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ABSTRACT

Epithelial-to-mesenchymal transition (EMT) is a process that occurs in a wide range of tissues and environments, in response to numerous
factors and conditions, and plays a critical role in development, disease, and regeneration. The process involves epithelia transitioning into a
mobile state and becoming mesenchymal cells. The investigation of EMT processes has been important for understanding developmental
biology and disease progression, enabling the advancement of treatment approaches for a variety of disorders such as cancer and myocardial
infarction. More recently, tissue engineering efforts have also recognized the importance of controlling the EMT process. In this review, we
provide an overview of the EMT process and the signaling pathways and factors that control it, followed by a discussion of bioengineering
strategies to control EMT. Important biological, biomaterial, biochemical, and physical factors and properties that have been utilized to
control EMT are described, as well as the studies that have investigated the modulation of EMT in tissue engineering and regenerative
approaches in vivo, with a specific focus on the heart. Novel tools that can be used to characterize and assess EMT are discussed and finally,
we close with a perspective on new bioengineering methods that have the potential to transform our ability to control EMT, ultimately
leading to new therapies.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0033710

I. INTRODUCTION

Epithelial-to-mesenchymal transition (EMT) was first identified
by Hay in the last decade of the 20th century.1,2 According to this ini-
tial description, the EMT process involves the transition of epithelial
cells—organized in sheet-like arrangements of polarized cells con-
nected with tight and adherent junctions—into mesenchymal cells.
The adoption of the mesenchymal cell phenotype implies enhanced
migratory capacity and plastic properties. Invasiveness, mobility, and
the ability to differentiate into other cell types are the main characteris-
tics of the newly formed mesenchymal cells.3–5 Although the definition
of EMT has not changed over the years, EMT was initially described
to be a fundamental one-directional process in development1 and
fibrotic processes.2 Since then, new evidence has confirmed that EMT
is reversible, and mesenchymal-to-epithelial transition (MET) is also

possible and contributes to reprograming and the generation of differ-
ent epithelial organizations.6 Moreover, current knowledge confirms
the role of EMT not only in early development (i.e., during embryonic
stem cell differentiation, mammalian implantation, gastrulation, and
neural crest development)4,7 and tissue fibrosis,8,9 but also in a number
of biological processes during a lifetime, including tissue repair,10

wound healing,11 stem cell behavior,12 and tumor progression.13 The
main reason EMT is such a relevant biological process is that it is
involved not only during embryogenesis but also during disease and
fibrosis, representing a hot topic for researchers looking for disease
treatment approaches, as demonstrated by over 5700 publications
indexed by Web of Science in 2019 alone.14 Indeed, EMT is generally
classified into three subtypes based on the processes it is involved in.
Type 1 EMT is involved in implantation, embryogenesis, and organ
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development, type 2 EMT occurs during wound healing, tissue regen-
eration, and fibrosis, typically following injury, and type 3 EMT occurs
in cancer progression and metastasis.5,15

In the heart, it is well known that EMT contributes to organ
development, whereas its importance in the adult heart and disease
has been under investigation more recently.16 In mammals, the heart
is divided into three layers, from inside to outside: endocardium, myo-
cardium, and epicardium. In the developing heart, cardiac progenitors
undergo several waves of EMT/MET/EMT, and the resulting mesen-
chymal cells migrate toward the myocardium and transition into other
cardiac cells such as fibroblast, smooth muscle, and according to some
reports even a small number of endothelial cells,17–19 giving rise to the
different cardiac layers. Then, EMT events contribute to valve forma-
tion and final heart septation.20 In this regard, the architectural rear-
rangements and cellular changes necessary for valve formation are
further supported by endothelial to mesenchymal transition (EndMT)
processes.21 After heart organogenesis, the epicardium has been shown
to be the center in the signal exchange between the epicardium and
the myocardium,22 controlling mesenchymal cells’ fate through the
secretion of specific growth factors such as transforming growth
factor-b (TGF-b), fibroblast growth factor (FGF), and PDGF, among
others. In addition, during development, paracrine signals derived
from the epicardium stimulate the growth of the underlying myocar-
dium.23 Thus, the epicardium is vital for normal development of the
heart and coronary vasculature.24–27 Whereas MET is the opposite
process of EMT, EndMT is very alike. In fact, there is clear evidence
indicating EndMT is involved not only in cardiac development like
EMT but also in adult cardiovascular diseases such as atherosclerosis,
valvular disease, fibrosis, and fibroelastosis.28,29 As expected, both
EMT and EndMT present several similarities, for instance, regulatory
pathways relying on transforming growth factor-b (TGF-b) signal-
ing.30 Nevertheless, EndMT gives rise to mesenchymal cells that
mainly assist valve development or contribute to fibroblast populations
in the adult heart,31 while EMT is capable of giving rise to a more
diverse population of cells as reviewed below. Moreover, taking into
account the relevance of the epicardium as a source for paracrine sig-
naling22 and as a mediator with the immune system,32,33 we will prior-
itize heart EMT over EndMT or MET in this review.

After heart development is complete, EMT does not normally
reactivate. Only under specific conditions involving severe injury,
for instance, myocardial infarction (MI), EMT is partially induced
again in the epicardium as a defensive mechanism to produce mes-
enchymal cells. These mesenchymal cells will then principally differ-
entiate into fibroblasts, as demonstrated using lineage tracing
(Tcf21:CreER, that labels epicardial cells and their progeny) in
zebrafish models.34–36 It is therefore believed that EMT in response
to MI mainly causes fibrosis and scar formation to avoid left ven-
tricular wall rupture, with no substantiated evidence that epicardial
EMT replenishes cardiomyocytes in the infarct zone, as reviewed
here.16,35,36 Despite mice work confirming this trend toward fibro-
blasts differentiation,16,22 other experiments postulated that epicar-
dial EMT is also involved in the formation of perivascular cells20,36

and cardiac progenitor cells,37,38 contributing to several cardiac line-
ages and supporting tissue repair after injury.39

Finally, emerging evidence strongly suggests that there is a cross-
talk between the epicardium and the immune system. In particular,
the epicardium is required for yolk sac macrophage engraftment in the

developing heart.32 These macrophages will then constitute the pop-
ulation of tissue-resident macrophages in the adult heart and pro-
mote cardiac tissue homeostasis, blood vessel formation,
cardiomyocyte proliferation, and cardiac tissue electrical proper-
ties.40–42 Recently, the epicardium has also been shown to mediate
an immunosuppressive response to MI through paracrine signaling
that increases regulatory T cell recruitment to the heart.33 As a mat-
ter of fact, the inflammatory process that takes place in the heart after
MI plays a critical role in tissue repair and can foster infarct progres-
sion or induce cardiac healing and regeneration.43,44 Consequently, it
is expected that EMT in the adult heart may have effects on the
inflammatory process after MI through directly modifying the epi-
cardium, thus affecting tissue reparative processes. Altogether, this
highlights the potential of EMT as a therapeutic target for MI and
confirms the need to further understand how to tune and control
this biological process in order to obtain the desired beneficial effects
without triggering undesired side effects.

In order to study cellular processes such as EMT, cells are cul-
tured on tissue culture plates. However, it is now well established that
two-dimensional (2D) cell culture systems do not completely recapitu-
late the in vivo systems that they are attempting to mimic, with sim-
plicity and immature cell type being potential issues.45 The addition of
extracellular matrix (ECM) components or scaffolds, numerous cell
types, spatially and temporally controlled chemical or biological condi-
tions or stimuli, tuned mechanical properties, and additional physical
factors, are all important aspects to incorporate in order to mimic
native tissue environments. 3D cell culture systems, often referred to
as organ-on-a-chip platforms, are able to include some of these addi-
tional properties and generate a more wholistic view of the systems
involved.46,47 When it comes to understanding a process such as EMT,
tools to recapitulate it more accurately should be employed. As more
is understood regarding the mechanisms and implications of EMT,
investigations can include bioengineering concepts to a greater extent,
with more focus on biomaterial design, mechanobiology, and spatio-
temporally controlled delivery of factors. While EMT is already inher-
ent in stem cell differentiation protocols, perhaps its involvement in
generating more complex 3D tissue constructs will be useful going for-
ward. If sufficiently controlled, the power of the EMT process could be
used to generate desirable tissue for tissue engineering purposes and
ideally, this process could be precisely controlled in vivo to facilitate
tissue regeneration. Of particular interest in vivo is achieving enhanced
control over the EMT process in the epicardium of adult tissue, as this
could lead to novel routes for cardiac recovery following injury, for
example, through the promotion of transition into cell types that sup-
port reparative processes (e.g., vessel formation) over pathological pro-
cesses (e.g., fibrosis).

In this review, we will describe the EMT processes that are rele-
vant from a clinical point of view, with a specific focus on the heart,
and review bioengineering strategies that have been used for control-
ling and studying EMT. Finally, we will discuss new methods for
measuring EMT and discuss future directions to enhance EMT
control.

II. CELLULAR PROCESSES INVOLVED IN EMT

The transdifferentiation of polarized epithelial cells into motile
mesenchymal cells facilitates the generation of new tissues during
embryogenesis and organ development.48,49 It has also been reported
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in cancer development and metastasis as one of the earliest events in
tumor progression.50,51 Cells undertaking EMT must undergo several
changes that allow them to transform from the epithelial phenotype
to the mesenchymal phenotype and become migratory, shown in
Fig. 1. Upon initiation of EMT, repression of the transcription of
adhesion proteins takes place and epithelial cell–cell junctions that
are essential for epithelial integrity are deconstructed.52 Thus, the
dissolution of intercellular adhesion junctions, specifically tight junc-
tions (TJ), adherens junctions (AJ), desmosomes at lateral surfaces,
and scattered gap junctions at lateral surfaces, occurs.52,53 The loss of
E-cadherin, which is a calcium-dependent transmembrane glycopro-
tein that plays a main role in cell–cell adhesion and participates in
intracellular signaling pathways, is a critical event in EMT. Notably,
the presence of E-cadherin at the cell surface is distinct from that in
the cytoplasm, and reorganization to the cytoplasm resulting from
post-translational mechanisms has been associated with progression
along EMT.54,55 Reversibility is a key feature of EMT and is a result
of the ability for cell adhesion proteins to recycle in and out of
junctions.53

Another main cellular change that occurs in EMT is the loss of
apical-basal polarity, which occurs through signaling that disrupts
polarity along with TJ disassembly, followed by transcriptional repres-
sion of polarity molecules.53 As cells lose their polarity, further rear-
rangements in the cytoskeleton occur. Downregulation of epithelial
markers can be observed, and upregulation of mesenchymal proteins
occurs.56 Additionally, extracellular matrix remodeling enzymes,
matrix metalloproteases, are expressed which enables the breakdown
of the basement membrane.57 Finally, cell invasion and migration can
begin to take place. The cells resulting from EMT are motile and have
increased cell contractility, cell protrusions, and actin stress fiber for-
mation.56 Smooth muscle actin (SMA) expression is often a marker of
the final stages of EMT.

III. SIGNALING PATHWAYS AND FACTORS INVOLVED
IN EMT

The molecular mechanisms and signaling pathways that control
EMT in scenarios of both organ development and disease are the
same, including the master transcription factors Snail, Slug, Twist, and
zinc finger E-box-binding homeobox (ZEB) family.59 Their expression
is activated early in EMT and controlled by well-known signaling
pathways such as mitogen-activated protein kinase (MAPK)/extracel-
lular signal-regulated kinase (ERK), signal transducer and activator of
transcription (STAT), phosphatidylinositol-3-kinase (PI3K), and
GLI.60,61 E-cadherin is the major component of epithelial junctions,
and its repression is mainly mediated by SNAIL, SLUG, TWIST, and
ZEB.62 It is important to note that other signaling pathways (i.e.,
Notch through the E47 protein) could also negatively regulate
E-cadherin expression63 and contribute to EMT. Similarly, new pro-
gress is being made in the activators of the signaling pathways involved
in EMT. For instance, there is a large body of evidence indicating that
(TGF-b) (and associated Smad proteins) are the most potent inducers
of the transcriptional repressors of E-cadherin.64–67 More recently,
SETD1B was identified as a new ZEB1 target in vitro and in vivo with
implications in EMT during colorectal cancer,68 confirming the com-
plexity of the EMT process and the need to further explore EMT in
order to fully understand the mechanisms involved. The downregula-
tion of E-cadherin is paralleled to the upregulation of N-cadherin, the
other major consequence of the transcriptional machinery triggered
during EMT. The loss of epithelial E-cadherin and the gain of mesen-
chymal N-cadherin expression, known as the cadherin switch,60 is a
major hallmark of EMT since the gain of N-cadherin expression pro-
vokes cytoskeletal changes that increase cell migration, motility and
invasion.52,69

Scoping down, there is increasing evidence of the role that
mechanical forces and interactions play in initiating these described

FIG. 1. Cellular changes in EMT. (a) An epithelial cell sheet undergoes EMT. Loss of adhesion proteins, dissolution of the basement membrane, and changes in protein expres-
sion and cell structure all take place, facilitating the progression from epithelial cell type to mesenchymal cell type. Figure created with BioRender.com. (b) and (c) EMT in
epicardium-derived cells showing epithelial morphology (left) and mesenchymal morphology (right). Images include bright-field (b) and immunofluorescence (c) with b-catenin stain
shown in green and Hoechst 33342 stain of nuclei shown in blue.58 Reprinted with permission from van Tuyn et al., Stem Cells 25, 271 (2007). Copyright 2007 AlphaMed Press
and John Wiley and Sons.
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EMT signaling pathways. For instance, it has been reported that an
increasing matrix stiffness promotes EMT through the promotion of
the nuclear translocation of TWIST1 from its cytoplasmic binding
partner G3BP2.70 A study of oral squamous cell carcinoma (OSCC)
showed that, after being exposed to a mechanically stiff niche for a
prolonged time, a less invasive OSCC line characterized by a high E-
cadherin to N-cadherin ratio increased migration speeds, suggesting
that OSCC cells are mechanically sensitive and their tumor progres-
sion is in part mediated by this sensitivity.71 The relevance of mechani-
cal forces as starting agents for EMT was also tested in different in vivo
models, such as Drosophila, showing that an important driving force
in EMT on epithelial morphogenesis occurs at the initiation of the
EMT process in which cells produce an apico-basal force orthogonal
to the surface of the epithelium.72 In fact, such apico-basal force is
directly connected to the ECM – basal lamina.48 The ability of ECM to
trigger the mechanotransduction was clearly demonstrated as when
ECM laminin specific integrin receptors a3b1 and a6b4 are deleted,
EMT activation was decreased by downregulation of EMT-linked focal
adhesion kinase (FAK), Rac1, MAPK, and c-Jun NH2-terminal kinase
pathways.73 In correlation to this, other studies of alveolar epithe-
lium74 and hepatocellular carcinoma75 showed a synergistic effect
between a3b1 and TGF-b1, resulting in an increase in EMT mainly
due to a upregulation of SMAD, SNAIL, and SLUG pathways.
Collagen IV, other ECM component, can also affect EMT by inducing
epithelial repressors SNAIL and SLUG in a process mediated by FAK/
ERK signaling and NFjB activation.76

In terms of the heart, during development, epicardial cells
undergo EMT and constitute a source of multipotent progenitors for
cardiac lineages77,78 (Fig. 2). Although traditional transcription factors
(SNAIL, SLUG, and TWIST16,79) and growth factors (TGF-b80) are
involved in epicardial EMT, in the cardiac environment, the transcrip-
tional regulator Wilm’s Tumor Gene 1 (Wt1) and the Hippo81 signal-
ing mediators YAP and TAZ have also been reported to be the critical
factors that control epicardium EMT (Fig. 2). Thus, Wt1 is essential
during embryonic stem cell differentiation, directly inducing SNAIL,
inhibiting E-cadherin expression and upregulating retinoic acid (RA),
which is crucial for cardiac patterning and morphogenesis.82,83

Moreover, canonical Wnt/b-catenin signaling pathway is known to
contribute to embryonic development,84 and physical or genetic abla-
tion of Wt1 leads to defects in coronary vessel formation and impaired
cardiomyocyte proliferation.83 On the other hand, inhibition of
HIPPO signaling mediators YAP and TAZ during development lead
to impaired epicardial EMT and reduced epicardial cell proliferation
and differentiation into coronary endothelial cells.85,86 The regulation
of the activity of the HIPPO effectors YAP/TAZ is controlled by modi-
fications of the composition and mechanics of the ECM, mainly
through focal adhesions. Positive feedback between focal adhesions
and integrins, the cytoskeleton, and the nucleus promote the expres-
sion and translocation of EMT and YAP/TAZ transcription factors to
the nucleus.87 Other transcription factors that are relevant in cardiac
EMT are: Tcf21,88 which is regulated by Wt1 and for which knock-out
models showed downregulation of SNAIL and ZEB;89 Tbx18, which is

FIG. 2. Endothelial-to-mesenchymal transition in the heart. The left panel represents the main activators (in green), signaling pathways (in blue) and transcription factors (in
purple) that control the EMT process in the heart. The middle panel is a schematic of the EMT during development, and how it contributes to the generation of other cardiac
cells types in the heart (brackets represent a minor population). The right panel shows cardiac EMT in adult hearts. In adults, EMT is triggered after cardiac diseases such as
acute myocardial infarction. After suffering from myocardial infarction, epicardial cell undergo EMT. However, epicardial cells are in a different state compared to development
(blue vs yellow colors). Although EMT is a normal process in the neonatal heart (indicated by thick arrow), it is not as efficient and common in the adult. Moreover, adult EMT
mainly give rise to fibroblasts, whereas the other potential cell products are scarce. Tb4: thymosin b4. BMP: bone morphogenetic proteins. TGFb: tumor growth factor b.
TRKa: tyrosine kinase receptor activators. NOTCHa: NOTCH signaling pathway activators. IL-6: interleukin 6. Wt1: Wilms’ tumor suppressor gene1 protein. STE20a: sterile
20-like protein kinase activators. Figure created with BioRender.com.

APL Bioengineering REVIEW scitation.org/journal/apb

APL Bioeng. 5, 021504 (2021); doi: 10.1063/5.0033710 5, 021504-4

VC Author(s) 2021

https://scitation.org/journal/apb


important during heart developmental EMT;90 and serum response
factor (SRF)/myocardin-related transcription factor tandem, which is
essential for cell motility and contractility during developmental
EMT.91,92

Interestingly, the epicardium becomes dormant after birth.
However, cardiac injury later in adult life reactivates developmental
gene programs that stimulate EMT in the epicardium.93 In particular,
the Wnt1/b-catenin pathway has been reported to be activated after
acute MI and to trigger epicardial EMT that derives in fibroblasts for-
mation.94 Formation of other cardiac cells such as smooth muscle cells
and coronary vascular cells have been also reported95 (Fig. 2). Using
MI models in adult mice, genetic knock-out of epicardial YAP/TAZ—
which causes EMT inhibition—led to persistent inflammation, wide-
spread fibrosis, heart failure and death.33 Therefore, it is widely
assumed that EMT in the adult heart is needed for better outcomes
after MI. However, the human adult epicardium responds poorly to
EMT when compared to the more active fetal epicardium under the
same EMT-activation stimuli. In this sense, human epicardial cells
from fetal and adult hearts were collected and stimulated in vitro with
TGF-b. Polymerase chain reaction array analysis showed that unsti-
mulated fetal epicardial cells clustered together with TGF-b stimulated
fetal cells, whereas unstimulated adult cells clustered far away from
TGF-b stimulated adult cells.96 This suggests that fetal and adult epi-
cardial cells are in different states of activation, where fetal epicardial
cells are closer to a mesenchymal state and therefore likely much more
prone to undergo a reparative EMT process. In any case, adult epicar-
dial cells treated with TGF-b are in an intermediate state between
non-stimulated adult epicardial cells and highly reactive TGF-b-stimu-
lated fetal cells, indicating that EMT induction in adult epicardium is a
possibility. The question remains why adult epicardial cells have par-
tially lost this activation potential, and if it could be fully re-established
to assist the repair of the heart after MI as well as improvement of cell-
based therapies.

IV. BIOENGINEERING STRATEGIES TO CONTROL EMT

Various approaches have been used to induce or block EMT pro-
cesses both to study it at a cellular and mechanistic level, but also to
mimic the processes that can lead to organ development or possibly
regeneration. In this section, we describe the methods and platforms
that have been employed to recapitulate or control the EMT process.
These bioengineering strategies can be broken down into approaches
that involve biological agents, incorporate biochemical components
and biomaterials, or introduce physical features and factors to control
the EMT process.

A. Biological approaches

A common approach to control EMT in cells is to provide the
growth factors or cytokines involved in inducing or blocking the pro-
cess in an in vitro setting. Since EMT is a normal process for many
cells during development, and protocols for differentiation of stem
cells and progenitor cells into specific cell types are typically modeled
off the developmental process, this is a widely used tool in stem cell
differentiation.64 While the first study to culture primary epicardial
cells from human adults demonstrated that they can spontaneously
undergo EMT in vitro,58 enhanced control over the process and the
possibility of generating desired cell fates can be achieved by supple-
menting with key factors in a soluble form and along precise temporal

scales. Indeed, it is understood that growth factor pathways are
responsible for the cellular transformations during EMT.

Witty et al. established the formation of epicardial cells from
human pluripotent stem cells through activation of the BMP and Wnt
signaling pathways.97 Subsequently, they demonstrated that the hESC-
derived epicardial cells could then undergo EMT and give rise to cells
with characteristics of smooth muscle cells and fibroblasts. The treat-
ment regimen to induce EMT involved exposure to TGF-b1 and basic
fibroblast growth factor (bFGF), with cells specifying toward a smooth
muscle-like fate with TGF-b and a fibroblast-like fate with bFGF. This
ability to control the EMT process could provide a source of cells for
cardiac tissue engineering, as well as potential routes for therapy for
heart failure, and indicates that controlling the EMT progress through
the use of growth factors is an effective approach.

The most powerful known inducer of EMT is TGF-b. The
TGF-b superfamily is involved in a signaling network that regulates
EMT and EndMT,28,98 and it consists of a group of ligands that
includes TGFbs, bone morphogenetic proteins (BMPs), activins,
inhibins, and growth and differentiation factors.78,99 Isoforms that
activate signaling in EMT and EndMT include TGF-b1, 2, and 3,
and BMP2 through BMP7, although they are associated differently
with various EMT processes in development and disease and in vari-
ous tissues,59 including the heart.78 Ligands of the TGF-b superfam-
ily bind to a heterotetrameric receptor complex.98 The TGF-b
receptor complex transduces a signal through phosphorylation of
SMAD transcription factors, which then bind to promoters of EMT
and EndMT inducing genes in the nucleus, including the key tran-
scription factor families SNAIL, TWIST, and ZEB.52,59,98 TGF-b also
regulates EMT and EndMT though non-SMAD signaling pathways.
Of note as it relates to bioengineering control, is that TGF-b mecha-
nisms involve mechanosensing. TGF-b bound in the ECM as a latent
complex can be activated in response to integrin binding and tensile
force exerted by integrins.99

Other molecules involved in control of EMT through various
overlapping signaling pathways include FGF, insulin-like growth fac-
tor (IGF), platelet-derived growth factor (PDGF), and hepatocyte
growth factor (HGF).93

Another important factor that has also been shown to induce
EMT is the molecule thymosin b4 factor (Tb4). Tb4 is a 43-amino-
acid peptide expressed in the developing heart100 and is highly con-
served in most species.101 It is a pleiotropic protein, with its main func-
tion being sequestration of G-actin monomers. Additionally, Tb4 is an
angiogenic factor, a chemoattractant, and a cardioprotective biomole-
cule. Tb4 can be found everywhere in the nuclei and cytosol of tissue
and circulating cells except red blood cells.100–102 Importantly, it was
shown that Tb4 plays an essential role in the key stages of cardiac ves-
sel development (vasculogenesis, angiogenesis, and arteriogenesis), to
promote survival of cardiomyocytes, and to stimulate migration of car-
diomyocytes and endothelial cells.102 During development, Tb4 is
expressed by the myocardium and acts in paracrine signaling for
epicardium-derived cells to migrate and differentiate into coronary
vascular smooth muscle cells.20 In the heart of zebrafish, Tb4 was
shown to increase EMT in cardiac valve formation.103 When Tb4 is
overexpressed in colon carcinoma cells, EMT occurs with downregula-
tion of E-cadherin by ZEB1-mediation transcriptional repression and
an accumulation of b-catenin, mediated by integrin-linked kinase
(ILK) and Akt.104 Indeed, Tb4 prompts cell migration and invasion
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through positive regulation of the ILK/Akt/b-catenin/integrin signal-
ing cascade in human colorectal cancer cells.105 Tb4 has demonstrated
to have an inducing effect on EMT in other cancerous cells as well,
such as OSCC,106 melanoma,107 urothelial carcinoma,108 and hepato-
blastoma metastasis.109

Many studies investigating the influence of growth factors often
introduce them into a system globally in soluble form. However, the
precise location and gradient over time of these factors are critically
important. In fact, in vivo, these factors are regulated in a precise spa-
tiotemporal manner, such that only certain cells undergo EMT. This
approach of achieving spatiotemporal control of growth factor presen-
tation was shown in an in vitro approach using a microfluidic chip
with a hydrodynamic flow-focusing design to create localized morpho-
gen and growth factor concentrations.110 Local treatment of HGF and
TGF-b1 induced EMT in Madin-Darby Canine Kidney II cells
(MDCK II cells), observed by the accumulation in cytoplasmic E-
cadherin (or reorganization of E-cadherin—to cytoplasm), reduction
in ZO-1, and/or lack of acetylated-a-tubulin in cells in a targeted area
[Figs. 3(a) and 3(b)].110 Similarly, surface patterning through the
arrangement of TGF-b receptor (TbR)-binding peptides could control
TGF-b signaling and cell fate. This was demonstrated by the fact that
the EMT processes of various cell types were enhanced after TGF-b
pathway activation in response to interaction with peptide ligands that
were conjugated as self-assembled monolayers where the cells were
cultured111 [Figs. 3(c) and 3(d)].

Another biological approach to control EMT processes is the use
of non-coding RNA.112 MicroRNAs (miRNAs) are small non-coding
RNAs that bind messenger RNA and achieve posttranscriptional regu-
lation of cellular processes. Numerous miRNAs have been found to
regulate the expression of EMT transcription factors described in Sec.
III such as SNAIL, ZEB, and TWIST.112,113 For example, the miR-200
family is well-known for their involvement in EMT and has been
investigated thoroughly.112,114 These miRNAs play a significant role in
regulation of ZEB transcription factors and have been shown to pre-
vent EMT and maintain the epithelial phenotype.115–118 Additional
examples relevant to the heart include miR-21 and miR-31, which
have been shown to modulate cardiac fibrogenic EMT.119,120

Moreover, let-7, one of the earliest discovered miRNAs, is associated
with cardiovascular diseases and the inhibition of let-7 through
antimiR administration following MI demonstrated an increase in
EMT and epicardial cells in the border zone, and improved cardiac
function due to positive remodeling.121

Exosomes, which are multivesicular bodies that can transport
bioactive molecules such as proteins and miRNAs, have also been
investigated in terms of how they can influence EMT processes.
Injury, such as an MI, can cause the release of exosomes, enabling
paracrine signals to be sent between cells. In this sense, it has been
demonstrated that the pericardial fluid (PF) from MI patients induced
epicardial EMT, which may have been a result of the glycoprotein
clusterin, which was present in PF-exosomes from MI patients.122

Clusterin has been shown to be a mediator for TGF-b-induced
EMT123,124 and treatment with clusterin in murine MI models resulted
in improved myocardial function.122 However, clusterin has also been
shown to be associated with negative left ventricular remodeling after
MI,125 and its full potential remains unclear.

Interestingly, stem cell delivery can also be used to enhance
EMT. Since bone marrow reconstitution with young mouse stem cell

antigen 1þ (Sca-1þ) bone marrow cells was found to improve cardiac
regeneration after MI,126 further work was conducted to investigate
whether this impact was related to EMT processes.56 In vitro, bone
marrow Sca-1þ or Sca-1� cells were co-cultured with epicardial-
derived cells and in vivo, Sca-1þ or Sca-1� cells from young mice were
used to reconstitute aged mice. Results demonstrated that Sca-1þ cells
promoted the EMT process of epicardial cells, that more young bone
marrow Sca-1þ cells homed to the epicardium and resulted in
increased host epicardium-derived cell EMT, and that TGF-b1 was a
key modulator of the EMT reactivation [Fig. 3(e)]. This presents an
interesting approach to reactivating the program in epicardial cells
that may lead to repair.

B. Biomaterial and biochemical approaches

Biomimetic biomaterials have been widely used in tissue engi-
neering for replication of diverse types of both normal and diseased
tissues. Thus, by engineering materials that promote native develop-
mental biology cues and signaling, the degree and duration of the
EMT event could be controlled. Similar to the way interactions
between material surfaces and stem cells have been shown to control
stem cell fate,127 approaches involving material surface chemistry can
be used for EMT since the process involves loss of cell adhesion as cells
becoming more migratory. For example, using a heterogeneous pros-
tate cancer cell line, OPCT-1, which typically contains epithelial and
mesenchymal cell subpopulations, enrichment of the epithelial pheno-
type was enabled through use of an amino-functionalized material
(SiH-3AP).128 Furthermore, differences in adhesion of the subpopula-
tions of the OPCT-1 cells to a fluoroalkylsilica culture surface indi-
cated that the status of EMT or cell differentiation governs the
adhesive capabilities of these cells.129

Another biomaterial approach involved investigating how EMT
of hepatic cells was impacted by 3D culture systems compared to 2D
culture systems with the difference relating to the composition of the
scaffolds. Biomaterial-engineered EMT was achieved by culturing
HepaRG in stretched 3D systems (ST-3D) using adherent scaffolds,
spheroid 3D systems (SP-3D) using non-adherent scaffolds, and also
compared to traditional 2D systems.130 Constrained EMT occurred in
the spheroid 3D system, which corresponded to improved hepatic
functions, and histone deacetylases was found to be a key factor in the
EMT status130 [Figs. 4(a) and 4(b)].

The effect of material chemical compositions on the EMT process
in cells has also been investigated. For example, reduced graphene
oxide was shown to trigger EMT activation, having implications in
terms of toxicity leading to pulmonary fibrosis,131 and the incorpora-
tion of silicate-based bioceramic particles into a nanofibrous compos-
ite scaffold for wound healing demonstrated evidence of activation of
the EMT and EndMT signal pathways, and resulted in improved heal-
ing.132 Understanding the effect of specific material and chemical
properties on EMT is important for understanding biological phe-
nomena such as disease progression, but also can be highly useful for
the design of engineered systems where control of EMT is desired.

Biomaterial scaffolds comprised of biologically derived ECM rep-
resent a promising approach in tissue engineering due to their chemi-
cally and mechanically relevant composition and structure. Studies
that used biologically derived ECM as scaffolds have indicated that
they can impact the EMT process. Decellularized human breast cancer
scaffolds promoted EMT in the seeded MCF-7 cells, revealing that the
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ECM properties play a role in this process.133 Similarly, human liver
cancer HepG2 cells grown on decellularized scaffolds of cirrhotic
ECM showed an upregulation of EMT related genes and TGF-b sig-
naling as compared to healthy ECM.134 In these cases, engineered scaf-
folds generated from diseased tissue possessed properties that induce
EMT. Elements of the native ECM such as the physical structure (e.g.,
topographical or mechanical properties) and/or its biological and
chemical cues could be important for EMT regulation and further

investigation into the independent impact of these properties for vari-
ous tissue sources will continue to provide insight into additional tools
to control EMT for bioengineering approaches.

Hyaluronic acid (HA), an ECM component and a commonly
used biomaterial, has been shown to play an important role in EMT.
HA was shown to take part in the induction of EMT in lung and breast
cancer cells through TGF-b1 or epidermal growth factor treatment.135

A study on zebrafish demonstrated that HA and hyaluronan-mediated

FIG. 3. Biological approaches to control
EMT. (a) Live-imaging of monolayer on
collagen gel exposed to local HGF treat-
ment (100 ng/ml) for 4 h. Cytoplasmic
E-cadherin-green fluorescent protein
(GFP) levels increase 18 h after treatment.
(b) Fluorescence measurements indicated
in line scan of samples in E at 4 and 18 h
following treatment.110 Reproduced with
permission from Benedetto et al., Lab
Chip 14, 1336 (2014). Copyright 2014
Authors, licensed under a Creative
Commons Attribution (CC BY) license. (c)
Approach involving a self-assembled
monolayer (SAM) composed of an alkane-
thiol (AT) displaying a TbR-binding pep-
tide to establish preorganized TGF-b
signaling complex. (d) NMuMG cells
cultured on the surface patterned with
peptide-substituted SAM demonstrate
spatial control of cell fate. Cells were
stained for a-SMA and indicate cells on
the functionalized surface underwent
EMT.111 Reproduced with permission from
Li et al., Proc. Natl. Acad. Sci. 108, 11745
(2011). Copyright 2011 Authors, licensed
under a Creative Commons Attribution
(CC BY) license. (e) Immunofluorescent
images of epicardial-derived cells (e) co-
cultured with Sca-1� cells (E þ Sca1�),
Sca-1þ cells (E þ Sca1þ), TGF-b1 (E þ
TGF-b1) or Sca-1þ cells with TGF-b1
blocking antibody (E þ Sca1þ þ BL)
under hypoxia for 72 h. Staining for mes-
enchymal markers [smooth muscle actin
(SMA), vimentin, calponin], and epithelial
tight junction protein (ZO-1), and nuclei
(DAPI) was performed.56 Reproduced with
permission from Li et al., Theranostics 8,
1766 (2018). Copyright 2018 Authors,
licensed under a Creative Commons
Attribution (CC BY) license.
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FIG. 4. Biomaterial and physical approaches to control EMT. (a) and (b) Gelatin and poly(ethylene glycol) diacrylate (PEGDA) microscaffolds. Photographs of scaffolds (a) and
SEM images (b) of HepaRG cultured in stretched 3D systems (ST-3D) and spheroid 3D systems (SP-3D). White arrows indicate HepaRG cells and black arrows indicate bile
canaliculus between cells in spheroid (scale bar 20 lm).130 Reprinted with permission from Wang et al., Biomaterials 91, 11 (2016). Copyright 2016 Elsevier. (c) Tantalum oxide
nanodots ranging from 10 to 200 nm in diameter engineered in highly ordered pattern on Si substrates shown in SEM images (a)–(e) (scale bar 100 nm) and the corresponding
AFM images (f)–(j). (d) Expression of EMT genes and transcription factors is demonstrated in fluorescent immunostaining of MDA-MB-231 cells on nanopatterned surfaces
after 7 days (scale bar 75 lm).148 Reprinted with permission from Dhawan et al., ACS Appl. Mater. Interfaces 10, 11474 (2018). Copyright 2018 American Chemical Society.
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motility receptor136 expression increased following cardiac injury and
that HA could function with PDGF to promote epicardial EMT.136

Cardiac regeneration, which typically results from epicardial cells
undergoing EMT and migrating into the site of injury, was blocked
with chemical suppression of HA production and knockdown of
Hmmr. In other work, TGF-b2 activation was linked to HA produc-
tion and led to induction of EMT.137 Additionally, scaffolds composed
of chitosan-hyaluronic acid showed increased expression of EMT-
related genes compared to the control scaffolds.138 Indeed, HA signals
may be a useful tool in altering EMT.

The use of instructive biomaterials that modify cellular adhesion
may be a promising direction going forward for control of EMT.
Transmembrane adhesion proteins are important for cell adhesion, with
integrin involved in cell adhesion to the ECM, and cadherin involved in
cell–cell adhesion. Designing biomaterials that incorporate or interact
with these cell adhesion elements could then modulate cell behavior.
For example, E-cadherin mimetic peptides immobilized on a gold sur-
face demonstrated enhanced cell adhesion to the material surface and
weakened cell–cell contacts.139 Similarly, material modification to
achieve control over integrin function has also been explored.140 In one
such study, cell-adhesive gold nanodots functionalized with arginine-
glycine-aspartate peptides were used to pattern a surface, and their
placement affected integrin clustering which impacts cell attachment
and spreading.141 In addition, presentation or activation of growth fac-
tors via patterned biomaterials is another elegant approach to achieve
control over the EMT process. An example of this is the work men-
tioned in Sec. IVA that demonstrated a patterned surface of peptide
ligands able to bind to TGF-b receptors, activating TGF-b signaling and
inducing EMT.111 Modifications of biomaterials with additional biologi-
cal elements can achieve precise control over the microenvironment.

In terms of the in vivomicroenvironments contribution to induc-
ing EMT, not many studies have investigated this directly and inde-
pendently. However, Bao et al. developed a cell differentiation
protocol to achieve long-term self-renewing human epicardial cells
and demonstrated that EMT and invasion of the myocardium took
place in vivo. This was observed using cardiac-fibroblast-derived extra-
cellular matrix patches seeded with hPSC-derived epicardial cells on
the surface of mouse hearts.142

Finally, control over biochemical conditions such as oxygen con-
centrations has also been shown to impact EMT processes. EMT was
promoted in mouse Tbx18-positive epicardial cells which differenti-
ated into coronary vascular smooth muscle cells as a result of hypoxia,
through hypoxia inducible factor-1alpha (HIF-1alpha)-mediated
effects on Snail.143 The authors also showed that hypoxia led to prema-
ture differentiation of epicardial cells to coronary vascular smooth
muscle cells and induced Snail expression in vivo. Likewise, other
work with mouse cells demonstrated that hypoxia stimulated EMT
and differentiation of epicardial cells into vascular smooth muscle cells
in a manner involving the TGF-b pathway.144

C. Physical approaches

While cell fate can be controlled by bioactive and chemical com-
ponents, it is known that the physical properties of the materials can
control their fate as well. Factors related to the ECM in which the cells
live such as topology, alignment, and mechanical properties can
impact cell behavior.145 Indeed, the niche environment is a well

understood concept for stem cell differentiation,146 and this concept is
relevant to the process of EMT as well.

The 3D microenvironment plays a significant role in cell pro-
cesses and various physical properties, such as alignment and topogra-
phy, are involved. It has been found that alignment in electrospun
poly(e-caprolactone) fibrous scaffolds altered the morphology and
gene expression of breast cancer cells, indicating that these physical
cues may induce EMT.147 Another physical approach to control EMT
involved modifying the topography of the microenvironment. Again
using breast cancer cells, engineered systems with tantalum oxide
nanodots ranging from 10 to 200nm showed induction of EMT in the
100 and 200nm nanochips, as demonstrated by cell morphology and
expression of EMT related proteins, transcription factors and gene
expression148 [Figs. 4(c) and 4(d)].

Dimensionality and mechanical stiffness of the microenviron-
ment may also impact EMT. CD44 is a membrane receptor for major
ECM component HA, and its spliced isoforms control cell behaviors
such as survival, growth and motility.149 As a result of culture within
3D hydrogels, gastric cancer cells exhibited variations in CD44 isoform
expression, which was dependent on hydrogel matrix mechanical
properties and corresponded with an upregulation in genes involved
in EMT.149 However, a study that investigated the impact of gels com-
posed of collagen and methacryaled HA (Coll-MeHA) with controlled
mechanical properties demonstrated that there was enhanced EMT on
the Coll-MeHA gels but that gel stiffness did not directly affect
EMT.150 Furthermore, relating back to growth factor control over
EMT, stiffness can also impact their effects. Work on the relationship
between stiffness and EMT found that stiff fibronectin substrates
induced EMT in alveolar epithelial cells, driven by increased cell con-
traction and integrin-mediated TGF-b activation.151 This can be
related to the increased stiffness of fibrotic tissue for which EMT is a
hallmark response. Substrate stiffness was found to have an effect on
TGF-b1-induced cell function, with cells undergoing apoptosis or
EMT depending on matrix rigidity.152 Epithelial cells treated with
TGF-b1 responded based on matrix rigidity and a P13K/Akt-mediated
switch was demonstrated. In addition, since latent TGF-b1 can be
released from the ECM via tension,153 and in fact, mechanical pre-
loading of the ECM can affect this latent TGF-b1 activation,154 there
could be further implications in terms of TGF-b1 bioavailability
through stiffness control.

V. CONTROL OF EMT FOR CARDIAC TISSUE
ENGINEERING APPROACHES

Modulation of EMT represents a highly valuable target in cardiac
tissue engineering, as EMT could be harnessed for generating mesen-
chymal cells (MCs)155 with reparative potential.93 Thus, although
EMT type 2 and 3 are generally associated with several cardiovascu-
lar pathological processes such as cardiac fibrosis or heart valve dis-
ease in adult mammals,57 we cannot ignore the ability of EMT type
1 to generate MCs that contribute to coronary vessel formation156

or positive valve remodeling157 during organ development.
Therefore, EMT has the potential to contribute to ECM remodeling
in a truly biomimetic fashion,158 ultimately determining the fate of
cardiac muscle physiology. The question now is how to control and
tune EMT in order to redirect adult EMT toward a reparative end
and to produce the specific cardiac cell types needed for heart tissue
repair.
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The production of smooth muscle cells and fibroblasts by epicar-
dial cells that undergo EMT in the adult heart has been taken advan-
tage of as an experimental approach to improve heart repair following
MI. As previously reviewed in Sec. IV, EMT can be induced in epicar-
dial cells by a variety of growth factors, each one offering different out-
comes. For instance, TGF-b1 enhances differentiation into smooth
muscle cells,159 assisting the formation of blood vessels; basic FGF
leads to fibroblasts formation,97 a process that is mainly associated
with ECM remodeling; and Tb4 appears to have a more broad action,
with reports of inducing differentiation into fibroblasts, smooth mus-
cle, and endothelial cells.57 From a cardiac healing perspective, EMT’s
main contribution to cardiac repair is in promoting neovasculariza-
tion, which has been demonstrated in zebrafish160 and mouse161 mod-
els. Based on this premise, TGF-b1 and Tb4, as well as any other
growth factors able to induce EMT and promote angiogenesis such as
FGF or HGF,162 may be candidates for inducing EMT and improving
cardiac repair after infarction as well as the integration of cardiac
patches. Very interestingly, zebrafish work showed that FGF-mediated
EMT induction can result in increased neovascularization,160 although
growth factors from the FGF family are generally related to cardiac
fibrosis.163,164 In this regard, FGF17b isoform is increased in regenerat-
ing myocardium, along with FGF receptors 2 and 4160 and it is associ-
ated with angiogenic effects. On the other hand, other FGF isoforms
like FGF21 and FGF23, and receptor FGF1c, prompt coronary artery
disease and cardiac fibrosis.163,165 This indicates that inducing EMT is
a challenging pathway to control, where slight modifications mean the

difference between improving cardiac repair and worsening heart
attack outcomes.

Another relevant example is the use of TGF-b1 for cardiac tissue
repair. TGF-b1 role in heart development is well described, where it is
the main mediator of the EMT process needed to generate cardiac cells
to populate the developing heart,57 but in aged mammals TGF-b1
mediated endothelial to mesenchymal transition is responsible of neg-
ative vein graft remodeling,28 cardiac fibrosis166,167 [Figs. 5(a)–5(e)], as
well as tumor development and progression via EMT.168

Consequently, FGF and TGF-b growth factors, despite being potent
EMT enhancers, are not considered for experimental treatments for
MI due to the serious side effects they may trigger.

A more recent research trend for inducing EMT for cardiac
repair after MI is through the use of Tb4. So far, Tb4 proved to be effi-
cient in small animal models by enhancing myocyte survival and
improving neovascularization in the infarcted tissue,169 as well as
improving cardiac function after MI100,170 [Figs. 5(g)–5(i)]. Tb4 has
also been reported to trigger epicardium-derived progenitor cell differ-
entiation,171 that could help in restoring normal heart cell composition
and function. Unfortunately, Tb4 administration did not result in any
cardioprotective effect in pig models of ischemia/reperfusion injury.172

Although in both small and large animal models intravenous Tb4
administration was used, mice received the growth factor for 7 days
prior to the induction of MI. On the other hand, pigs only received
30min intravenous Tb4 infusion before MI, and another 30minutes
Tb4 infusion 6h after surgery. Differences in dosage (i.e., lower in

FIG. 5. Different outcomes of EMT in the adult mouse hearts. (a) TGF-b1 expression was detected by immunofluorescence (green, arrows) in fibrotic heart sections of animals
after MI induction. (b) TGF-b1 expression was not detected by immunofluorescence in non-fibrotic heart sections from animals with MI and sham surgery. Scale bars: 20lm.
(c) Representative areas of Masson trichrome-stained banded hearts from a wild-type mouse. (d) Representative areas of Masson trichrome-stained banded hearts from a
SMAD36 mouse (TGF-b1 pathway blocked). Scale bars: 200lm. (e) Morphometric analysis of cardiac fibrosis from wild-type I and SMAD36 animals indicating blockage of
TGF-b1 pathway results in less fibrosis of the cardiac tissue.166 Adapted by permission from Zeisberg et al., Nat. Med. 13, 952 (2007). Copyright 2007 Springer Nature:
Nature Publishing Group. (f) Representative echocardiographic M-mode image of the left ventricle after MI of a control animal (MI induction, no treatment). (g) Representative
echocardiographic M-mode image of the left ventricle after MI of a Tb4 treated animal. (h) Distribution of left ventricular fractional shortening at 2 and 4 weeks after MI in control
animals [phosphate-buffered saline (PBS)] and Tb4 treated animals. Bars indicate means. (i) Distribution of left ventricular ejection fraction at 2 and 4 weeks after MI in control
animals (PBS) and Tb4 treated animals. Bars indicate means.100 Adapted by permission from Bock-Marquette et al., Nature 432, 466 (2004). Copyright 2004 Springer Nature:
Nature Publishing Group.
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pigs) may be the reason because of which Tb4 treatment failed in large
animal models. Special attention must be put on the escalation toward
more relevant animal models that resemble human physiology, as dif-
ferent dosage protocols (total amount of growth factor administered,
time of administration and route of administration) determine the
success or failure of the treatment. Altogether, this evidence highlights
the importance of better understanding EMT in the adult heart, since
if modulated and fostered properly, it holds the potential to repopulate
the infarcted cardiac tissue and restore organ homeostasis. EMT could
also improve the effectiveness of cardiac cell therapies and integration
of cardiac patches by modifying the epicardial barrier between the
implanted patch and the myocardium.

Recapitulation of in vivo environments in vitro has improved
greatly with the advance of organ-on-a-chip technology.45 In terms of
cardiac tissue engineering and regeneration, the ability to investigate
the modulation of processes like EMT in an in vitro system that can
more adequately convey the biological, chemical and physical properties
involved in vivo, would be highly beneficial for elucidating favorable
methods of EMT control, thus leading to potential regenerative thera-
pies. The development of a platform that enables direct and indepen-
dent modulation of variables to control EMT in the relevant cell types
constructed to recapitulate more mature tissue could provide important
information for tissue engineering approaches going forward.

VI. NOVEL TOOLS TO CHARACTERIZE EMT

Commonly used approaches to indicate progression through
EMT have involved investigating cell morphology, cell migration, and
the presence of epithelial and mesenchymal markers at the molecular
signaling and/or transcription levels. Common markers of the epithe-
lial state include E-cadherin and ZO-1 at the cell surface, while mesen-
chymal markers include SNAIL, SLUG, Vimentin and a-SMA.
Furthermore, the quantitative analysis of the up- and downregulated
transcription factors and expressed proteins previously discussed are
used to indicate progression through EMT.

However, recently, to more accurately characterize this cellular
process, markers associated with EMT can be used to generate specific
EMT signatures. This has been completed for numerous cancerous
cell lines and tissue.173–175 In some cases, the ability to assess progres-
sion through EMT can be used to help decide therapeutic options, for
example, in the case of non-small cell lung carcinoma (NSCLC).176

EMT gene expression signatures were developed for NSCLC cell lines
in order to assess tumor EMT status and its association with drug
response. Using microarray platforms and high-throughput functional
proteomic profiling, genes with mRNA expression levels either posi-
tively or negatively correlated with at least one of four EMT markers
(i.e., E-cadherin, vimentin, N-cadherin and/or fibronectin 1) and
bimodal distribution patterns were used to generate a 76-gene EMT
signature indicating whether a NSCLC cell line had undergone EMT.
Furthermore, differences in drug response between the epithelial and
mesenchymal cancers were shown.

Similar to lung carcinoma,177 other specific sets of genes that
define EMT and cellular states have been reported for other cancer dis-
orders such as neck squamous cell carcinoma,178 endometrial can-
cer,179 ovarian cancer,180 and bladder cancer.181 All these studies and
others led to the creation of the first gene resource database for explor-
ing EMT-related human genes in cancer in 2015.182 The efficacy of
EMT gene signatures has been proven to be precise and applicable in

clinics, as demonstrated in a recent study showing that the prognosis
of head and neck squamous cell carcinoma (HNSCC) can be predicted
when the identification of cancer EMT gene signature is detected.178

Comparing NSCLC-EMT and HNSCC-EMT gene signatures, four
top candidates arise: E-cadherin, vimentin, N-cadherin and fibronectin
1. Specifically, E-cadherin expression was reduced during EMT,
whereas vimentin, N-cadherin and fibronectin 1 were upregulated.
Although this EMT gene signature (including genes derived from and
related to the aforementioned top four genes) has not been applied to
other tumors, it appears that it could be conserved among different
disorders, potentially including cardiac EMT processes.

Control of cellular behavior depends on interactions in complex
regulatory networks, including gene regulatory networks (GRNs) and
interaction networks in biomolecules.183 Building on methods to
reconstruct GRNs, an ensemble-based network aggregation (ENA)
approach was developed, which can incorporate networks obtained
through different methods and datasets and improve accuracy.184 As a
sample, this approach was applied to the NSCLC dataset associated
with EMT to build a gene regulatory network and three major nodes
were identified as hub genes, indicating potential drug targets.184 In
terms of the heart, mass spectrometry and bioinformatics were inte-
grated to generate a regulatory network to predict signal transduction
nodes within the epicardium and myocardium, identifying the NF-jB
node to be essential for cardiac EMT.80

Another approach that is gaining attention by the scientific com-
munity to better characterize and monitor EMT is the use of reporter
lines that label epicardial and/or mesenchymal cells, ideally along with
their progenies. Currently, several reporter cell lines that fluorescent
label E-cadherin or vimentin (markers for epicardial and mesenchy-
mal cells, respectively) have been developed and are currently available
for purchase. These include human cell lines A549 vimentin red fluo-
rescent protein (epithelial cell line), HCT116 vimentin RFP (colorectal
cancer), BT-474 E-cadherin EmGFP (breast cancer), and MCF10A E-
cadherin EmGFP (breast epithelial cells). These in vitro systems are a
great tool for understanding the basic mechanisms underlaying EMT.
However, they do not represent the complex in vivo microenviron-
ment and tissue architecture, making them not the most accurate
models for fully addressing EMT. Using a similar approach, in vivo
reporter lines for tracking EMT generally target cells with specific epi-
cardial markers. Using Cre/Lox systems it is possible to permanently
label those cells and their progeny. One of the most commonly used
epicardial markers is Wt1. Thus, Wt1Cre based reporter lines have
been successfully used in a number of studies for reporting what cells
are derived from cardiac EMT, mainly identifying fibroblasts and
smooth muscle cells.38 Importantly, Wt1 reporter line has also been
employed in MI models to determine whether EMT is induced after
MI as a defense mechanism. Today, there is evidence provided by
Wt1CreERT2/þ; Rosa26mTmG/þ reporter mouse model indicating that
EMT induction after MI is scarce and mainly contributes to fibroblasts
formation.185 More sophisticated reporter lines have been developed,
as is the case of the mouse mammary tumor virus encoding the
Polyoma Virus middle T antigen, Rosa26-RFP-GFP, and Fsp1-Cre tri-
ple transgenic mouse model.186 Using this approach, it is possible to
assess the conversion of RFP epithelial cells to GFP mesenchymal cells
under the control of the Fsp1 promoter, a gatekeeper of EMT initia-
tion. Interestingly, using similar approaches but changing the pro-
moter to other EMT regulatory genes (i.e., WT1, Tbx18, Tcf21, Gata5,
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Sema3d, Scx, or Sema3d38,79) would allow to further study how other
regulatory pathways affect EMT and identifying new therapeutic
markers.

Generating EMT signatures, uncovering novel pathways and hub
genes involved in EMT processes, and optimizing reporter lines could
very likely indicate areas where regulation of the EMT progress may
be achieved, thus supporting bioengineering strategies to control EMT
going forward. For cardiac tissue, analysis of EMT of epicardial tissue
using these tools could provide useful information on the key path-
ways that can be targeted in therapeutic approaches to treat MI.

VII. PERSPECTIVES AND FUTURE WORK

EMT is a widespread cellular process that occurs in development,
disease and regeneration. Understanding the role and mechanism of
EMT in each one of these processes provides important and distinct
lessons for bioengineers. Having a thorough understanding of EMT in
development provides information on pathways that can be mimicked
or modified to achieve stem cell differentiation, cell reprogramming,

and building tissue constructs. Gaining insight into how and why
EMT occurs in the context of disease can elucidate ways to prevent or
reverse those negative effects which can lead to disease treatment
options. Finally, by investigating the role of EMT in regeneration, its
potentially advantageous function can be harnessed in regenerative
strategies to treat damaged tissues and organs and to generate engi-
neered tissues. For regeneration as it relates to the heart, production of
fibroblasts must be controlled, whereas the creation of other EMT
derived cells such as smooth muscle cells or endothelial cells must be
enhanced. Moreover, the interaction of the epicardial layer, EMT and
immune system (especially heart resident macrophages) may be of
utmost importance for optimizing and improving cardiac tissue
repair.41,187 The common thread in each of these cases is that to
achieve the desired outcomes, control over the EMT process must be
achieved, and this relies on the use of bioengineering strategies.

The strategies to control EMT discussed in this review include
biological, biomaterial and biochemical, and physical approaches
(Fig. 6). While biological approaches to date have made use of

FIG. 6. Strategies and technologies to achieve enhanced control over EMT in order to build cell and tissue constructs and to repair and regenerate damaged tissue. Figure cre-
ated with BioRender.com.
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bioactive factors and cellular components to induce EMT, enhanced
spatiotemporal control over these factors could lead to better recapitu-
lation of native microenvironments such that precise cell fates can be
achieved, and more complex tissues can be generated. For this, con-
trolled delivery methods can be utilized to present the cocktails of fac-
tors to suit the specific requirement at a relevant release rates and
gradients. In terms of biomaterial and biochemical approaches to con-
trol EMT, future work should incorporate more organ-on-a-chip bio-
engineering strategies. It is well established that 3D tissue culture
systems demonstrate more physiologically relevant properties and can
provide useful information in assays compared to 2D tissue culture.45

Therefore, to ensure the basic biological investigations of EMT are
demonstrating results that correspond to the native in vivo situations,
these investigations should be carried out in 3D systems using bioma-
terials that mimic the 3D microenvironment. Furthermore, for the
goal of building functional tissue engineered constructs, where EMT
may be utilized to mimic developmental processes, it is imperative
that the 3D microenvironment is incorporated to achieve
dimensionally relevant structures. It is also important that in these
organ-on-a-chip systems, appropriate physical properties such as
mechanical and electrical stimulation are considered and integrated, to
achieve more mature tissue. Bioengineering techniques such as surface
functionalization, instructive biomaterials, and 3D printing can also
assist in generating precisely pattered surfaces and organized cellular
constructs to support these objectives.

It is possible that with enhanced control over EMT, the process
will be increasingly relied upon and built into protocols to generate
specific cell populations. For example, recently, cardiac fibroblasts
were established from epicardial cells via EMT and used in tri-cellular
culture to generate cardiac microtissues.188 With this strategy in mind,
it may be possible that complex co-culture systems that resemble
native tissue in terms of cell populations could be developed by relying
on EMT in vitro to establish the various components of the tissue.

In the context of cardiac tissue engineering, there are opportuni-
ties going forward for enhanced control of EMT to improve the inte-
gration of tissues delivered to the damaged heart for regeneration. Cell
injection as a regenerative strategy suffers from significant cell death
and washout following delivery189,190 as well as limited functional inte-
gration.191,192 Biomaterial patches and engineered tissue patches which
are delivered to the epicardial surface of the heart may circumvent the
issue of the cell death and washout, however, their integration with the
heart remains a challenge.193 With enhanced control over the EMT
process, it may be possible that the epicardial cells present on the heart
surface can be encouraged to transform and integrate with the replace-
ment tissue. Furthermore, in either case of cell injection or cardiac
patch delivery, if EMT can be sufficiently controlled, the epithelial cells
present in the heart may be able to give rise to cardiac fibroblasts and
coronary smooth muscle cells, which could lead to improved integra-
tion with replacement cells or tissue, as well as enhanced vasculariza-
tion of the region.

VIII. SUMMARY

The process of EMT wherein epithelial cells transform into a
mesenchymal cell type is highly relevant to many biological processes
involved in both development and disease. In this review, we first dis-
cussed the cellular processes and molecular mechanisms involved in
EMT, as an understanding of the integrated networks of regulation is

necessary in order to achieve control over the process. We reviewed
the bioengineering approaches that have been undertaken to control
EMT and described methods that employ biological agents and alter
the material, biochemical, and physical properties of cellular microen-
vironments to induce or otherwise alter the EMT process. Since EMT
occurs in diseased tissue, achieving control over the process is sought
after for the development of novel therapies. One important example
of EMT in disease is the advance of cardiac fibrosis following severe
injury in the heart, and thus, approaches that have been used to con-
trol EMT specific to cardiac tissue engineering were also described. It
is clear that going forward, advanced bioengineering strategies to con-
trol EMT will be highly useful in both tissue engineering and regenera-
tive medicine.

ACKNOWLEDGMENTS

Our work was funded by the Canadian Institutes of Health
Research (CIHR) Foundation Grant No. FDN-167274, Natural
Sciences and Engineering Research Council of Canada (NSERC)
Discovery Grant (No. RGPIN 326982-10), NSERC-CIHR
Collaborative Health Research Grant (No. CHRP 493737-16), and
National Institutes of Health Grant No. 2R01 HL076485. M.R. was
supported by Killam Fellowship and Canada Research Chair. D.B.
was supported by NSERC Alexander Graham Bell Canada
Graduate Scholarships-Doctoral Program, and S.P.G. was
supported by Medicine by Design.

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES
1G. Greenburg and E. D. Hay, Development 102, 605 (1988).
2E. D. Hay, Cells Tissues Organs 154, 8 (1995).
3J. M. Lee, S. Dedhar, R. Kalluri, and E. W. Thompson, J. Cell Biol. 172, 973
(2006).

4D. Kim, T. Xing, Z. Yang, R. Dudek, Q. Lu, and Y.-H. Chen, J. Clin. Med.
7(1), 1 (2017).

5R. Kalluri and R. A. Weinberg, Am. Soc. Clin. Invest. 119, 1420 (2009).
6D. Pei, X. Shu, A. Gassama-Diagne, and J. P. Thiery, Nat. Cell Biol. 21, 44
(2019).

7J. P. Thiery, H. Acloque, R. Y. J. Huang, and M. A. Nieto, Cell 139, 871
(2009).

8A. Puisieux, T. Brabletz, and J. Caramel, Nat. Cell Biol. 16, 488 (2014).
9A. Fintha, �A. Gasparics, L. Rosivall, and A. Sebe, Front. Pharmacol. 10, 388
(2019).

10R. C. Stone, I. Pastar, N. Ojeh, V. Chen, S. Liu, K. I. Garzon, and M. Tomic-
Canic, Cell Tissue Res. 365, 495 (2016).

11D. Haensel and X. Dai, Dev. Dyn. 247, 473 (2018).
12Y.-S. Kim, B.-R. Yi, N.-H. Kim, and K.-C. Choi, Exp. Mol. Med. 46, e108
(2014).

13T. Brabletz, R. Kalluri, M. A. Nieto, and R. A. Weinberg, Nat. Rev. Cancer 18,
128 (2018).

14J. Yang, P. Antin, G. Berx, C. Blanpain, T. Brabletz, M. Bronner, K. Campbell,
A. Cano, J. Casanova, G. Christofori, S. Dedhar, R. Derynck, H. L. Ford, J.
Fuxe, A. Garc�ıa de Herreros, G. J. Goodall, A. K. Hadjantonakis, R. J. Y.
Huang, C. Kalcheim, R. Kalluri, Y. Kang, Y. Khew-Goodall, H. Levine, J. Liu,
G. D. Longmore, S. A. Mani, J. Massagu�e, R. Mayor, D. McClay, K. E. Mostov,
D. F. Newgreen, M. A. Nieto, A. Puisieux, R. Runyan, P. Savagner, B. Stanger,
M. P. Stemmler, Y. Takahashi, M. Takeichi, E. Theveneau, J. P. Thiery, E. W.

APL Bioengineering REVIEW scitation.org/journal/apb

APL Bioeng. 5, 021504 (2021); doi: 10.1063/5.0033710 5, 021504-13

VC Author(s) 2021

https://doi.org/10.1159/000147748
https://doi.org/10.1083/jcb.200601018
https://doi.org/10.3390/jcm7010001
https://doi.org/10.1172/JCI39104
https://doi.org/10.1038/s41556-018-0195-z
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1038/ncb2976
https://doi.org/10.3389/fphar.2019.00388
https://doi.org/10.1007/s00441-016-2464-0
https://doi.org/10.1002/dvdy.24561
https://doi.org/10.1038/emm.2014.44
https://doi.org/10.1038/nrc.2017.118
https://scitation.org/journal/apb


Thompson, R. A. Weinberg, E. D. Williams, J. Xing, B. P. Zhou, and G. Sheng,
Nat. Rev. Mol. Cell Biol. 21, 341 (2020).

15F. Santos, C. Moreira, S. N�obrega-Pereira, and B. Bernardes de Jesus, Int. J.
Mol. Sci. 20, 891 (2019).

16M. Krainock, O. Toubat, S. Danopoulos, A. Beckham, D. Warburton, and R.
Kim, J. Clin. Med. 5, 27 (2016).

17H. E. Olivey and E. C. Svensson, Circ. Res. 106, 818 (2010).
18F. Limana, A. Zacheo, D. Mocini, A. Mangoni, G. Borsellino, A. Diamantini,
R. De Mori, L. Battistini, E. Vigna, M. Santini, V. Loiaconi, G. Pompilio, A.
Germani, and M. C. Capogrossi, Circ. Res. 101, 1255 (2007).

19R. Carmona, S. Barrena, A. J. L�opez Gambero, A. Rojas, and R. Mu~noz-
Ch�apuli, FASEB J. 34, 5223 (2020).

20J. C. Kovacic, N. Mercader, M. Torres, M. Boehm, and V. Fuster, Circulation
125, 1795 (2012).

21J. Bischoff, Circ. Res. 124, 1163 (2019).
22B. Zhou, L. B. Honor, H. He, M. Qing, J. H. Oh, C. Butterfield, R. Z. Lin, J. M.
Melero-Martin, E. Dolmatova, H. S. Duffy, A. Von Gise, P. Zhou, Y. W. Hu,
G. Wang, B. Zhang, L. Wang, J. L. Hall, M. A. Moses, F. X. McGowan, and
W. T. Pu, J. Clin. Invest. 121, 1894 (2011).

23H. Lie-Venema, N. M. S. Van Den Akker, N. A. M. Bax, E. M. Winter, S.
Maas, T. Kekarainen, R. C. Hoeben, M. C. DeRuiter, R. E. Poelmann, and A.
C. Gittenberger-De Groot, Sci. World J. 7, 1777 (2007).

24K. J. Lavine, A. C. White, C. Park, C. S. Smith, K. Choi, F. Long, C. C. Hui,
and D. M. Ornitz, Genes Dev. 20, 1651 (2006).

25K. J. Lavine, K. Yu, A. C. White, X. Zhang, C. Smith, J. Partanen, and D. M.
Ornitz, Dev. Cell 8, 85 (2005).

26H. Hamdi, V. Planat-Benard, A. Bel, E. Puymirat, R. Geha, L. Pidial, H.
Nematalla, V. Bellamy, P. Bouaziz, and S. Peyrard, Cardiovasc. Res. 91, 483
(2011).

27F. Limana, M. C. Capogrossi, and A. Germani, Pharmacol. Ther. 129, 82
(2011).

28J. C. Kovacic, S. Dimmeler, R. P. Harvey, T. Finkel, E. Aikawa, G. Krenning,
and A. H. Baker, J. Am. Coll. Cardiol. 73, 190 (2019).

29W. Cheng, X. Li, D. Liu, C. Cui, and X. Wang, J. Cardiovasc. Pharmacol.
Ther. 26, 3 (2021).

30A. Saito, J. Biochem. 153(6), 493–495 (2013).
31S. M. Evrard, L. Lecce, K. C. Michelis, A. Nomura-Kitabayashi, G. Pandey, K.
R. Purushothaman, V. D’Escamard, J. R. Li, L. Hadri, K. Fujitani, P. R.
Moreno, L. Benard, P. Rimmele, A. Cohain, B. Mecham, G. J. Randolph, E. G.
Nabel, R. Hajjar, V. Fuster, M. Boehm, and J. C. Kovacic, Nat. Commun. 7(1),
11853 (2016).

32S. M. Stevens, A. von Gise, N. VanDusen, B. Zhou, and W. T. Pu, Dev. Biol.
413, 153 (2016).

33V. Ramjee, D. Li, L. J. Manderfield, F. Liu, K. A. Engleka, H. Aghajanian, C. B.
Rodell, W. Lu, V. Ho, T. Wang, L. Li, A. Singh, D. M. Cibi, J. A. Burdick, M.
K. Singh, R. Jain, and J. A. Epstein, J. Clin. Invest. 127, 899 (2017).

34J. M. Gonz�alez-Rosa, V. Mart�ın, M. Peralta, M. Torres, and N. Mercader,
Development 138, 1663 (2011).

35J. M. Gonz�alez-Rosa, M. Peralta, and N. Mercader, Dev. Biol. 370, 173 (2012).
36K. Kikuchi, V. Gupta, J. Wang, J. E. Holdway, A. A. Wills, Y. Fang, and K. D.
Poss, Development 138, 2895 (2011).

37A. Germani, E. Foglio, M. C. Capogrossi, M. A. Russo, and F. Limana, J. Mol.
Med. 93, 735 (2015).

38A. M. Smits, E. Dronkers, and M.-J. Goumans, Pharmacol. Res. 127, 129
(2018).

39T. J. Cahill, R. P. Choudhury, and P. R. Riley, Nat. Rev. Drug Discovery 16,
699 (2017).

40J. A. Nicol�as-�Avila, A. Hidalgo, and I. Ballesteros, J. Leukocyte Biol. 104, 743
(2018).

41S. A. Dick, J. A. Macklin, S. Nejat, A. Momen, X. Clemente-Casares, M. G.
Althagafi, J. Chen, C. Kantores, S. Hosseinzadeh, L. Aronoff, A. Wong, R.
Zaman, I. Barbu, R. Besla, K. J. Lavine, B. Razani, F. Ginhoux, M. Husain, M.
I. Cybulsky, C. S. Robbins, and S. Epelman, Nat. Immunol. 20, 29 (2019).

42H. B. Sager, M. Hulsmans, K. J. Lavine, M. B. Moreira, T. Heidt, G. Courties,
Y. Sun, Y. Iwamoto, B. Tricot, O. F. Khan, J. E. Dahlman, A. Borodovsky, K.
Fitzgerald, D. G. Anderson, R. Weissleder, P. Libby, F. K. Swirski, and M.
Nahrendorf, Circ. Res. 119, 853 (2016).

43S. Epelman, K. J. Lavine, A. E. Beaudin, D. K. Sojka, J. A. Carrero, B.
Calderon, T. Brija, E. L. Gautier, S. Ivanov, A. T. Satpathy, J. D. Schilling, R.
Schwendener, I. Sergin, B. Razani, E. C. Forsberg, W. M. Yokoyama, E. R.
Unanue, M. Colonna, G. J. Randolph, and D. L. Mann, Immunity 40, 91
(2014).

44F. Ginhoux and M. Guilliams, Immunity 44, 439 (2016).
45S. Ahadian, R. Civitarese, D. Bannerman, M. H. Mohammadi, R. Lu, E.
Wang, L. Davenport-Huyer, B. Lai, B. Zhang, and Y. Zhao, Adv. Healthcare
Mater. 7, 1700506 (2018).

46B. Zhang, A. Korolj, B. F. L. Lai, and M. Radisic, Nat. Rev. Mater. 3, 257
(2018).

47D. Huh, H. J. Kim, J. P. Fraser, D. E. Shea, M. Khan, A. Bahinski, G. A.
Hamilton, and D. E. Ingber, Nat. Protoc. 8, 2135 (2013).

48L. E. Scott, S. H. Weinberg, and C. A. Lemmon, Front. Cell Dev. Biol. 7, 135
(2019).

49A. Moustakas and C.-H. Heldin, Cancer Sci. 98, 1512 (2007).
50S. Lindsey and S. A. Langhans, Front. Oncol. 4, 358 (2014).
51I. Pastushenko and C. Blanpain, Trends Cell Biol. 29, 212 (2019).
52S. Lamouille, J. Xu, and R. Derynck, Nat. Rev. Mol. Cell Biol. 15, 178 (2014).
53R. Y.-J. Huang, P. Guilford, and J. P. Thiery, J. Cell Sci. 125, 4417 (2012).
54M. Saitoh, T. Shirakihara, and K. Miyazono, Biochem. Biophys. Res.
Commun. 381, 560 (2009).

55E. Janda, M. Nevolo, K. Lehmann, J. Downward, H. Beug, and M. Grieco,
Oncogene 25, 7117 (2006).

56J. Li, S.-H. Li, J. Wu, R. D. Weisel, A. Yao, W. L. Stanford, S.-M. Liu, and R.-
K. Li, Theranostics 8, 1766 (2018).

57A. von Gise and W. T. Pu, Circ. Res. 110(12), 1628 (2012).
58J. van Tuyn, D. E. Atsma, E. M. Winter, I. van der Velde-van Dijke, D. A.
Pijnappels, N. A. Bax, S. Kna€an-Shanzer, A. C. Gittenberger-de Groot, R. E.
Poelmann, A. van der Laarse, E. E. van der Wall, M. J. Schalij, and A. A. F. de
Vries, Stem Cells 25, 271 (2007).

59D. M. Gonzalez and D. Medici, Sci. Signaling 7, re8 (2014).
60C.-Y. Loh, J. Y. Chai, T. F. Tang, W. F. Wong, G. Sethi, M. K. Shanmugam, P.
P. Chong, and C. Y. Looi, Cells 8, 1118 (2019).

61L. Hao, J. R. Ha, P. Kuzel, E. Garcia, and S. Persad, Br. J. Dermatol. 166, 1184
(2012).

62M. Yilmaz and G. Christofori, Cancer Metastasis Rev. 28, 15 (2009).
63E. Cubillo, A. Diaz-Lopez, E. P. Cuevas, G. Moreno-Bueno, H. Peinado, A.
Montes, V. Santos, F. Portillo, and A. Cano, PLoS One 8, e59948 (2013).

64T. Chen, Y. You, H. Jiang, and Z. Z. Wang, J. Cell. Physiol. 232, 3261 (2017).
65L. Caja, F. Dituri, S. Mancarella, D. Caballero-Diaz, A. Moustakas, G.
Giannelli, and I. Fabregat, Int. J. Mol. Sci. 19, 1294 (2018).

66K. Tzavlaki and A. Moustakas, Biomolecules 10, 487 (2020).
67K. Watanabe, N. Panchy, S. Noguchi, H. Suzuki, and T. Hong, npj Syst. Biol.
Appl. 5(1), 21 (2019).

68P. Lindner, S. Paul, M. Eckstein, C. Hampel, J. K. Muenzner, K. Erlenbach-
Wuensch, H. P. Ahmed, V. Mahadevan, T. Brabletz, A. Hartmann, J. Vera,
and R. Schneider-Stock, Cell Death Dis. 11, 1 (2020).

69E. Theveneau and R. Mayor, Curr. Opin. Cell Biol. 24, 677 (2012).
70S. C. Wei, L. Fattet, J. H. Tsai, Y. Guo, V. H. Pai, H. E. Majeski, A. C. Chen,
R. L. Sah, S. S. Taylor, and A. J. Engler, Nat. Cell Biol. 17, 678 (2015).

71B. F. Matte, A. Kumar, J. K. Placone, V. G. Zanella, M. D. Martins, A. J.
Engler, and M. L. Lamers, J. Cell Sci. 132, jcs224360 (2019).

72M. Gracia, S. Theis, A. Proag, G. Gay, C. Benassayag, and M. Suzanne, Nat.
Commun. 10(1), 2951 (2019).

73S. Cagnet, M. Faraldo, M. Kreft, A. Sonnenberg, K. Raymond, and M.
Glukhova, Oncogene 33, 4286 (2014).

74K. K. Kim, Y. Wei, C. Szekeres, M. C. Kugler, P. J. Wolters, M. L. Hill, J. A.
Frank, A. N. Brumwell, S. E. Wheeler, and J. A. Kreidberg, J. Clin. Invest. 119,
213 (2009).

75G. Giannelli, C. Bergamini, E. Fransvea, C. Sgarra, and S. Antonaci,
Gastroenterology 129, 1375 (2005).

76R. E. Neira and E. P. Salazar, Int. J. Biochem. Cell Biol. 44, 2194 (2012).
77I.-E. Lupu, A. N. Redpath, and N. Smart, Stem Cell Rep. 14, 770 (2020).
78E. Dronkers, M. M. M. Wauters, M. J. Goumans, and A. M. Smits,
Biomolecules 10, 404 (2020).

79P. Quijada, M. A. Trembley, and E. M. Small, Circ. Res. 126, 377 (2020).

APL Bioengineering REVIEW scitation.org/journal/apb

APL Bioeng. 5, 021504 (2021); doi: 10.1063/5.0033710 5, 021504-14

VC Author(s) 2021

https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.3390/ijms20040891
https://doi.org/10.3390/ijms20040891
https://doi.org/10.3390/jcm5020027
https://doi.org/10.1161/CIRCRESAHA.109.209197
https://doi.org/10.1161/CIRCRESAHA.107.150755
https://doi.org/10.1096/fj.201902249RR
https://doi.org/10.1161/CIRCULATIONAHA.111.040352
https://doi.org/10.1161/CIRCRESAHA.119.314813
https://doi.org/10.1172/JCI45529
https://doi.org/10.1100/tsw.2007.294
https://doi.org/10.1101/gad.1411406
https://doi.org/10.1016/j.devcel.2004.12.002
https://doi.org/10.1093/cvr/cvr099
https://doi.org/10.1016/j.pharmthera.2010.09.002
https://doi.org/10.1016/j.jacc.2018.09.089
https://doi.org/10.1177/1074248420952233
https://doi.org/10.1177/1074248420952233
https://doi.org/10.1093/jb/mvt032
https://doi.org/10.1038/ncomms11853
https://doi.org/10.1016/j.ydbio.2016.03.014
https://doi.org/10.1172/JCI88759
https://doi.org/10.1242/dev.060897
https://doi.org/10.1016/j.ydbio.2012.07.007
https://doi.org/10.1242/dev.067041
https://doi.org/10.1007/s00109-015-1290-2
https://doi.org/10.1007/s00109-015-1290-2
https://doi.org/10.1016/j.phrs.2017.07.020
https://doi.org/10.1038/nrd.2017.106
https://doi.org/10.1002/JLB.6MR0118-041R
https://doi.org/10.1038/s41590-018-0272-2
https://doi.org/10.1161/CIRCRESAHA.116.309001
https://doi.org/10.1016/j.immuni.2013.11.019
https://doi.org/10.1016/j.immuni.2016.02.024
https://doi.org/10.1002/adhm.201700506
https://doi.org/10.1002/adhm.201700506
https://doi.org/10.1038/s41578-018-0034-7
https://doi.org/10.1038/nprot.2013.137
https://doi.org/10.3389/fcell.2019.00135
https://doi.org/10.1111/j.1349-7006.2007.00550.x
https://doi.org/10.3389/fonc.2014.00358
https://doi.org/10.1016/j.tcb.2018.12.001
https://doi.org/10.1038/nrm3758
https://doi.org/10.1242/jcs.099697
https://doi.org/10.1016/j.bbrc.2009.02.098
https://doi.org/10.1016/j.bbrc.2009.02.098
https://doi.org/10.1038/sj.onc.1209701
https://doi.org/10.7150/thno.22788
https://doi.org/10.1161/CIRCRESAHA.111.259960
https://doi.org/10.1634/stemcells.2006-0366
https://doi.org/10.1126/scisignal.2005189
https://doi.org/10.3390/cells8101118
https://doi.org/10.1111/j.1365-2133.2012.10824.x
https://doi.org/10.1007/s10555-008-9169-0
https://doi.org/10.1371/journal.pone.0059948
https://doi.org/10.1002/jcp.25797
https://doi.org/10.3390/ijms19051294
https://doi.org/10.3390/biom10030487
https://doi.org/10.1038/s41540-019-0097-0
https://doi.org/10.1038/s41540-019-0097-0
https://doi.org/10.1038/s41419-020-2340-4
https://doi.org/10.1016/j.ceb.2012.08.002
https://doi.org/10.1038/ncb3157
https://doi.org/10.1242/jcs.224360
https://doi.org/10.1038/s41467-019-10720-0
https://doi.org/10.1038/s41467-019-10720-0
https://doi.org/10.1038/onc.2013.391
https://doi.org/10.1172/JCI36940
https://doi.org/10.1053/j.gastro.2005.09.055
https://doi.org/10.1016/j.biocel.2012.08.018
https://doi.org/10.1016/j.stemcr.2020.04.002
https://doi.org/10.3390/biom10030404
https://doi.org/10.1161/CIRCRESAHA.119.315857
https://scitation.org/journal/apb


80Y. Li, A. Urban, D. Midura, H.-G. Simon, and Q. T. Wang, PLoS One 12,
e0174563 (2017).

81M. M. Mia and M. K. Singh, Cell Dev. Biol. 7, 221 (2019).
82O. M. Mart�ınez-Estrada, L. A. Lettice, A. Essafi, J. A. Guadix, J. Slight, V.
Velecela, E. Hall, J. Reichmann, P. S. Devenney, P. Hohenstein, N. Hosen, R.
E. Hill, R. M~uoz-Chapuli, and N. D. Hastie, Nat. Genet. 42, 89 (2010).

83A. von Gise, B. Zhou, L. B. Honor, Q. Ma, A. Petryk, and W. T. Pu, Dev. Biol.
356, 421 (2011).

84B. T. MacDonald, K. Tamai, and X. He, Dev. Cell 17, 9 (2009).
85A. Singh, S. Ramesh, D. M. Cibi, L. S. Yun, J. Li, L. Li, L. J. Manderfield, E. N.
Olson, J. A. Epstein, and M. K. Singh, Cell Rep. 15, 1384 (2016).

86Y. Xiao, M. C. Hill, M. Zhang, T. J. Martin, Y. Morikawa, S. Wang, A. R.
Moise, J. D. Wythe, and J. F. Martin, Dev. Cell 45, 153 (2018).

87G. Nardone, J. Oliver-De La Cruz, J. Vrbsky, C. Martini, J. Pribyl, P. Skl�adal,
M. Pe�sl, G. Caluori, S. Pagliari, and F. Martino, Nat. Commun. 8(1), 1 (2017).

88P. Tandon, Y. V. Miteva, L. M. Kuchenbrod, I. M. Cristea, and F. L. Conlon,
Development 140, 2409 (2013).

89A. Acharya, S. T. Baek, G. Huang, B. Eskiocak, S. Goetsch, C. Y. Sung, S.
Banfi, M. F. Sauer, G. S. Olsen, J. S. Duffield, E. N. Olson, and M. D.
Tallquist, Development 139, 2139 (2012).

90C. L. Cai, J. C. Martin, Y. Sun, L. Cui, L. Wang, K. Ouyang, L. Yang, L. Bu, X.
Liang, X. Zhang, W. B. Stallcup, C. P. Denton, A. McCulloch, J. Chen, and S.
M. Evans, Nature 454, 104 (2008).

91M. A. Trembley, L. S. Velasquez, K. L. de Mesy Bentley, and E. M. Small,
Development 142, 21 (2015).

92R. P. Misra, Pediatr. Cardiol. 31, 400 (2010).
93J. N. Blom and Q. Feng, Pharmacol. Ther. 186, 114 (2018).
94J. Duan, C. Gherghe, D. Liu, E. Hamlett, L. Srikantha, L. Rodgers, J. N. Regan,
M. Rojas, M. Willis, A. Leask, M. Majesky, and A. Deb, EMBO J. 31, 429
(2012).

95J.-R. A. Moonen, G. Krenning, M. G. Brinker, J. A. Koerts, M. J. Van Luyn,
and M. C. Harmsen, Cardiovasc. Res. 86, 506 (2010).

96A. T. Moerkamp, K. Lodder, T. Van Herwaarden, E. Dronkers, C. K. E.
Dingenouts, F. C. Tengstr€om, T. J. Van Brakel, M. J. Goumans, and A. M.
Smits, Stem Cell Res. Ther. 7, 174 (2016).

97A. D. Witty, A. Mihic, R. Y. Tam, S. A. Fisher, A. Mikryukov, M. S. Shoichet,
R.-K. Li, S. J. Kattman, and G. Keller, Nat. Biotechnol. 32, 1026 (2014).

98M. Wesseling, T. Sakkers, S. De Jager, G. Pasterkamp, and M. Goumans,
Vasc. Pharmacol. 106, 1 (2018).

99M. Shi, J. Zhu, R. Wang, X. Chen, L. Mi, T. Walz, and T. A. Springer, Nature
474, 343 (2011).

100I. Bock-Marquette, A. Saxena, M. D. White, J. M. DiMaio, and D. Srivastava,
Nature 432, 466 (2004).

101T. Huff, C. S. M€uller, A. M. Otto, R. Netzker, and E. Hannappel, Int. J.
Biochem. Cell Biol. 33, 205 (2001).

102D. Crockford, Ann. N. Y. Acad. Sci. 1112, 385 (2007).
103S.-H. Shin, S. Lee, J.-S. Bae, J.-G. Jee, H.-J. Cha, and Y. M. Lee, Mol. Cells 37,

330 (2014).
104H. Huang, C. Hu, M. Tang, W. Wang, P. Chen, and Y. Su, Oncogene 26, 2781

(2007).
105Z. Piao, C.-S. Hong, M.-R. Jung, C. Choi, and Y.-K. Park, Biochem. Biophys.

Res. Commun. 452, 858 (2014).
106K.-O. Hong, J.-I. Lee, S.-P. Hong, and S.-D. Hong, Amino Acids 48, 117 (2016).
107A. Makowiecka, N. Malek, E. Mazurkiewicz, E. Mr�owczy�nska, D. Nowak, and

A. J. Mazur, Front. Cell Dev. Biol. 7, 304 (2019).
108Z. Y. Wang, F. Q. Zeng, Z. H. Zhu, G. S. Jiang, L. Lv, F. Wan, R. Dong, X. Y.

Xiao, and S. A. Xing, Urol. Oncol. 30, 167 (2012).
109X. Fu, P. Cui, F. Chen, J. Xu, L. Gong, L. Jiang, D. Zhang, and Y. Xiao, Mol.

Med. Rep. 12, 127 (2015).
110A. Benedetto, G. Accetta, Y. Fujita, and G. Charras, Lab Chip 14, 1336

(2014).
111L. Li, J. R. Klim, R. Derda, A. H. Courtney, and L. L. Kiessling, Proc. Natl.
Acad. Sci. 108, 11745 (2011).

112M. L. Abba, N. Patil, J. H. Leupold, and H. Allgayer, J. Clin. Med. 5, 8 (2016).
113A. D�ıaz-L�opez, G. Moreno-Bueno, and A. Cano, Cancer Manage. Res. 6, 205
(2014).

114M. Korpal and Y. Kang, RNA Biol. 5, 115–119 (2008).

115U. Burk, J. Schubert, U. Wellner, O. Schmalhofer, E. Vincan, S. Spaderna, and
T. Brabletz, EMBO Rep. 9, 582 (2008).

116P. A. Gregory, A. G. Bert, E. L. Paterson, S. C. Barry, A. Tsykin, G. Farshid, M.
A. Vadas, Y. Khew-Goodall, and G. J. Goodall, Nat. Cell Biol. 10, 593 (2008).

117M. Korpal, E. S. Lee, G. Hu, and Y. Kang, J. Biol. Chem. 283, 14910 (2008).
118S.-M. Park, A. B. Gaur, E. Lengyel, and M. E. Peter, Genes Dev. 22, 894 (2008).
119H. Brønnum, D. C. Andersen, M. Schneider, M. B. Sandberg, T. Eskildsen, S.

B. Nielsen, R. Kalluri, and S. P. Sheikh, PLoS One 8, e56280 (2013).
120H. Brønnum, D. C. Andersen, M. Schneider, A. Y. Nossent, S. B. Nielsen, and

S. P. Sheikh, Exp. Cell Res. 319(4), 424 (2013).
121T. Seeger, Q.-F. Xu, M. Muhly-Reinholz, A. Fischer, E.-M. Kremp, A. M.
Zeiher, and S. Dimmeler, J. Mol. Cell. Cardiol. 94, 145 (2016).

122E. Foglio, G. Puddighinu, P. Fasanaro, D. D’Arcangelo, G. A. Perrone, D.
Mocini, C. Campanella, L. Coppola, M. Logozzi, and T. Azzarito, Int. J.
Cardiol. 197, 333 (2015).

123A. E. G. Lenferink, C. Cantin, A. Nantel, E. Wang, Y. Durocher, M. Banville,
B. Paul-Roc, A. Marcil, M. R. Wilson, and M. O’Connor-McCourt, Oncogene
29(6), 831 (2010).

124Y. Wang, X. Wang, H. Zhao, B. Liang, and Q. Du, J. Chemother. 24, 348
(2012).

125A. Turkieh, M. Fertin, M. Bouvet, P. Mulder, H. Drobecq, G. Lemesle, N.
Lamblin, P. De Groote, S. Porouchani, and M. Chwastyniak, Circulation 11,
e004838 (2018).

126S.-H. Li, L. Sun, L. Yang, J. Li, Z. Shao, G.-Q. Du, J. Wu, R. D. Weisel, and R.-
K. Li, Sci. Rep. 7, 1 (2017).

127K. A. Kilian and M. Mrksich, Angew. Chem., Int. Ed. 51, 4891 (2012).
128G. J. Hickman, R. C. Rees, D. J. Boocock, A. G. Pockley, and C. C. Perry, Adv.

Healthcare Mater. 4, 593 (2015).
129M. Nicklin, G. J. Hickman, A. G. Pockley, and C. C. Perry, ACS Appl. Bio

Mater. 3, 495 (2020).
130J. Wang, F. Chen, L. Liu, C. Qi, B. Wang, X. Yan, C. Huang, W. Hou, M. Q.

Zhang, and Y. Chen, Biomaterials 91, 11 (2016).
131Y. Liao, W. Wang, X. Huang, Y. Sun, S. Tian, and P. Cai, Sci. Rep. 8(1), 15188
(2018).

132F. Lv, J. Wang, P. Xu, Y. Han, H. Ma, H. Xu, S. Chen, J. Chang, Q. Ke, and M.
Liu, Acta Biomater. 60, 128 (2017).

133G. Liu, B. Wang, S. Li, Q. Jin, and Y. Dai, J. Cell. Physiol. 234, 9447 (2019).
134G. Mazza, A. Telese, W. Al-Akkad, L. Frenguelli, A. Levi, M. Marrali, L.

Longato, K. Thanapirom, M. G. Vilia, and B. Lombardi, Cells 9, 83
(2019).

135L. Li, L. Qi, Z. Liang, W. Song, Y. Liu, Y. Wang, B. Sun, B. Zhang, and W.
Cao, Int. J. Mol. Med. 36, 113 (2015).

136M. A. Missinato, K. Tobita, N. Romano, J. A. Carroll, and M. Tsang,
Cardiovasc. Res. 107, 487 (2015).

137E. A. Craig, A. F. Austin, R. R. Vaillancourt, J. V. Barnett, and T. D.
Camenisch, Exp. Cell Res. 316, 3397 (2010).

138X. Wang, X. Dai, X. Zhang, X. Li, T. Xu, and Q. Lan, Biochem. Biophys. Res.
Commun. 498, 1052 (2018).

139J. Li, J. D. Russo, X. Hua, Z. Chu, J. P. Spatz, and Q. Wei, Adv. Healthcare
Mater. 8, 1801384 (2019).

140S. A. Maynard, C. W. Winter, E. M. Cunnane, and M. M. Stevens, Regener.
Eng. Transl. Med. 1, 51 (2020).

141M. Arnold, E. A. Cavalcanti-Adam, R. Glass, J. Bl€ummel, W. Eck, M.
Kantlehner, H. Kessler, and J. P. Spatz, ChemPhysChem 5, 383 (2004).

142X. Bao, X. Lian, T. A. Hacker, E. G. Schmuck, T. Qian, V. J. Bhute, T. Han, M.
Shi, L. Drowley, and A. T. Plowright, Nat. Biomed. Eng. 1(1), 1 (2017).

143X. Jing, Y. Gao, S. Xiao, Q. Qin, X. Wei, Y. Yan, L. Wu, S. Deng, J. Du, and Y.
Liu, Sci. Rep. 6, 30468 (2016).

144J. Tao, J. V. Barnett, M. Watanabe, and D. Ram�ırez-Bergeron, J. Cardiovasc.
Dev. Dis. 5, 19 (2018).

145J. T. Connelly, J. E. Gautrot, B. Trappmann, D. W.-M. Tan, G. Donati, W. T.
Huck, and F. M. Watt, Nat. Cell Biol. 12, 711 (2010).

146D. E. Discher, D. J. Mooney, and P. W. Zandstra, Science 324, 1673 (2009).
147S. Saha, X. Duan, L. Wu, P.-K. Lo, H. Chen, and Q. Wang, Langmuir 28, 2028

(2012).
148U. Dhawan, M.-W. Sue, K.-C. Lan, W. Buddhakosai, P. H. Huang, Y. C. Chen,

P.-C. Chen, and W. L. Chen, ACS Appl. Mater. Interfaces 10, 11474 (2018).

APL Bioengineering REVIEW scitation.org/journal/apb

APL Bioeng. 5, 021504 (2021); doi: 10.1063/5.0033710 5, 021504-15

VC Author(s) 2021

https://doi.org/10.1371/journal.pone.0174563
https://doi.org/10.3389/fcell.2019.00211
https://doi.org/10.1038/ng.494
https://doi.org/10.1016/j.ydbio.2011.05.668
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.celrep.2016.04.027
https://doi.org/10.1016/j.devcel.2018.03.019
https://doi.org/10.1038/ncomms15321
https://doi.org/10.1242/dev.093385
https://doi.org/10.1242/dev.079970
https://doi.org/10.1038/nature06969
https://doi.org/10.1242/dev.116418
https://doi.org/10.1007/s00246-009-9614-z
https://doi.org/10.1016/j.pharmthera.2018.01.002
https://doi.org/10.1038/emboj.2011.418
https://doi.org/10.1093/cvr/cvq012
https://doi.org/10.1186/s13287-016-0434-9
https://doi.org/10.1038/nbt.3002
https://doi.org/10.1016/j.vph.2018.02.006
https://doi.org/10.1038/nature10152
https://doi.org/10.1038/nature03000
https://doi.org/10.1016/S1357-2725(00)00087-X
https://doi.org/10.1016/S1357-2725(00)00087-X
https://doi.org/10.1196/annals.1415.051
https://doi.org/10.14348/molcells.2014.0003
https://doi.org/10.1038/sj.onc.1210078
https://doi.org/10.1016/j.bbrc.2014.09.012
https://doi.org/10.1016/j.bbrc.2014.09.012
https://doi.org/10.1007/s00726-015-2070-6
https://doi.org/10.3389/fcell.2019.00304
https://doi.org/10.1016/j.urolonc.2010.02.009
https://doi.org/10.3892/mmr.2015.3359
https://doi.org/10.3892/mmr.2015.3359
https://doi.org/10.1039/C3LC51281A
https://doi.org/10.1073/pnas.1101454108
https://doi.org/10.1073/pnas.1101454108
https://doi.org/10.3390/jcm5010008
https://doi.org/10.2147/CMAR.S38156
https://doi.org/10.4161/rna.5.3.6558
https://doi.org/10.1038/embor.2008.74
https://doi.org/10.1038/ncb1722
https://doi.org/10.1074/jbc.C800074200
https://doi.org/10.1101/gad.1640608
https://doi.org/10.1371/journal.pone.0056280
https://doi.org/10.1016/j.yexcr.2012.12.019
https://doi.org/10.1016/j.yjmcc.2016.04.002
https://doi.org/10.1016/j.ijcard.2015.06.008
https://doi.org/10.1016/j.ijcard.2015.06.008
https://doi.org/10.1038/onc.2009.399
https://doi.org/10.1179/1973947812Y.0000000049
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004838

https://doi.org/10.1038/srep41756
https://doi.org/10.1002/anie.201108746
https://doi.org/10.1002/adhm.201400525
https://doi.org/10.1002/adhm.201400525
https://doi.org/10.1021/acsabm.9b00940
https://doi.org/10.1021/acsabm.9b00940
https://doi.org/10.1016/j.biomaterials.2016.03.001
https://doi.org/10.1038/s41598-018-33414-x
https://doi.org/10.1016/j.actbio.2017.07.020
https://doi.org/10.1002/jcp.27630
https://doi.org/10.3390/cells9010083
https://doi.org/10.3892/ijmm.2015.2222
https://doi.org/10.1093/cvr/cvv190
https://doi.org/10.1016/j.yexcr.2010.07.006
https://doi.org/10.1016/j.bbrc.2018.03.114
https://doi.org/10.1016/j.bbrc.2018.03.114
https://doi.org/10.1002/adhm.201801384
https://doi.org/10.1002/adhm.201801384
https://doi.org/10.1007/s40883-020-00180-0
https://doi.org/10.1007/s40883-020-00180-0
https://doi.org/10.1002/cphc.200301014
https://doi.org/10.1038/s41551-016-0003
https://doi.org/10.1038/srep30468
https://doi.org/10.3390/jcdd5020019
https://doi.org/10.3390/jcdd5020019
https://doi.org/10.1038/ncb2074
https://doi.org/10.1126/science.1171643
https://doi.org/10.1021/la203846w
https://doi.org/10.1021/acsami.7b19467
https://scitation.org/journal/apb


149C. B. da Cunha, D. D. Klumpers, S. T. Koshy, J. C. Weaver, O. Chaudhuri, R.
Seruca, F. Carneiro, P. L. Granja, and D. J. Mooney, Biomaterials 98, 152
(2016).

150M. K. Sewell-Loftin, D. M. DeLaughter, J. R. Peacock, C. B. Brown, H. S.
Baldwin, J. V. Barnett, and W. D. Merryman, Biomaterials 35, 2809 (2014).

151A. C. Brown, V. F. Fiore, T. A. Sulchek, and T. H. Barker, J. Pathol. 229, 25
(2013).

152J. L. Leight, M. A. Wozniak, S. Chen, M. L. Lynch, and C. S. Chen, Mol. Biol.
Cell 23, 781 (2012).

153S. Van Helvert, C. Storm, and P. Friedl, Nat. Cell Biol. 20, 8 (2018).
154F. Klingberg, M. L. Chow, A. Koehler, S. Boo, L. Buscemi, T. M. Quinn, M.

Costell, B. A. Alman, E. Genot, and B. Hinz, J. Cell Biol. 207, 283 (2014).
155W. J. K. Hehenkamp, N. a Volkers, E. Birnie, J. A. Reekers, and W. M.

Ankum, Radiology 246, 823 (2008).
156P. Allison, T. Huang, D. Broka, P. Parker, J. V. Barnett, and T. D. Camenisch,

Toxicol. Appl. Pharmacol. 272, 147 (2013).
157M. Azhar, K. Brown, C. Gard, H. Chen, S. Rajan, D. A. Elliott, M. V. Stevens,

T. D. Camenisch, S. J. Conway, and T. Doetschman, Dev. Dyn. 240, 2127
(2011).

158D. E. P. Muylaert, O. G. de Jong, G. G. G. Slaats, F. E. Nieuweboer, J. O.
Fledderus, M.-J. Goumans, B. P. Hierck, and M. C. Verhaar, Tissue Eng., Part
B 22, 58 (2016).

159K. Kahata, M. S. Dadras, and A. Moustakas, Cold Spring Harbor Perspect.
Biol. 10, a022194 (2018).

160A. Lepilina, A. N. Coon, K. Kikuchi, J. E. Holdway, R. W. Roberts, C. G.
Burns, and K. D. Poss, Cell 127, 607 (2006).

161N. Smart, C. A. Risebro, J. E. Clark, E. Ehler, L. Miquerol, A. Rossdeutsch, M.
S. Marber, and P. R. Riley, Ann. N. Y. Acad. Sci. 1194, 97 (2010).

162K. S. Rao, A. Aronshtam, K. L. McElory-Yaggy, B. Bakondi, P. VanBuren, B.
E. Sobel, and J. L. Spees, Cardiovasc. Res. 107, 277 (2015).

163N. Itoh and H. Ohta, Front. Physiol. 4, 247 (2013).
164K. Kuga, Y. Kusakari, K. Uesugi, K. Semba, T. Urashima, T. Akaike, and S.

Minamisawa, PLoS One 15, e0231905 (2020).
165N. Itoh, H. Ohta, Y. Nakayama, and M. Konishi, Front. Cell Dev. Biol. 4, 110

(2016).
166E. M. Zeisberg, O. Tarnavski, M. Zeisberg, A. L. Dorfman, J. R. McMullen, E.

Gustafsson, A. Chandraker, X. Yuan, W. T. Pu, A. B. Roberts, E. G. Neilson,
M. H. Sayegh, S. Izumo, and R. Kalluri, Nat. Med. 13, 952 (2007).

167Y. Yoshimatsu and T. Watabe, Int. J. Inflammation 2011, 1.
168I. Fabregat, J. Fernando, J. Mainez, and P. Sancho, Curr. Pharm. Des. 20, 2934

(2014).
169N. Smart, S. Bollini, K. N. Dub�e, J. M. Vieira, B. Zhou, S. Davidson, D. Yellon,

J. Riegler, A. N. Price, M. F. Lythgoe, W. T. Pu, and P. R. Riley, Nature 474,
640 (2011).

170C. Stark, M. Helenius, P. Taimen, R. Kentala, A. Saraste, T.-P. Alastalo, T.
Savunen, and J. Koskenvuo, Transl. Med. Commun. 1, 8 (2016).

171N. Smart and P. R. Riley, Curr. Protoc. Stem Cell Biol. 8, 2C (2009).

172C. K. J. Stark, M. Tarkia, R. Kentala, M. Malmberg, T. V€ah€asilta, M. Savo, V.
V. Hynninen, M. Helenius, S. Ruohonen, J. Jalkanen, P. Taimen, T. P.
Alastalo, A. Saraste, J. Knuuti, T. Savunen, and J. Koskenvuo, Front.
Pharmacol. 7, 115 (2016).

173M. Rokavec, M. Kaller, D. Horst, and H. Hermeking, Sci. Rep. 7, 4687
(2017).

174C. J. Gr€oger, M. Grubinger, T. Waldh€or, K. Vierlinger, and W. Mikulits, PLoS
One 7, e51136 (2012).

175M. P. Mak, P. Tong, L. Diao, R. J. Cardnell, D. L. Gibbons, W. N. William, F.
Skoulidis, E. R. Parra, J. Rodriguez-Canales, and I. I. Wistuba, Clin. Cancer
Res. 22, 609 (2016).

176L. A. Byers, L. Diao, J. Wang, P. Saintigny, L. Girard, M. Peyton, L. Shen, Y.
Fan, U. Giri, and P. K. Tumula, Clin. Cancer Res. 19, 279 (2013).

177J. C. Thompson, W.-T. Hwang, C. Davis, C. Deshpande, S. Jeffries, Y.
Rajpurohit, V. Krishna, D. Smirnov, R. Verona, and M. V. Lorenzi, Lung
Cancer 139, 1 (2020).

178A. R. Jung, C.-H. Jung, J. K. Noh, Y. C. Lee, and Y.-G. Eun, Sci. Rep. 10, 3652
(2020).

179L. Cai, C. Hu, S. Yu, L. Liu, J. Zhao, Y. Zhao, F. Lin, X. Du, Q. Yu, and Q.
Xiao, Front. Genet. 11, 582274 (2020).

180X. Pan and X. Ma, Front. Genet. 11, 1006 (2020).
181R. Cao, L. Yuan, B. Ma, G. Wang, W. Qiu, and Y. Tian, J. Cell. Mol. Med. 24,

605 (2020).
182M. Zhao, L. Kong, Y. Liu, and H. Qu, Sci. Rep. 5, 11459 (2015).
183P. Maheshwari and R. Albert, BMC Syst. Biol. 11, 122 (2017).
184R. Zhong, J. D. Allen, G. Xiao, and Y. Xie, PLoS One 9, e106319 (2014).
185B. Zhou and W. T. Pu, J. Cell. Mol. Med. 15, 2781 (2011).
186Z. Zhao, X. Zhu, K. Cui, J. Mancuso, R. Federley, K. Fischer, G-j Teng, V.

Mittal, D. Gao, and H. Zhao, Cancer Res. 76, 2094 (2016).
187M. Hulsmans, S. Clauss, L. Xiao, A. D. Aguirre, K. R. King, A. Hanley, W. J.

Hucker, E. M. W€ulfers, G. Seemann, G. Courties, and Y. Iwamoto, Cell 169,
510 (2017).

188E. Giacomelli, V. Meraviglia, G. Campostrini, A. Cochrane, X. Cao, R. W. van
Helden, A. K. Garcia, M. Mircea, S. Kostidis, and R. P. Davis, Cell Stem Cell
26, 862 (2020).

189J. M€uller-Ehmsen, P. Whittaker, R. A. Kloner, J. S. Dow, T. Sakoda, T. I. Long,
P. W. Laird, and L. Kedes, J. Mol. Cell. Cardiol. 34, 107 (2002).

190M. A. Laflamme, K. Y. Chen, A. V. Naumova, V. Muskheli, J. A. Fugate, S. K.
Dupras, H. Reinecke, C. Xu, M. Hassanipour, and S. Police, Nat. Biotechnol.
25, 1015 (2007).

191Y. Iso, J. L. Spees, C. Serrano, B. Bakondi, R. Pochampally, Y.-H. Song, B. E.
Sobel, P. Delafontaine, and D. J. Prockop, Biochem. Biophys. Res. Commun.
354, 700 (2007).

192N. Noiseux, M. Gnecchi, M. Lopez-Ilasaca, L. Zhang, S. D. Solomon, A. Deb,
V. J. Dzau, and R. E. Pratt, Mol. Ther. 14, 840 (2006).

193J. Zhang, W. Zhu, M. Radisic, and G. Vunjak-Novakovic, Circ. Res. 123, 244
(2018).

APL Bioengineering REVIEW scitation.org/journal/apb

APL Bioeng. 5, 021504 (2021); doi: 10.1063/5.0033710 5, 021504-16

VC Author(s) 2021

https://doi.org/10.1016/j.biomaterials.2016.04.016
https://doi.org/10.1016/j.biomaterials.2013.12.051
https://doi.org/10.1002/path.4114
https://doi.org/10.1091/mbc.e11-06-0537
https://doi.org/10.1091/mbc.e11-06-0537
https://doi.org/10.1038/s41556-017-0012-0
https://doi.org/10.1083/jcb.201402006
https://doi.org/10.1148/radiol.2463070260
https://doi.org/10.1016/j.taap.2013.04.035
https://doi.org/10.1002/dvdy.22702
https://doi.org/10.1089/ten.teb.2015.0167
https://doi.org/10.1089/ten.teb.2015.0167
https://doi.org/10.1101/cshperspect.a022194
https://doi.org/10.1101/cshperspect.a022194
https://doi.org/10.1016/j.cell.2006.08.052
https://doi.org/10.1111/j.1749-6632.2010.05478.x
https://doi.org/10.1093/cvr/cvv168
https://doi.org/10.3389/fphys.2013.00247
https://doi.org/10.1371/journal.pone.0231905
https://doi.org/10.3389/fcell.2016.00110
https://doi.org/10.1038/nm1613
https://doi.org/10.4061/2011/724080
https://doi.org/10.2174/13816128113199990591
https://doi.org/10.1038/nature10188
https://doi.org/10.1186/s41231-016-0008-y
https://doi.org/10.1002/9780470151808.sc02c02s81
https://doi.org/10.3389/fphar.2016.00115
https://doi.org/10.3389/fphar.2016.00115
https://doi.org/10.1038/s41598-017-04234-2
https://doi.org/10.1371/journal.pone.0051136
https://doi.org/10.1371/journal.pone.0051136
https://doi.org/10.1158/1078-0432.CCR-15-0876
https://doi.org/10.1158/1078-0432.CCR-15-0876
https://doi.org/10.1158/1078-0432.CCR-12-1558
https://doi.org/10.1016/j.lungcan.2019.10.012
https://doi.org/10.1016/j.lungcan.2019.10.012
https://doi.org/10.1038/s41598-020-60707-x
https://doi.org/10.3389/fgene.2020.582274
https://doi.org/10.3389/fgene.2020.01006
https://doi.org/10.1111/jcmm.14767
https://doi.org/10.1038/srep11459
https://doi.org/10.1186/s12918-017-0482-5
https://doi.org/10.1371/journal.pone.0106319
https://doi.org/10.1111/j.1582-4934.2011.01450.x
https://doi.org/10.1158/0008-5472.CAN-15-2662
https://doi.org/10.1016/j.cell.2017.03.050
https://doi.org/10.1016/j.stem.2020.05.004
https://doi.org/10.1006/jmcc.2001.1491
https://doi.org/10.1038/nbt1327
https://doi.org/10.1016/j.bbrc.2007.01.045
https://doi.org/10.1016/j.ymthe.2006.05.016
https://doi.org/10.1161/CIRCRESAHA.118.311213
https://scitation.org/journal/apb

	l
	s1
	s2
	s3
	f1
	f2
	s4
	s4A
	s4B
	f3
	f4
	s4C
	s5
	f5
	s6
	s7
	f6
	s8
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98
	c99
	c100
	c101
	c102
	c103
	c104
	c105
	c106
	c107
	c108
	c109
	c110
	c111
	c112
	c113
	c114
	c115
	c116
	c117
	c118
	c119
	c120
	c121
	c122
	c123
	c124
	c125
	c126
	c127
	c128
	c129
	c130
	c131
	c132
	c133
	c134
	c135
	c136
	c137
	c138
	c139
	c140
	c141
	c142
	c143
	c144
	c145
	c146
	c147
	c148
	c149
	c150
	c151
	c152
	c153
	c154
	c155
	c156
	c157
	c158
	c159
	c160
	c161
	c162
	c163
	c164
	c165
	c166
	c167
	c168
	c169
	c170
	c171
	c172
	c173
	c174
	c175
	c176
	c177
	c178
	c179
	c180
	c181
	c182
	c183
	c184
	c185
	c186
	c187
	c188
	c189
	c190
	c191
	c192
	c193

