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Abstract. Cardiovascular diseases are the leading cause of death worldwide.
Loss or dysfunction of cardiomyocytes is associated with many forms of heart
disease. The adult mammalian heart has a limited regenerative ability after
damage, leading to the formation of fibrotic scar tissues, hypertrophy, contractile
dysfunction and ultimately, organ failure. In contrast, neonatal mammalian
cardiomyocytes retain a significant replenishing potential briefly after birth.
There is increasing enthusiasm to grow neonatal cardiomyocytes in 3D culture
systems to artificially restore heart function. Various scaffolds and matrices are
available, but the molecular and cellular mechanisms underlying proliferation
and differentiation of neonatal mammalian cardiomyocytes are not very well
understood. Here, we utilize a systematic strategy to analyze the extensive
genome-scale gene expression profiles of two different 3D constructs. We
present a comprehensive comparison that may help improve the protocols for
growing cardiomyocytes in a 3D culture system.

Keywords: Cardiomyocytes - Regeneration * 3-D culture system : Gene
expression - Bioinformatics

1 Introduction

Cardiovascular diseases (CVDs) are the number one cause of death throughout the
world [1], with the loss or dysfunction of cardiomyocytes being the key event leading
to the formation of fibrotic scar tissues, pathological hypertrophy, contractile
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dysfunction, and eventually resulting in heart failure [2]. In 2008, CVDs already
account for 30 % of the total global deaths [1]. It is estimated that by 2030, more than
23 million people worldwide would die from CVDs [3].

Unfortunately, current pharmacological or surgical therapies for CVDs can slow the
disease progression, but are unable to fully ameliorate cardiomyocyte loss or dys-
function [4]. Despite improvements in treatment, patients are still susceptible to an
increased risk of chronic cardiac failure as scarring develops after injury [5]. The high
disease burden, both from the perspectives of the healthcare system and the patients’
quality of life, demands new therapeutic strategies to treat CVDs.

Advances in stem cell research and cell biology techniques have provided a wide
variety of approaches to regenerate the heart from progenitor and cardiomyocytes
derived from embryonic, neonatal, and adult cells. Though adult cardiomyocytes have
been shown to have regenerative ability after injury, proliferation and differentiation
occur at a much lower rate compared to embryonic and neonatal cells [6]. It is still
unclear how and whether efficient cardiac regeneration can be stimulated and regulated
in the adult mammalian heart.

In contrast, significant cardiac regeneration has been observed in the neonatal
mammalian heart. In the mouse heart, surgical amputation of the ventricular apex has
been shown to initiate cardiomyocyte proliferation, suggesting that the neonatal heart is
capable of endogenous regenerative response [7]. However, such event only sustains
for a brief period after birth. The cellular and molecular underpinnings of postnatal cell
cycle arrest in cardiomyocytes and loss of cardiac regenerative capacity in the mam-
malian heart still remain elusive. Enhanced understanding of these key molecular
events may offer novel insights for the development of ways to manipulate or extend
the neonatal cardiac regenerative potential into adulthood.

In regenerative cell biology research, 3D cultures are gaining attention since they
allow for the generation of 3D architecture that resembles more closely to the native
environment of the tissue. Indeed, cells cultured in 3D and 2D conditions have been
shown to differ in gene expression profile and phenotype [8]. Important markers of
development and response to hormonal stimulation are more readily observed in 3D
systems. 3D cultures have also been found to activate cell proliferation more efficiently
compared to 2D designs [9]. It appears that 2D cultures may not be as flexible for
manipulations or modulations, and thus, lack translational potential.

Owing to its increasing popularity in regenerative medical research, 3D constructs
are now available with variable physical, chemical, and biological properties that can
be manipulated to suit different purposes. For example, extracellular matrix prepared
from decellularized cardiac tissue could be fabricated into 3D scaffolds and matrices,
and injected to treat postmyocardial infarction injury [10—12]. Hydrogels and synthetic
biodegradable materials can also be fabricated to create customized patterns and
constructs [13, 14]. In fact, hydrogels have been combined with cell agents to suc-
cessfully improve repair of cardiac function post injury [15-18].

Similar to the difference between 3D and 2D culture systems, different properties of
3D constructs may result in varying levels of success in cardiac tissue regeneration.
We have compared among two 3D systems, PuraMatrix™ (BD Bioscience, U.S.A.)
and Go-Matrix (Bio-Byblos Biomedical Co., Ltd., Taiwan), and the traditional 2D-cell
culture system. The PuraMatrix™ construct is composed of peptide hydrogel with
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irregular pore arrangements, whereas Go-Matrix is made of gelatin from porcine skin
with regular pore patterns. Compared to the more normal looking 2D-culture system
and Go-Matrix, we observe irregular formation of muscle fibers that resembles myo-
cardial fibrosis, as well as abnormal beating of the cardiac tissue manufactured from
PuraMatrix™ (unpublished results).

In the present study, we set to compare the gene expression differences between
PuraMatrix ™ and Go-Matrix with microarray technology, using the 2D architecture as
a baseline reference. The reason for including the 2D culture is that we have repeatedly
and successfully generated cardiac tissues from this system. The next step in our
research is to construct a 3D model that holds much more promises for clinical
applications. Therefore, the 2D construct serves as a good normalization control for our
analysis.

Microarray gene expression profiles comparing three different cell culture models,
with each probe on the bio-chip repeatedly targeting (at least 10 times) each of the
approximately 25,000 transcripts in the mouse genome. Such profiles represent a big
dataset with great complexity and require a systematic pipeline combining the available
bioinformatics tools to extract important biological meanings.

Here, we present an integrative system flow involving various tools for the analysis
of gene expression differences between PuraMatrix ™ and Go-Matrix. These resources
are integrated on the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) [19] and
mirWalk [20], and include curated information from Gene Ontology (GO) [21], Kyoto
Encyclopedia of Genes and Genomes (KEGG) [22], Pathway Commons [23], Wiki-
Pathway [24], miRBase [25], Diana-microT [26], miRanda [27], miRDB [28], PicTar
[29], PITA [30], RNA22 [31], and TargetScan [32]. We believe a combinatorial
analysis utilizing publicly available bioinformatics tools should provide a better
overview of the significance in the experiment design. Identifying the biological sig-
nificance underlying the molecular differences between the two different 3D cell culture
systems may help facilitate improvements in protocols for mending the “broken” heart.

2 Methods and Materials

2.1 System Flow

The system flow of our study is depicted in Fig. 1. Gene expression microarray
experiment is performed to identify differentially expressed transcripts among two 3D
cell culture systems, PuraMatrix™ and Go-Matrix, with the traditional 2D culture as a
normalization control. Differentially expressed were categorized into up- and down-
regulated genes, and divided into PuraMatrix- and Go-Matrix-specific groups. The
differentially expressed genes are subsequently subjected to bioinformatics analysis
WebGestalt [19] and mirWalk [20].

2.2 Cardiomyocyte Isolation

All procedures were approved by the Institutional Animal Care and Use Committee of
the Far-Eastern Memorial Hospital. Neonatal B6 mice were sacrificed by de-capitation
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Fig. 1. System flow of our wet bench and bioinformatics analyses.

on postnatal day 3. 25 neonatal mice underwent the surgical procedures for cardio-
myocyte isolation. The hearts were quickly excised and transferred into ice-cold
phosphate buffer saline (PBS, Sigma), and quickly minced in a solution of colla-genase
A + B solution (10 mg/ml in PBS). Cells in the supernatants were resuspended in
claycomb medium with 10 % fetal bovine serum (FBS, Gibco) and plated for 1.5 h at
37 °C. The attached fibroblasts and endothelial cells were removed and the cardio-
myocytes were isolated in the suspension solution.

2.3 Cell Seeding of Constructs

Cardiomyocytes were cultured on gelatin/fibronectin-coated tissue-culture flasks in
claycomb medium at 37 °C in a CO, incubator. Cells harvested and cultured in this
method served as the 2D control group. To prepare PuraMatrix '™, 1 % stock solution
was mixed with 20 % sucrose (Sigma—Aldrich, Sweden AB) and DMEM containing
Ca”* and Mg>* in a 2:1:1 ratio, giving 0.5 % hydrogel. Cardiomyocytes were detached
from the culture flasks with trypsin/EDTA, concentrated in claycomb medium and
immersed with PuraMatrix"™ peptide hydrogel. Go-Matrix is a gelatin scaffold fixed
on tissue-culture flasks. The claycomb medium containing cardiomyocytes was drop-
ped onto the dry Go Matrix. In total, 106 cells were cultured in each group.

2.4 RNA Isolation

RNA was isolated from harvested cardiomyocyte cells. RNA quality was determined
by an OD 260/280 ratio = 1.8, and OD 260/230 ratio = 1.5 on a spectrophotometer and
by the intensity of the 18S and 28S rRNA bands on a 1 % formaldehydeagarose gel.
RNA quantity was detected by a spectrophotometer. RNA integrity was examined on
an Agilent Bioanalyzer. RNA with a 2100 RIN (RNA integrity number) = 6.0 and 28S/
18S > 0.7 was subjected to microarray analysis.
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2.5 Gene Expression Analysis

Total RNA samples from 25 mice in each construct are pooled and subsequently sub-
jected to SurePrint G3 Mouse GE 8x60 K Microarray (Agilent Technologies, U.S.A.).
Data are analyzed using R/Bioconductor. PuraMatrix™ and Go-Matrix expression
profiles were normalized against that of the cardiomyocytes prepared from the traditional
2D cell culture system. Genes showing significant differential expression between nor-
malized PuraMatrixTM and Go-Matrix (absolute value of log, ratio > 1.0, FDR < 0.05)
were categorized into PuraMatrix ™ -specific down- and up-regulated genes, and Go-
Matrix-specific down- and up-regulated genes.

2.6 Bioinformatics Analysis

A flow chart describing our bioinformatics analysis is given in Fig. 2. Differentially
expressed genes were used as input for the bioinformatics analysis of gene ontology
(GO) enrichment analysis and pathway enrichment analysis. Multiple testing bias is
adjusted by a Bonferroni threshold of p < 0.05. These analyses are performed on the
open analytical platform in WebGestalt [19], which integrates GO [21], KEGG [22],
Pathway Commons [23], and WikiPathways [24]. microRNA target prediction analysis
is conducted in mirWalk [20], which, in addition to the developers’ own analytical
algorithms, also makes comparisons with other microRNA databases, including miR-
Base [25], Diana-microT [26], miRanda [27], miRDB [28], PicTar [29], PITA [30],
RNA22 [31], and TargetScan [32].

I—{ Differentially expressed genes }—'

PuraMatrix™ Go-Matrix
Enrichment Analysis
Gene ontology Pathway
Molecular function * KEGG
Biological process * Pathway Commons

Cellular component *  WikiPathway

I}

Network Analysis (WebGestalt)

* Protein interaction network
* Transcription factor target prediction
microRNA target prediction

Fig. 2. Bioinformatics analysis workflow

3 Results and Discussions

In total, there are 516 up-regulated and 338 down-regulated genes, and 401 up-regulated
and 292 down-regulated genes specific to the PuraMatrix ™ and Go-Matrix expression
profiles, respectively (Fig. 3). It appears that the Go-Matrix expression profile may be
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more similar to the traditional 2D culture system. For both 3D constructs, the top three
most enriched biological processes are: biological regulation, metabolic process, and
response to stimulus. The top three most important cellular components include the
membrane, nucleus, and macromolecular complex. For molecular functions, both
expression profiles are enriched in protein binding, ion binding, and metabolite binding.

Up-regulated Down-regulated

()PuraMatrix

516 401 | 338 292
\ \

\ \ GoMatrix

Fig. 3. Number of Differentially expressed genes from the PuraMatrix™ and Go-Matrix
expression profiles

PuraMatrix ™ and Go-Matrix expression profiles appear to be similar in muscle
contraction pathways, though the gene expression patterns are different. In particular,
the striated muscle contraction pathway that is enriched in both PuraMatrix™ and
Go-Matrix gene list. However, the two 3D cell culture systems differ in the genes that
are differentially expressed in this pathway.

Though similar in some pathways, PuraMatrix ™ and Go-Matrix expression pro-
files appear to be enriched in different types of cellular pathways. For instance, most of
the differentially expressed genes in the PuraMatrix ™ construct seem to belong to
muscle contraction and cell adhesion related pathways (Table 1). In contrast, Go-
Matrix-specific differentially expressed genes are enriched in pathways involving
membrane receptor interactions.

Cell culture observations indicate that the PuraMatrix "™ cell culture system tends to
generate tissue with abnormal muscle fiber arrangements and contractions (unpublished
results). This is consistent with our gene expression profile analysis in that most of the
differentially expressed genes in the PuraMatrix™ design belong to cardiomyopathy
pathways. For example, among the list of PuraMatrix ™-specific up-regulated genes
involved in dilated cardiomyopathy, the ryanodine receptor 2 (Ryr2) gene, when
silenced by RNAIi, protects rat cardiomyocytes from simulated ischemia-induced
injury [33]. The PIn (phospholabam) gene, when deleted or suppressed, is known to
restore normal cardiomyocyte contraction and slow the progression towards cardio-
myopathy [34]. This suggests that the observed phenotype and gene expression changes
associated with the PuraMatrix "™ construct of cardiomyoctes may serve as a potential
basis for the future development of a cardiomyopathy related disease model.

In contrast, the differentially expressed genes in the Go-matrix seem to be related to
the development of cardiac cells and the establishment of cell-cell contact (Table 1).
This corresponds to the ordered arrangements of muscle fibers and regular muscle
contractions of the Go-Matrix cardiomyocyte culture (unpublished results). The
enrichment analysis result is also consistent with similar findings in fetal sheep, in
which neuroactive-ligand-receptor interaction, cytokine-cytokine receptor interaction,
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Table 1. List of top 3 most enriched pathways in PuraMatrix”

™M

profiles as identified by KEGG and WikiPathway.

PuraMatrix™ enriched pathways

Go-Matrix enriched pathways

KEGG (up-regulation)

Dilated cardiomyopathy
Hypertrophic cardiomyopathy
Pathways in cancer

KEGG (down-regulation)

Vascular smooth muscle contraction
Neuroactive-ligand-receptor interaction
Protein digestion and absorption
WikiPathway (up-regulation)
Striated muscle contraction

Focal adhesion

Neuroactive-ligand-receptor interaction
Cytokine-cytokine receptor interaction
Complement and coagulation cascades

Axon guidance
Notch signaling pathway
Melanogenesis

Complement and coagulation cascades
Non-odorant G-protein coupled receptors

PPAR signaling pathway
WikiPathway (down-regulation)
Striated muscle contraction
Integrin-mediated cell adhesion
Focal adhesion

Striated muscle contraction

Delta-Notch signaling pathway
Cholesterol biosynthesis
Complement and coagulation cascades

and Go-Matrix expression

complement and coagulation cascades, etc. were associated cardiogenesis [35].
In particular, the Notch signaling pathway has been implicated in development of
cardiac neural crest cells and heart valves [36].

Interestingly, differentially expressed genes in both PuraMatrix ™ and Go-matrix
profiles are enriched in the striated muscle contraction pathway, though these genes
play differing roles in this particular process (Fig. 4). This indicates that differences in
the modulation of gene expression have specific effect on the muscle contraction
phenotype. Such differences may contribute to the phenotypic variations between the
cardiomyocytes grown in these two culture systems.

The interactions among the differentially expressed genes involved in the striated
muscle contraction pathway may reveal the molecular underpinnings of the differences
in muscle contraction between cardiomyoctyes constructed by PuraMatrixTM and Go-
Matrix. Protein-interaction and microRNA target analysis suggest that three genes
would be strong potential candidates for further functional study of cardiac develop-
ment. These genes are Myh6 (myosin, heavy polypeptide 6, cardiac muscle, alpha),
which is expressed in the atria and associated with congenital heart defects [37]; Tnncl
(troponin C type 1), which plays a regulatory role in the beating of the early developing
heart [38]; Des (desmin), which is an intermediate filament gene important for muscle
architecture [39].

Our results suggest that that Myh6, Tnncl, and Des are likely interacting with each
other, as well as with other important molecular signatures of the cardiac contraction
pathway (Fig. 5). Furthermore, their expression may be regulated by several
microRNAs that have been implicated to play important roles in cardiac function. For
instance, the mir-29 family is responsible for modulating the development of cardiac
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Fig. 4. PuraMatrix ™-specific and Go-Matrix-specific differentially expressed genes involved in
the striated muscle contraction pathway

fibrosis after injury [40]. In addition, mir-208a is known to be a regulator of cardiac
stress response [41]. The interaction network presented in Fig. 5 may represent a
potential modulatory mechanism underlying the differences the in muscle contraction
phenotype between PuraMatrix ™ and Go-Matrix.
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Fig. 5. Protein interaction network showing the interaction among Myh6, Tnnc1, Des with other
genes and corresponding validated regulatory microRNAs from the striated muscle contraction
pathway
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4 Conclusion

3D cell culture systems are gaining attention in regenerative medical research. These
constructs can be manipulated to suit different purposes, either for understanding
development and disease mechanisms, or establishing a disease model. The ways in
which these systems can be manipulated is of particular interest to regenerative med-
icine. Here, we present a systematic pipeline, integrating a wide variety of bioinfor-
matics tools, to extract important biological meanings from the genome-scale
differences between two 3D systems utilized for cardiomyocyte culturing. Our analysis
presents a preliminary picture of the significant pathways and interactions associated
with cardiomyocyte development in 3D. Our findings may have special implications
for the future establishment of a better model for murine neonatal heart regeneration.
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