less than the amount of the
wild-type cells. a-actinin is less localized at the sarcomere and existed in the cell as filaments.
The amount of a-actinin bands is significantly reduced in the BAG3 mutant cells compared to
the wild-type cells (Figure 18). The localization of actin and myomesin is also impaired in
BAG3 mutant cells. In the wild-type cells, myomesin and actin bands are localized at the
myofibril to form the repeating bands pattern of sarcomere. Compared to the wild-type cells,
the amount of myofibril is reduced in the BAG3 mutant cells, which indicates the localization

of myomesin and actin is impaired in BAG3 mutant cells (Figure 19, 20).
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Figure 17 The immunofluorescent images of the wild-type cells. Non-muscle specific myosin

is located near the cytomembrane. a-actinin joins the premyofibril as filaments and construct
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the sarcomere as bands. Non-muscle specific myosin is produced during the SMP recovery

(Scale bar:10.m).
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Figure 18 The immunofluorescent images of the BAG3 mutant cells. Non-muscle specific
myosin is located near the cytomembrane. a-actinin joins the premyofibril as filaments and

construct the sarcomere as bands (Scale bar:10.m).
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Figure 19 The immunofluorescent images of the wild-type cells. Myomesin and actin bands

are localized at the myofibril to form the repeating bands pattern of sarcomere. Cells are

filled with myofibrils (Scale bar:10.m).
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Figure 20 The immunofluorescent images of the BAG3 mutant cells. The amount of myofibril
is reduced in the BAG3 mutant cells. The assembly of myomesin and actin to the sarcomere is

impaired, which indicated the impair of sarcomere integrity (Scale bar:10.m).

3.3 Sarcomere Protein Length

3.3.1 Median Z-line length

Sarcomere protein length is a parameter to indicate the sarcomere integrity and the cell
function of sarcomere protein assembly. The median Z-line length is obtained by detecting
the length of a-actinin and calculating the median a-actinin length in a single cell (Figure
21). The median Z-line length of the BAG3 mutant cell is shorter than the median Z-line
length of the wild-type cells. In the dynamic group, the mean median Z-line length of BAG3
cells in the dynamic group is 1.029um while the mean median Z-line length of wild-type cells
is 1.104um. In the static group, the mean median Z-line length of BAG3 cells in the dynamic
group is 1.015um while the mean median Z-line length of wild-type cells is 1.047um. The
median Z-line length of wild-type cells in the dynamic group showed a slight increase in the
first 3 hours of incubation, decreased for 2 hours, and recovered to the original level while no

significant change in median z-line length is observed in BAG3 mutant cells.

The p-value of the unpaired t-test is 0.007 and 0.0310 in the dynamic and static groups,
suggesting a significant difference between the 2 cell groups. The grouped t-test result shows
that the difference between the BAG3 mutant cells and the wild-type cells is significant in the

first 3 hours of SMP recovery (Figure 22). The one-way ANOVA test shows the significant
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difference between BAG3 dynamic group and WT dynamic group at the first 3 hours of

incubation (Figure 23).

The result of the median Z-line length indicated that the integrity of the Z-line is impaired in
the BAG3 mutant cells that the median Z-line length is reduced in the BAG3 mutant cells. In
the first 3 hours of SMP recovery, the median Z-line length increased in the wild-type cells as
the response to the stretching while there is no significant change in the BAG3 mutant cells.
The median Z-line length decreased after 3 hours of incubation, which may indicate the

formation of premyofibril that shorter a-actinin filaments are produced.
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Figure 21 The median Z-line length. BAG3 mutant cells have shown a short median Z-line
length compared to the wild-type cells. BAG3 mutant cells have not shown a significant level

change in the incubation over time.
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Figure 22 The comparison between the BAG3 mutant cells and the wild-type cells of the
median Z-line length. The p-value of the unpaired t-test is 0.007 and 0.0310 in the dynamic
and static groups, suggests the significant different between the 2 cell groups. In the multiple
unpaired t-test, the samples of the first 3 hours of SMP recovery have shown a g-value below

0.05, which suggests the significant different between these samples.
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Figure 23 The statistical analysis of median Z-line length. The significant difference is shown

at the first 3 hours of incubation between BAG3 dynamic and WT dynamic group.
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3.3.2 Median M-band Length

The median M-band length is obtained by detecting the length of myomesin and calculating
the median myomesin length in a single cell (Figure 24). The mean median M-band length of
BAGS3 cells is shorter than the mean median M-band length of the wild-type cells. In the
dynamic group, the mean median M-band length of BAG3 cells in the dynamic group is
0.9156um while the mean median M-band length of wild-type cells is 0.9966um. In the static
group, the mean median M-band length of BAG3 cells in the dynamic group is 0.9138um
while the mean median Z-line length of wild-type cells is 1.042um. In the dynamic group,
there is no significant change in the median M-band length in both wild-type cells and BAG3

mutant cells over time.

The unpaired t-test of the median M-band length has a p-value of 0.0673, which suggests no
significant difference between the 2 groups. The p-value of the unpaired t-test is 0.0013 in the
static group, which suggests a significant difference between the 2 cell groups. The only
significant difference in the dynamic group is shown at 6 hours after SMP recovery (Figure
25). The ANOVA test shows that the significant difference is shown 2 hours of incubation
between BAG3 static and WT static group. A significant difference is also shown at 6 hours
between BAG3 dynamic and WT dynamic group (Figure 26). The significant difference of
the median M-band length in the static group indicates that the integrity of the M-band is
impaired in the BAG3 mutant cells. The no significant difference in the dynamic group may
be explained by the stretching of the M-band by the SMP recovery. In the dynamic group, the
M-band length increased slightly over the incubation time in the wild-type cells, which may

indicate the repair of the M-band in response to the external force. This phenomenon is not
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observed in the BAG3 mutant cells, which indicates that the assembly of M-band is impaired

in the BAG3 mutant cells.
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Figure 24 The median M-band length. The median M-band length of BAG3 mutant cells is
slightly shorter than the median M-band length of the wild-type cells. No significant is shown

in the median M-band length of the BAG3 mutant cells.
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Figure 25 The comparison between the BAG3 mutant cells and the wild-type cells in median
M-band length. The p-value of the unpaired t-test is 0.0673 in the dynamic group, suggests no
significant difference between the 2 cell groups. In the multiple unpaired t-test, only the
samples at 6 hours incubation shown a g-value below 0.05, which shows significant
difference. The p-value of the unpaired t-test is 0.0013 in the static group, suggests a

significant difference between the 2 cell groups.
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Figure 26 The statistical analysis of median M-band length. The significant difference is
shown 2 hours of incubation between BAG3 static and WT static group. A significant

difference is also shown at 6 hours between BAG3 dynamic and WT dynamic group.
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3.3.3 Median Actin Length

The mean median actin length of the BAG3 mutant cells is short than the mean median actin
length of wild-type cells (Figure 27). In the dynamic group, the mean median actin length of
BAG3 cells in the dynamic group is 0.8746um while the mean median actin length of wild-
type cells is 0.9480um. In the static group, the mean median actin length of BAG3 cells is
0.8650pm while the mean median actin length of wild-type cells is 1.030um. No significant
change in median actin length in the dynamic group is observed in both BAG3 mutant and
the wild-type cells over time. The t-test result of the median actin length shows a p-value of
0.0675, which indicates no significant different between the wild-type and BAG3 mutant
cells in the dynamic group. The p-value of the static group is 0.0043, which indicates a
significant difference. The g-value of all time points shows a result of no significant
difference in the dynamic group (Figure 28). The ANOVA test shows that the significant
difference is shown at 4 hours of incubation between BAG3 static, WT static groups and WT
dynamic, WT static groups (Figure 29). The stable median actin length in the dynamic group
is consistent with the sliding filament theory that the contraction of myofibril is
functionalized by the sliding of the thin filaments. The t-test of the static group shows that the
integrity of the thin filament is impaired in the BAG3 mutant cells. The no significant result
of the dynamic group may be explained by the premyofirbil genesis in the stretched cells that

shorter actin filaments are produced in the wild-type cells.
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Figure 27 The median actin length. The median actin length of BAG3 mutant cell is shorter
than the wild-type cells. No significant change in median actin length in the dynamic group is

observed in both BAG3 mutant and the wild-type cells over time.
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Figure 28 The result comparing the BAG3 mutant cells and the wild-type cells in median
actin length. The p-value of the unpaired t-test is 0.0675 of the dynamic group, suggests no
significant different between the 2 cell groups. No significant difference is observed between
the dynamic groups. The p-value of the unpaired t-test is 0.0043 of the static group, suggests

a significant difference between the 2 cell groups.
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Figure 29 The statistical analysis of median actin length. The significant difference is shown
at 4 hours of incubation between BAG3 static, WT static groups and WT dynamic, WT static

groups.
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3.4 Sarcomere Protein Orientational Order Parameter (OOP)

3.41 Z-line OOP

The orientational order parameter (OOP) is a parameter to describe the alignment rate of a
structure. In our study, OOP is used to measure the rate of cell stretching and the sarcomere
integrity of cells. The Z-line OOP is to measure the alignment rate of the entire Z-line. The
mean Z-line OOP of BAG3 mutant cells and the wild-type cells in the dynamic and static
groups are 0.1912, 0.2975, 0.1039, and 0.0910, respectively (Figure 30). The higher mean
OOP of the dynamic group shows that the cell morphology is changed during the SMP
recovery, and the sarcomere Z-line is more aligned. In the dynamic group, the OOP increased
at the beginning of SMP recovery. The increase rate in BAG3 mutant cells is lower than the

increase rate in the wild-type cells.

The t-test result of the Z-line OOP has a p-value of 0.0158, which means a significant
difference between the wild-type and BAG3 mutant cells. The p-value of the static group is
0.3856, which shows no significant difference. The g-value of multiple t-tests shows that the
samples of 1 and 4 hours of SMP recovery are significantly different (Figure 31). The one-
way ANOVA test shows that the significant difference between WT dynamic and WT static
groups has shown at the first 5 hours of incubation. The significant difference between BAG3

dynamic and WT static group is shown at 1, 3 and 4 hours of incubation (Figure 32).

The result indicates that the ability to rebuild the Z-line structure in the BAG3 mutant cells is

impaired. Since the increase in the Z-line OOP is resulted from the cell stretching during
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SMP recovery, the lower Z-line OOP in the BAG3 mutant cells indicates the impaired
assembly ability of a-actinin to the sarcomere structure that the filaments are not stretched by
the external force. The multiple t-test result also indicates that the wild-type cells take about 4
to 5 hours to repair the Z-line structure while the assembly of Z-line is disturbed in the BAG3
mutant cells. In the dynamic group, the Z-line OOP of the wild-type cells increased in the
first 3 hours of incubation and decreased after 3 hours. This result suggests that the Z-line
structure is being stretched for the first 3 hours and then the cells may start to repair the
stretched Z-line. This change is delayed in the BAG3 mutant cells, which may indicate that

the force distribution capacity in the BAG3 cells is impaired.
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Figure 30 The Z-line OOP. BAG3 mutant cells have lower Z-line OOP in the dynamic group
compared to the wild-type cells. During the recovery, the Z-line OOP of WT cells increased

in the first 3 hours, and then decrease. This process is delayed in the BAG3 mutant cells.
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Figure 31 The result comparing the BAG3 mutant cells and the wild-type cells in the Z-line
OOP. The p-value of the unpaired t-test is 0.0158 and 0.3856 of the dynamic and the static
groups, suggests no significant difference between the 2 cell groups. The g-value of the
samples of 1 and 4 hours for SMP recovery shows significant difference in the dynamic

group.
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Figure 32 The statistical analysis of Z-line OOP. The significant difference between WT

dynamic and WT static groups has shown at the first 5 hours of incubation. The significant
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difference between BAG3 dynamic and WT static group is shown at 1, 3 and 4 hours of

incubation.

3.4.2 M-band OOP

The mean M-band OOP of BAG3 mutant cells and the wild-type cells in the dynamic and
static groups are 0.1038, 0.2202, 0.07762, and 0.1358, respectively (Figure 33). This result
also indicates that the cells are stretched in the dynamic group during the SMP recovery. The
M-band OOP of wild-type cells increased in the first 2 hours and then decreased while the
OOP of BAG3 mutant cells has no significant change, this result indicates that the cell’s

ability to adapt to external change in BAG3 mutant cells is impaired.

The t-test result of M-band OOP has a p-value of 0.0449, which shows a significant
difference between the cell groups. The p-value of the unpaired t-test is 0.9298 for the static
group, which suggests no significant difference between the 2 cell groups. The g-value of the
multiple t-tests has only shown a significant difference in the 2 hours samples (Figure 34).
The one-way ANOVA test shows that the significant difference between WT dynamic and
WT static groups has shown 2 and 4 hours of incubation. The significant difference between

BAG3 dynamic and WT static group is shown at 2 hours of incubation (Figure 35).

The result of M-band OOP is consistent with the Z-line OOP that the M-band OOP increased

at the first 4 hours of incubation in the wild-type cells while there is no significant difference
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in the BAG3 mutant cells. The result also suggests that the integrity of sarcomere is impaired

in the BAG3 mutant cell that the sarcomere structure could not respond to the external force.

The sharp increase of the M-band OOP in the first 2 hours of incubation of the wild-type cell
in the dynamic group may indicate that the M-band structure is the structure that the external
force applied to. After 2 hours of increase, the M-band OOP decreased to the same value of

the BAG3 mutant cells, which may indicate that the cells are repairing the stretched M-band

structure.
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Figure 33 M-band OOP. The M-band OOP of BAG3 mutated CMs is lower than the M-band
OOP of WT CMs. The M-band OOP of WT CMs increased during the first 2 hours of SMP

recovery and then decreased while no significant change shown in BAG3 mutant cells.
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Figure 34 The result comparing the BAG3 mutant cells and the wild-type cells in the M-band
OOP. The p-value of the unpaired t-test is 0.0449 of the dynamic group, suggests a
significant difference between the 2 cell groups. Only the sample of 2 hours incubation has
shown a g-value of significant different. The p-value of the unpaired t-test is 0.9298 of the

static group, suggests no significant difference between the 2 cell groups.
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Figure 35 The statistical analysis of M-band OOP. The significant difference between WT

dynamic and WT static groups has shown 2 and 4 hours of incubation. The significant

difference between BAG3 dynamic and WT static group is shown at 2 hours of incubation.
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3.43 Actin OOP

The mean actin OOP of the wild-type cells is lower than the mean actin OOP of the BAG3
mutant cells in the dynamic group, which are 0.3138 and 0.4392 respectively (Figure 36).
The t-test result has a p-value of 0.0050, which indicates a significant different between the
groups. The p-value of the unpaired t-test is 0.3640 for the static group, suggests no
significant difference between the 2 cell groups. Consistent with the M-band OOP, the only

significant difference is the 2-hour incubation sample (Figure 37).

Since the contraction of myofibrils is functioned by the sliding of the thin filaments, the
increased actin OOP in the BAG3 mutant cells might happen because of the impaired Z-line

and M-band integrity damaged the connection between thin filaments and these structures.

No significant change in the actin OOP in the dynamic group over the SMP recovery time is
observed. The one-way ANOVA also suggests no significant difference between the cell

groups (Figure 38).
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Figure 36 The actin OOP. The mean actin OOP of the wild-type cells is lower than the mean

actin OOP of the BAG3 mutant cells in the dynamic group.
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Figure 37 The result comparing the BAG3 mutant cells and the wild-type cells in the actin
OOP. The p-value of the unpaired t-test is 0.0050 for the dynamic group, suggests a
significant difference between the 2 cell groups. Only the sample of 2 hours incubation has
shown a g-value of significant different. The p-value of the unpaired t-test is 0.3640 for the
static group, suggests no significant difference between the 2 cell groups.
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Figure 38 The statistical analysis of actin OOP. No significant difference is shown between

cell groups.
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3.5 Sarcomere Protein Distance

3.5.1 Mean Z-line Distance

The Z-line distance is the distance between a-actinin bands in cells. In the dynamic group, the

mean Z-line distance of BAG3 mutant cells and the wild-type cells are 1.762um and 1.455p

m, respectively (Figure 39). In the static group, the mean Z-line distance of BAG3 mutant

cells and the wild-type cells are 1.552um and 1.453um, respectively. The difference in mean

Z-line distance between the static and dynamic group of the wild-type cells again proved that
cells are stretched during the SMP recovery, the sarcomere is also stretched and the distance
between a-actinin bands increased. However, there is no significant difference between the
static group and the dynamic group in the BAG3 mutant cells. The t-test result of the mean Z-
line distance has a p-value of 0.0001 for the dynamic group, which suggests that there is a
significant difference between the groups. The p-value of the unpaired t-test is 0.5252 in the
static group, which suggests no significant difference between the 2 cell groups. The multiple
t-tests show that the samples of 1-, 2-, 3-, 4- and 6-hours incubation has a significant
difference (Figure 40). The one-way ANOVA test shows that the significant difference has
shown at 1,2,3,4,6 hours of incubation between the BAG3 dynamic group and the WT
dynamic group. The significant difference has shown at 1,2,4 hours of incubation between the
BAG3 static group and the WT static group. The significant difference has shown at 2,5,6

hours of incubation between the WT static group and the WT dynamic group (Figure 41).

The mean Z-line distance of the wild-type cells is longer than the mean Z-line distance of the
BAG3 mutant cells. Since the M-band is an elastic hinged structure that binding thin filament

and thick filament that facilitate sarcomere contraction, the impairment of the M-band in the
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BAG3 mutant cells may result in a lower elasticity of the sarcomere structure when
responding to the force generated by SMP recovery. The Z-line distance in the dynamic
group is longer than in the static group, which suggests the cells are stretched by the SMP
recovery. The Z-line distance of the wild-type cells in the dynamic group is decreasing over
the incubation time, which may indicate the cells are repairing the stretched sarcomere when

this process is not observed in the BAG3 mutant cells.
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Figure 39 The mean Z-line distance. The mean Z-line distance of the wild-type cells is
shorter than the BAG3 mutant cells. The mean Z-line distance in the dynamic group is

longer than in the static group.
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Figure 40 The result comparing the BAG3 mutant cells and the wild-type cells in the mean
Z-line distance. The p-value of the unpaired t-test is 0.0001 in the dynamic group, suggests
a significant difference between the two cell groups. The p-value of the unpaired t-test is
0.5252 in the static group, suggests no significant difference between the 2 cell groups. The

multiple t-test shows significant differences in the 1, 2 and 4 hours of the static group.
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Figure 41 The statistical analysis of mean Z-line distance. The significant difference has

shown at 1,2,3,4,6 hours of incubation between the BAG3 dynamic group and the WT

dynamic group. The significant difference has shown at 1,2,4 hours of incubation between the
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BAG3 static group and the WT static group. The significant difference has shown at 2,5,6

hours of incubation between the WT static group and the WT dynamic group.

3.5.2 Mean M-band Distance

The mean M-band distance of the wild-type cells and the BAG3 mutant cells in the
dynamic and static group is 1.828um, 1.653um, 1.767um and 1.538um, respectively. The
t-test of the dynamic and static groups have a p-value of 0.5054 and 0.1367, which
indicated no significant difference in the 2 groups. No significant difference is showed in
comparison of individual sample groups. The one-way ANOVA test shows no significant

difference between cell groups (Figure 42, 43, 44).

The comparison between the dynamic and static group has shown that the M-band structure
is stretched during the SMP recovery. However, there is no significant change in the M-
band distance with the incubation time. The wild-type cells have a longer M-band distance
compared to the BAG3 mutant cells. Since M-band is an elastic structure in the sarcomere
to maintain the stability of the sarcomere structure, the impaired M-band integrity may
result in a decreased M-band elasticity that the M-band distance in the BAG3 mutant cells

is reduced.
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Figure 42 The mean M-band distance of the wild-type and the BAG3 mutant cells. The

mean value of the M-band distance of the wild-type and BAG3 mutant cells are in the

dynamic and static groups are 1.828um, 1.653um, 1.767um and 1.538um, respectively.
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Figure 43 The comparison of the mean M-band distance between the wild-type cells and
the BAG3 mutant cells in the dynamic group and the static group. The p-value of the
dynamic group and the static group are 0.5054 and 0.1367, which shows no significant

difference in both groups.
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Figure 44 The statistical analysis of mean M-band distance. No significant difference is

shown between cell groups.
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3.5.3 Mean Actin Distance

The mean actin distance of the wild-type cells and the BAG3 mutant cells in the dynamic
and static group is 1.770um, 1.780um, 1.863um and 1.683um, respectively. The t-test of
the dynamic and static groups have a p-value of 0.4997 and 0.6028, which indicated no
significant difference in the 2 groups. No significant difference is shown in the comparison
of individual sample groups (Figure 45, 46). No significant change of the mean actin
distance is showed in the dynamic group by the incubation time. The one-way ANOVA
test shows that the significant difference has shown at 3 hours between the BAG3 static
and WT static groups. The significant difference is shown at 4 hours between the WT

dynamic and WT static groups (Figure 47).

The test result shows that the mean actin distance of the wild-type cells and the BAG3
mutant cells have no significant difference in both the dynamic and the static groups. Since
actin is the sliding filament that functionalizes the sarcomere contraction, the result
indicates that the thin filaments are not stretched by the SMP recovery. Since the
contraction of the sarcomere is facilitated by hinging the M-band, the force generated by

the SMP recovery may be only applied to the hinged M-band structure.
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Figure 45 The mean actin distance of the wild-type and the BAG3 mutant cells. The mean
value of the actin distance of the wild-type and BAG3 mutant cells are in the dynamic and

static groups are 1.770um, 1.780um, 1.863um and 1.683um, respectively.
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Figure 46 The comparison of the mean actin distance between the wild-type cells and the
BAG3 mutant cells in the dynamic group and the static group. The p-value of the dynamic
group and the static group are 0.4997 and 0.6028, which shows no significant difference in

both groups.
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Figure 47 The statistical analysis of mean actin distance. The significant difference has

shown at 3 hours between the BAG3 static and WT static groups. The significant difference is

shown at 4 hours between the WT dynamic and WT static groups.
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4 Discussion

In this study, the formation and the stability of nano wrinkles on the SMPs have been

investigated. The nano wrinkles are formed within 1 hour of incubation at 37°C which

triggers the recovery of SMPs. After formation, nano wrinkles can be stable in the culture

media at 37°C incubation for 6 hours. This result shows that SMPs with PEM coating can be

an ideal biomaterial to study cell-ECM interactions with a straightforward topography
generation process. Since the generation of the surface topography happens during the
incubation, it can provide a dynamic environment to study cell- ECM interactions. The
wrinkles can also mimic the natural environment surrounding cardiomyocytes that squeeze

the cells.

With the analysis of the 3 sarcomere parameters, this work investigated how BAG3 gene
mutation, as a major reason for DCM, impaired the sarcomere structure. Previous studies
have revealed that the BAG3 gene mutation could disturb the assembly and formation of the
Z-line and impair the force generation capacity of the cells. In this work, we have revealed
that the integrity of the M-band and the thin filament is also impaired in the BAG3 mutant
cells. Since the M-band is the functional unit that facilitates the sarcomere contraction by
controlling the sliding of the thin filaments, the impairment of M-band integrity could be the

reason for the reduced force generation capacity.
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During the SMP recovery, the sarcomere structure is stretched, and the Z-line distance is
increased as a result of stretching. The thin filament and the M-band structure have not been
stretched significantly by the SMP recovery. This result may indicate that the functional
elastic unit of the M-band and the thin filament are hinged and have the capacity to adapt to
the external force. The result also shows the repairment of the sarcomere structure in the
wild-type cells that was triggered by the SMP recovery after several hours of incubation. This

capacity to repair the sarcomere structure is impaired in the BAG3 mutant cells.
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5 Future Work

The current work has investigated how BAG3 disturbed sarcomere integrity with observing
the assembly and the integrity of the Z-line, M-band and thin-filaments in a dynamic
environment. Besides these proteins, myosin and titin are the other important component of
the sarcomere structure. Myosin has played an important role in myofibrillogenesis that the
non-muscle-specific myosin is the major component of premyofibril, and the muscle-
specific myosin is the component of the thick filament in the mature myofibril. Since the
non-muscle-specific myosin exists in the cell in a beaded pattern, it is unable to quantify
the volume of the non-muscle-specific myosin in the cells. However, understanding the
production of the non-muscle-specific myosin and the substitution of the muscle-specific
myosin is critical for us to understand the mechanism that how BAG3 gene mutation

disturbed myofibrillogenesis.

Muscle-specific myosin is the component of sarcomere thick filaments. The head of
myaosin is connected to actin to form a cross-bridge during muscle activation or
contraction. If the disturbance on the integrity of actin filaments will also disturb the
integrity of the thick filament is not studied in this work. Since the length of thick filament
does not change during muscle contraction, the stretching of cells may damage the
structure of thick filament and how BAG3 gene mutation disturb the response to the

damage is worthy to investigate.

Titin is the connecting protein that binding Z-line and the thick filament. The assembly of

titin to the myofibril is also a symbol of the nascent myofibril. The disturbance of titin
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integrity could impair the sarcomere integrity significantly. How BAG3 gene mutation

impairs the nascent myofibril stage, and the production of titin is worthy to study.

This work has investigated the impact of BAG3 gene mutation on sarcomere structure and
the formation of myofibril in a dynamic environment with a 6-hour incubation of the SMPs
and the cells. However, the recovery of the sarcomere structure from the damage caused by
stretching and the cell spreading on the wrinkles may require a longer time in incubation.
To investigate the long-term impact of BAG3 gene mutation on cells, a 24-hour incubation
can be used for observing the change in sarcomere structure. This study can help us further

understand the impact of BAG3 gene mutation on cell integrity in a dynamic environment.
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