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Abstract

Tissues are continuously exposed to forces in vivo, whether from fluid pressure in an artery from 

our blood or compressive forces on joints from our body weight. The forces that cells are exposed 

to arise almost immediately after conception; it is therefore important to understand how forces 

shape stem cell differentiation into lineage committed cells, how they help organize cells into 

tissues, and how forces can cause or exacerbate disease. No tissue is exempt, but cardiovascular 

tissues in particular are exposed to these forces. While animal models have been used extensively 

in the past, there is growing recognition of their limitations when modeling disease complexity or 

human genetics. In this mini review, we summarize current understanding of the mechanical 

influences on the differentiation of cardiovascular progeny, how the transduction of forces 

influence the onset of disease, and how engineering approaches applied to this problem have 

yielded systems that create mature-like human tissues in vitro in which to assess the impact of 

disease on cell function.
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Introduction

When first identified and then isolated nearly two decades ago, the promise of embryonic 

stem cells rested in their regenerative potential, to assist the body where natural processes 

either incompletely as with scarring or completely as in heart disease failed to maintain or 

regenerate function. With their ability to differentiate into many specific cell types, a vast 

number of chronic diseases were thought to have a new therapeutic option. While 

expectations have been significantly tempered since then, due to safety and efficiency 

concerns among others, their ability to mirror complex disease in vitro, especially when 

patient-specific genetics (using induced pluripotent stem cells or iPSCs) and appropriate 
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unique environmental conditions are present, has provided a new avenue of research over the 

past several years with relatively easy entrance into the field. For example, iPSCs can now 

be created from easily accessible cell types such as fibroblasts, keratinocytes, and peripheral 

blood mononuclear cells and numerous companies and core facilities are available to create 

patient-specific lines for researchers. However, the challenge remains with a second caveat 

that an appropriate cellular environment should be present to ensure appropriate 

differentiation and separately to model disease-in-a-dish [1]. Without these conditions, 

differentiation efficiency and purity may be lower and specific disease-like behaviors may 

not occur [2]. As such, we focus this mini review on a summary of the state-of-the-art in 

modeling diseases-in-a-dish [1, 3], first examining how the surrounding niche and its 

mechanical properties have been used to optimize differentiation and secondly to induce 

disease-specific conditions and monitor cell outcomes.

Mechanical Influences on Stem Cell Differentiation into Cardiovascular 

Lineages

Many recent investigations have taken advantage of our current understanding of 

developmental biology to create protocols for specific cell type differentiation, including 

cardiovascular progeny such as cardiomyocytes [4], endothelial cells (ECs) [5], and smooth 

muscle cells (SMCs) [5]. These protocols typically involve the addition of certain key 

growth factors added to stem cell media to take advantage of the biological and chemical 

cues involved in embryogenesis to induce mesendoderm differentiation pathways. 

Differentiation protocols range in duration from weeks to months, depending on cell types. 

Given that cardiovascular cells have common progenitors [6], purifying techniques including 

cell sorting and selection media are often necessary to ensure high purity. While typically 

highly defined, protocols can also involve 3D culture as embryoid bodies (EBs) [7] or in 2D 

on tissue culture plates coated with Matrigel or other matrix ligands [8] to create 

cardiovascular progeny. However while stem cells respond to numerous environmental 

factors, recent evidence has suggested that physical parameters are as important as the 

chemical ones that have been described above [9, 10]. For reference, we have summarized 

the common differentiation stages and the markers that describe them in Figure 1 from 

references [4–8] noting that this is not an exhaustive list either in terms of stages or markers 

(shown in red). We also include, as known, a summary of where mechanical cues, be they 

active or passive, influence differentiation for each lineage and the maintenance of PSC/

iPSC self-renewal (indicated by blue numbers corresponding to specific mechanical cues in 

the dashed box). As described below, mechanical cues are often applied throughout 

differentiation such that they are not specific to a given stage, applied to culture conditions 

where their influence is less direct, e.g. multicellular EBs, or applied to further enhance 

chemically defined protocols at their conclusion or to alter the phenotype of a committed 

cell. Concurrent with growth factor-driven primitive heart field specification through 

mesoderm induction and cardiac specification, significant changes in mechanics, both matrix 

deposition and pressure changes [11], drive progenitor cell fate in the early heart in vivo. 

Subsequently mechanical demands can change frequency- and length-dependent 

contractility, allowing the mature tissue to accommodate beat-to-beat variability as organism 

activity changes. Active mechanical stretch, when integrated into differentiation protocols, 

Teng and Engler Page 2

Exp Cell Res. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



however, may be dose and context specific [12–14]. Since beneficial conditions have been 

less chemically defined, others have examined the influence of passive properties, such as 

stiffness of the culture substrate, or when these material properties are varied in space or 

time. In a small range of substrate stiffness that is developmentally appropriate for the heart, 

nascent cardiac muscle organizes itself better [15, 16]. More recently, dynamic changes in 

the substrate, which better mirror developmental changes in matrix [11], have been shown to 

further improve specification of pre-cardiac mesoderm [17]. Despite all of these inductive 

cues, a chronic problem with cardiomyocytes is their inability to induce functionally mature 

cells from PSCs or iPSCs, i.e. they are unable to replicate phenotypic and mechanistic 

characteristics of primary tissue. To combat this maturation problem, it is becoming 

increasingly popular to differentiate cells in chemically defined cultures for 60+ days [4], 

and, once at the immature cardiomyocyte stage, to add external stimuli to further enhance 

maturation. For example, functionally mature cells form gap junctions allowing for the 

electrical connections between cells, and when exposed to 10% cyclic stretch, immature 

cells form more robust junctions [18]. Equally common are studies that explore 

myofibrillogenesis in immature or neonatal cardiomyocytes where mechanical influences 

drive the assembly of the contractile apparatus [15, 16]. It is important, however, to note that 

cell origins with these studies are not always PSCs and thus should only be seen as separate 

from those mentioned above that look at de novo influences of mechanics on stem cells.

In addition to influences on cardiac specification, differentiation, and maturation, vascular 

progeny are also influenced by mechanical stimuli. Endothelial cells, which line the vessel 

wall, are a perfect example of these effects. Pluripotent stem cells (PSCs) or their endothelial 

progenitor cells (EPCs) can take on mature characteristics when placed under physiological 

shear stress [19]. While additional purification by fluorescence activated cell sorting is 

required, it is important to note that unlike cardiomyocytes, mechanically-mediated 

signaling is an important component of EC differentiation in chemically defined conditions, 

so long as shear remains physiological; under normal flow of 10–20 dynes/cm2, shear stress 

is felt by the cytoskeleton as an ‘outside-in’ signal [19–22]. However when flow becomes 

pathological in magnitude or disturbed (i.e. not laminar), differentiation of progenitors and 

critical functions of mature endothelial cells, e.g. tight junction maintenance, become 

compromised. For example, iPSC-derived microvascular endothelial cells form tight 

junctions [23], but upon exposure to increasing flow, junctions remodel and EC monolayers 

become more permeable [21, 24]. Underlying these changes are mechanosensory 

complexes, which are also implicated in controlling progenitor maturation [25]. Thus when 

aberrant flow is present in the developing embryo or in microphysiological systems meant to 

recapitulate differentiation conditions, cells fail to completely mature. While ECs are 

typically differentiated from iPSCs or PSCs [5] for disease modeling, vessel lumens 

constantly turn over in vivo, in which case they are created from EPCs. These cells, which 

are recruited from bone marrow into peripheral blood, circulate and attach to the existing 

endothelial lumen, transmigrate, and then replace, repair, or create neo-vessels; luminal 

damage, due in part to excessive shear stress or disturbed flow [21], recruit EPCs, and 

evidence suggests that as they home to the injury site, EPCs become mechanosensitive [26]; 

after adhering to the lumen, EPCs upregulate canonical EC markers and reinforce cell-cell 

and cell-matrix adhesive structures in a shear stress-dependent manner in order to 
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transmigrate [20]. Whether arising from PSCs or EPCs, EC differentiation is also sensitive 

to stretch, as in vivo vessels are constantly stretched from cyclic changes in pressure [21]. 

While its effects are less clear for ECs, mechanisms at the cell membrane most likely 

differentiate between mechanical inputs and determine the differentiation pathways to be 

activated. Aside from shear stress, other mechanical cues, including passive matrix stiffness 

[22, 27], compression [28], and vessel pressure [9] also contribute to final EC specification 

but evidence of its specific influence at progenitor stages is not clear to date.

Along with ECs, SMCs are also mechanically active vascular cells that are clearly involved 

in many disease processes. There is extensive literature on chemically defined differentiation 

protocols to create SMCs from iPSCs [5] and adult stem cells [29] based on developmental 

pathways [30], but the effects of mechanics on their differentiation from iPSCs or PSCs is 

less certain. Significant effort in mechanics has been focused on its effects on adult stem 

cells, e.g. alignment relative to the stretch axis, although a variety of disparate effects have 

been observed, e.g. perpendicular or parallel alignment, increased SMC gene expression, 

etc. [29]. Significant effort has also focused on phenotype plasticity once committed to the 

SMC lineage (hence the mechanical cues noted in Figure 1 do not point to SMC 

differentiation pathways). This latter focus is due in part to significant changes that SMCs 

can make in the medial layer of the vessel, which causes them to invade the tunica intima, 

form plaques, and alter local hemodynamics. As such, we will leave the majority of our 

discussion of mechanical influences on SMCs for subsequent sections on the impact of 

disease and the use of iPSCs for disease modeling.

Disease-mediated Mechanotransduction as a basis for In Vitro Modeling

Mechanics influences nearly every major solid organ and its disease processes, but central to 

most cardiovascular diseases is altered transduction of signals within or between cells or 

layers of cells; these signals can alter cell phenotypes to exacerbate disease outcomes. As the 

cardiovascular field has known over more than two decades, ECs and SMCs are able to 

maintain physiological homeostasis by reciprocally modulating barrier function via 

junctions and vessel tone via contracting [21, 31]. Indeed, vessels and the heart wall are 

elastic and capable of dynamically responding to physiological changes in the 

microenvironment, e.g. variations in shear stress from blood flow (10–20 dynes/cm2), 

arterial pressure up to ~20 kiloPascal, and artery wall strains up to ~100 kiloPascal [32]. 

Should mechanical input begin to fall outside of the range where cooperative mechanical 

signals–either direct or indirect–can adjust cell function, cells plastically change phenotype, 

which can induce disease [9, 10, 31, 32]. Atherosclerotic plaque formation is one such 

example where disturbed flow can cause oxidative stresses and lipoprotein accumulation in 

ECs, inflammatory cells then home to the site whereupon they take up the lipoprotein and 

become foam cells, and finally SMCs are recruited to form a fibrous cap on the plaque [33]. 

For each of these cell types, mechanical signals help in part to recruit cells involved or to 

create conditions that caused phenotypes to change. One classic example at the cellular level 

is SMC phenotype; although a relatively small fraction that contributes plaque formation in 

vivo [34], significant evidence in vitro describes conditions where excessive stretch, 

compression, and shear will transform SMCs from ‘contractile’ to ‘synthetic’ via changes in 

morphology, proliferation, migration, and marker protein expression [35]. While some 
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heterogeneity can be beneficial, it is clear that plaque formation among many diseases 

induce permanent phenotype changes in vascular cells that are detrimental to function. 

While vessels highlight crosstalk between vascular cell types, cardiomyocyte contributions 

to heart disease in the myocardium highlight crosstalk between pathways within a cell. 

Multiple intra- and extra-cardiomyocyte structures, e.g. sarcomeres, intercalated discs, and 

the extracellular matrix, remodel during disease progression and contribute to pathology to 

varying degrees. Within each of these structures, multiple protein complexes have been 

identified [36], but their specific contributions to disease are uncertain; for our purposes 

however, it is perhaps more helpful to consider the functional consequences that can 

subsequently be modeled in vitro. For the sarcomere, which serves as point of contractile 

force generation in cells, mutations disrupt assembly and attenuate contractility. Mutations 

in titin for example, a protein that helps set sarcomere length, cause dilated cardiomyopathy 

by impairing sarcomere formation [37] and alignment [36]. For intercalated discs, which 

electrically connect myocytes together, defects arising from missing components such as the 

connexins impair conduction and can cause arrhythmogenic cardiomyopathies [38]. Beyond 

specific mutations, cardiomyocyte hypertrophy, i.e. an increase in cell size, enhances protein 

synthesis, heightens organization of the sarcomere, but can also lead to specific dysfunction 

within the myocyte [39]. While these examples focus inside the myocyte, mechanical 

transductive defects across the heart wall itself, such as wall strain, influence not only 

lineage commitment [12, 13, 18] but also contribute to cardiomyopathies when excessive 

[40]. This can activate other myocardial cells, including cardiac fibroblasts, via signals 

transduced by extracellular matrix. These cardiac fibroblasts, in the event of cardiac 

dysfunction, begin to secrete ECM proteins, resulting in a stiffening of the localized cardiac 

injury. Such matrix deposition and remodeling, while possibly salvaging mechanical 

functionality temporarily, ultimately alters the heart wall mechanical flexibility and stiffness. 

An increase in mechanical stiffness has multiple negative consequences for the myocardial 

cell population. Increases in myofibroblast populations of fibroblast lineage increases further 

matrix deposition, cell motility, and inflammatory signaling such as TNFalpha. The increase 

in inflammatory signaling recruits more macrophages to the sight of injury which they 

themselves increase additional inflammatory cytokine release, perpetuating a chronic 

inflammation cycle. The increase of surrounding stiffness further leads to cardiac 

dysfunction, such as hypetrophy, as well as increased contraction stress by cardiomyocytes. 

Thus, while we focus on myocytes specifically, other cell types within the heart play a role 

in disease progression.

Improvements on Disease Modeling with iPSCs and Mechanics

While mammalian models are closely related to the human condition, there remain key 

genetic and physiological differences between human and mammalian models, particularly 

mouse and rat models. For specific genetic questions involving mechanotransduction like 

those raised above, mammalian systems are inappropriate or fail to recapitulate key 

hallmarks of human disease [41, 42]. Cadaveric models or primary human cells could be 

ideal in this situation, but many cell types and systems are difficult to study by the nature of 

those cell types lacking proliferative phenotypes or source acquiring difficulty, such as 

cardiac, endothelial, and neural tissue. Thus instead of acting in a confirmatory manner, 
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iPSC- or PSC-derived cell types are therefore a highly plausible option to investigate these 

systems and cell types as a reliable and consistent source for in vitro modeling and small 

scale drug testing.

Patient-specific iPSCs in particular are becoming more accessible and provide a steady 

source of in vitro human cells. They have become a standard means of modeling the genetic 

underpinnings of disease-in-a-dish [3] with minimal concern for patient variability, 

reprogramming vector, and differentiation protocol heterogeneity that existed even a few 

years ago [43, 44]. Recent technological advances in the ease of iPSC derivation, in 

cardiovascular differentiation protocols [4, 5], and in relatively straightforward genome 

editing techniques [45] enable one to insert or delete patient-specific variants and create 

standard, reproducible, and isogenic models. Gene editing techniques now even allow 

knocking in or out mutations over a range up to several thousand kilobases. This can enable 

isogenic comparison between two cell lines of the same cell type, providing a statistical 

comparison difficult to create otherwise. Using this methodology, the field has developed 

significant understanding about how mutations affect signaling [46] and cytoskeletal 

architecture [1, 3, 36, 37] in the progression of heart disease. Despite these advances in both 

technology and understanding of cardiovascular disease, new concerns have arisen about 

how widely applicable disease-in-a-dish models may be. One current concern raised with the 

disease-in-a-dish strategy is that the models typically developed now employ monocultures. 

While many differentiation protocols today aim to achieve as pure and mature a population 

as possible [4, 5], realistically, there is significant heterogeneity within a complex structure 

such as the endothelium, vessel, or myocardium, even within a single cell phenotype [35]; 

single populations are simply less representative. Complex diseases described above cannot 

arise when crosstalk is needed if only one cell type is present. The beneficial effects of co-

culture models have been observed in organoids, so similar combinations in vessel or heart 

wall models may not be as technically challenging as one might expect. While appropriate 

tissue striation may not be apparent, initial attempts at multi-lineage cardiovascular tissues 

indicate some degree of mimicry with human tissue, at least in terms of assessing drug 

toxicity [47].

A second concern–and one directly applicable to mechanics–is the lack of 3D structure and 

context specific forces in many current disease models [1–3, 36, 37, 46]; 2D substrates in 

static cultures remain all too common [2]. Spatial complexity in disease modeling is 

necessary for understanding of propagational effects across tissue such as mechanical 

contraction and full construct deformation, disease-response signaling of co-culture in 

relation to spatial positions and motility of involved cells, and electrical conduction and 

impedence through sections rather than a sheet of tissue. Bioengineering efforts have 

attempted to begin addressing this using a variety of systems, including material-patterned 

cell rings (i.e. “tissue rings”) [48], 3D meshes of many types and synthesis methods [49, 50], 

degradable natural or synthetic materials [51–55], and self-assembled multicellular 

structures (i.e. “tissue pillars”) [56–58] among others. Specifically when using iPSC-derived 

progeny to create microphysiological systems, however, groups have emphasized the need to 

develop dynamic systems [59] that reproduce critical aspects of in vivo physiology [60] and 

electrical conduction [61]. Additional effects of external mechanical stimuli on 3D structure 

is an area in need of further investigation. When iPSC-derived cells from genetically 
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characterized diseased patients are used, influence from the genotype should be readily 

apparent. Similarly, drug responses should reproducibly alter the system’s physiology as 

well [58, 62]. Figure 2 provides a summary of common approaches to building in vitro 

structures that better model disease.

Along with the need to increase the mechanical complexity of the niche in 3D to better 

model disease, it is important to note that these systems remain relatively small as they rely 

primarily on diffusion for nutrient transport. While an engineered vasculature would directly 

address this third concern, the efforts described above remain focused on constructing larger 

vessels that could be scaled down. Similarly the engineering challenging of scaling up to 

larger and more interconnected systems remains largely unsolved. Thus the success of future 

attempts at disease modeling and understanding disease mechanisms using in vitro systems 

hinges on solving these concerns.

Conclusion

Stem cells are a promising technology with the potential to be utilized at the bedside in 

addition to their current role in the lab. New clinical trials continue to investigate how stem 

cells can be used. Yet given the experiment challenges that are ahead, stem cells remain an 

excellent tool to investigate difficult to attain human tissue, model disease and genetic 

conditions, and observe phenotypic changes, e.g. smooth muscle transition from contractile 

to synthetic. However, one must be aware that while stem cells offer much flexibility and 

ease of acquisition in comparison to some human tissue samples, the concern of tissue 

maturity and complexity remains present in studies involving stem cells. With additional 

advancement in stem cell culture and differentiation technique, which could involve 

simultaneously biologically, chemically, and mechanical stimulation for differentiation, the 

perspective on stem cells as a promising clinical and investigative tool for understanding and 

treating human disease and genetic conditions continues to grow brighter.

Acknowledgements

National Institutes of Health (NIH) grants 2R01AG045428 (A.J.E.), T32HL105373 (E.L.T.) provided support for 
this work. National Science Foundation grant 1463689 (A.J.E.) also provided support.

References

[1]. Tiscornia G, Vivas EL, Izpisua Belmonte JC, Diseases in a dish: modeling human genetic 
disorders using induced pluripotent cells, Nat Med 17 (2011) 1570–1576. [PubMed: 22146428] 

[2]. Liu C, Oikonomopoulos A, Sayed N, Wu JC, Modeling human diseases with induced pluripotent 
stem cells: from 2D to 3D and beyond, Development 145 (2018).

[3]. Sun N, Yazawa M, Liu J, Han L, Sanchez-Freire V, Abilez OJ, Navarrete EG, Hu S, Wang L, Lee 
A, Pavlovic A, Lin S, Chen R, Hajjar RJ, Snyder MP, Dolmetsch RE, Butte MJ, Ashley EA, 
Longaker MT, Robbins RC, Wu JC, Patient-specific induced pluripotent stem cells as a model for 
familial dilated cardiomyopathy, Sci Transl Med 4 (2012) 130ra147.

[4]. Lian X, Zhang J, Azarin SM, Zhu K, Hazeltine LB, Bao X, Hsiao C, Kamp TJ, Palecek SP, 
Directed cardiomyocyte differentiation from human pluripotent stem cells by modulating Wnt/
beta-catenin signaling under fully defined conditions, Nat Protoc 8 (2013) 162–175. [PubMed: 
23257984] 

Teng and Engler Page 7

Exp Cell Res. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[5]. Patsch C, Challet-Meylan L, Thoma EC, Urich E, Heckel T, O’Sullivan JF, Grainger SJ, Kapp FG, 
Sun L, Christensen K, Xia Y, Florido MH, He W, Pan W, Prummer M, Warren CR, Jakob-Roetne 
R, Certa U, Jagasia R, Freskgard PO, Adatto I, Kling D, Huang P, Zon LI, Chaikof EL, Gerszten 
RE, Graf M, Iacone R, Cowan CA, Generation of vascular endothelial and smooth muscle cells 
from human pluripotent stem cells, Nat Cell Biol 17 (2015) 994–1003. [PubMed: 26214132] 

[6]. Bao X, Lian X, Hacker TA, Schmuck EG, Qian T, Bhute VJ, Han T, Shi M, Drowley L, Plowright 
A, Wang QD, Goumans MJ, Palecek SP, Long-term self-renewing human epicardial cells 
generated from pluripotent stem cells under defined xeno-free conditions, Nat Biomed Eng 1 
(2016).

[7]. Kinney MA, Sargent CY, McDevitt TC, Temporal modulation of beta-catenin signaling by 
multicellular aggregation kinetics impacts embryonic stem cell cardiomyogenesis, Stem Cells 
Dev 22 (2013) 2665–2677. [PubMed: 23767804] 

[8]. Melkoumian Z, Weber JL, Weber DM, Fadeev AG, Zhou Y, Dolley-Sonneville P, Yang J, Qiu L, 
Priest CA, Shogbon C, Martin AW, Nelson J, West P, Beltzer JP, Pal S, Brandenberger R, 
Synthetic peptide-acrylate surfaces for long-term self-renewal and cardiomyocyte differentiation 
of human embryonic stem cells, Nat Biotechnol 28 (2010) 606–610. [PubMed: 20512120] 

[9]. Clause KC, Liu LJ, Tobita K, Directed stem cell differentiation: the role of physical forces, Cell 
Commun Adhes 17 (2010) 48–54. [PubMed: 20560867] 

[10]. Discher DE, Mooney DJ, Zandstra PW, Growth factors, matrices, and forces combine and control 
stem cells, Science 324 (2009) 1673–1677. [PubMed: 19556500] 

[11]. Zamir EA, Srinivasan V, Perucchio R, Taber LA, Mechanical asymmetry in the embryonic chick 
heart during looping, Ann Biomed Eng 31 (2003) 1327–1336. [PubMed: 14758923] 

[12]. Shradhanjali A, Riehl BD, Lee JS, Ha L, Lim JY, Enhanced cardiomyogenic induction of mouse 
pluripotent cells by cyclic mechanical stretch, Biochem Biophys Res Commun 488 (2017) 590–
595. [PubMed: 28527889] 

[13]. Du V, Luciani N, Richard S, Mary G, Gay C, Mazuel F, Reffay M, Menasche P, Agbulut O, 
Wilhelm C, A 3D magnetic tissue stretcher for remote mechanical control of embryonic stem cell 
differentiation, Nature communications 8 (2017) 400.

[14]. Kurazumi H, Kubo M, Ohshima M, Yamamoto Y, Takemoto Y, Suzuki R, Ikenaga S, Mikamo A, 
Udo K, Hamano K, Li TS, The effects of mechanical stress on the growth, differentiation, and 
paracrine factor production of cardiac stem cells, PLoS One 6 (2011) e28890. [PubMed: 
22216136] 

[15]. Engler AJ, Carag-Krieger C, Johnson CP, Raab M, Tang HY, Speicher DW, Sanger JW, Sanger 
JM, Discher DE, Embryonic cardiomyocytes beat best on a matrix with heart-like elasticity: scar-
like rigidity inhibits beating, J Cell Sci (2008).

[16]. Jacot JG, McCulloch AD, Omens JH, Substrate stiffness affects the functional maturation of 
neonatal rat ventricular myocytes, Biophys J 95 (2008) 3479–3487. [PubMed: 18586852] 

[17]. Young JL, Engler AJ, Hydrogels with time-dependent material properties enhance cardiomyocyte 
differentiation in vitro, Biomaterials 32 (2011) 1002–1009. [PubMed: 21071078] 

[18]. Salameh A, Wustmann A, Karl S, Blanke K, Apel D, Rojas-Gomez D, Franke H, Mohr FW, 
Janousek J, Dhein S, Cyclic mechanical stretch induces cardiomyocyte orientation and 
polarization of the gap junction protein connexin43, Circ Res 106 (2010) 1592–1602. [PubMed: 
20378856] 

[19]. Ahsan T, Nerem RM, Fluid shear stress promotes an endothelial-like phenotype during the early 
differentiation of embryonic stem cells, Tissue Eng Part A 16 (2010) 3547–3553. [PubMed: 
20666609] 

[20]. Cheng M, Guan X, Li H, Cui X, Zhang X, Li X, Jing X, Wu H, Avsar E, Shear stress regulates 
late EPC differentiation via mechanosensitive molecule-mediated cytoskeletal rearrangement, 
PLoS One 8 (2013) e67675. [PubMed: 23844056] 

[21]. Baeyens N, Bandyopadhyay C, Coon BG, Yun S, Schwartz MA, Endothelial fluid shear stress 
sensing in vascular health and disease, J Clin Invest 126 (2016) 821–828. [PubMed: 26928035] 

[22]. Nakayama KH, Hou L, Huang NF, Role of extracellular matrix signaling cues in modulating cell 
fate commitment for cardiovascular tissue engineering, Advanced healthcare materials 3 (2014) 
628–641. [PubMed: 24443420] 

Teng and Engler Page 8

Exp Cell Res. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[23]. Lippmann ES, Azarin SM, Kay JE, Nessler RA, Wilson HK, Al-Ahmad A, Palecek SP, Shusta 
EV, Derivation of blood-brain barrier endothelial cells from human pluripotent stem cells, Nat 
Biotechnol 30 (2012) 783–791. [PubMed: 22729031] 

[24]. DeStefano JG, Xu ZS, Williams AJ, Yimam N, Searson PC, Effect of shear stress on iPSC-
derived human brain microvascular endothelial cells (dhBMECs), Fluids Barriers CNS 14 (2017) 
20. [PubMed: 28774343] 

[25]. Ikuno T, Masumoto H, Yamamizu K, Yoshioka M, Minakata K, Ikeda T, Sakata R, Yamashita JK, 
Efficient and robust differentiation of endothelial cells from human induced pluripotent stem 
cells via lineage control with VEGF and cyclic AMP, PLoS One 12 (2017) e0173271. [PubMed: 
28288160] 

[26]. Obi S, Masuda H, Shizuno T, Sato A, Yamamoto K, Ando J, Abe Y, Asahara T, Fluid shear stress 
induces differentiation of circulating phenotype endothelial progenitor cells, Am J Physiol Cell 
Physiol 303 (2012) C595–606. [PubMed: 22744008] 

[27]. Wingate K, Floren M, Tan Y, Tseng PO, Tan W, Synergism of matrix stiffness and vascular 
endothelial growth factor on mesenchymal stem cells for vascular endothelial regeneration, 
Tissue Eng Part A 20 (2014) 2503–2512. [PubMed: 24702044] 

[28]. Kong Z, Li J, Zhao Q, Zhou Z, Yuan X, Yang D, Chen X, Dynamic compression promotes 
proliferation and neovascular networks of endothelial progenitor cells in demineralized bone 
matrix scaffold seed, J Appl Physiol (1985) 113 (2012) 619–626. [PubMed: 22723630] 

[29]. Dan P, Velot E, Decot V, Menu P, The role of mechanical stimuli in the vascular differentiation of 
mesenchymal stem cells, J Cell Sci 128 (2015) 2415–2422. [PubMed: 26116570] 

[30]. Mack CP, Signaling mechanisms that regulate smooth muscle cell differentiation, Arterioscler 
Thromb Vasc Biol 31 (2011) 1495–1505. [PubMed: 21677292] 

[31]. Garcia-Cardena G, Comander J, Anderson KR, Blackman BR, Gimbrone MA, Jr., Biomechanical 
activation of vascular endothelium as a determinant of its functional phenotype, Proc Natl Acad 
Sci U S A 98 (2001) 4478–4485. [PubMed: 11296290] 

[32]. Humphrey JD, Dufresne ER, Schwartz MA, Mechanotransduction and extracellular matrix 
homeostasis, Nat Rev Mol Cell Biol 15 (2014) 802–812. [PubMed: 25355505] 

[33]. Bentzon JF, Otsuka F, Virmani R, Falk E, Mechanisms of plaque formation and rupture, Circ Res 
114 (2014) 1852–1866. [PubMed: 24902970] 

[34]. Chappell J, Harman JL, Narasimhan VM, Yu H, Foote K, Simons BD, Bennett MR, Jorgensen 
HF, Extensive Proliferation of a Subset of Differentiated, yet Plastic, Medial Vascular Smooth 
Muscle Cells Contributes to Neointimal Formation in Mouse Injury and Atherosclerosis Models, 
Circ Res 119 (2016) 1313–1323. [PubMed: 27682618] 

[35]. Rensen SS, Doevendans PA, van Eys GJ, Regulation and characteristics of vascular smooth 
muscle cell phenotypic diversity, Neth Heart J 15 (2007) 100–108. [PubMed: 17612668] 

[36]. Chopra A, Kutys ML, Zhang K, Polacheck WJ, Sheng CC, Luu RJ, Eyckmans J, Hinson JT, 
Seidman JG, Seidman CE, Chen CS, Force Generation via beta-Cardiac Myosin, Titin, and 
alpha-Actinin Drives Cardiac Sarcomere Assembly from Cell-Matrix Adhesions, Dev Cell 44 
(2018) 87–96 e85. [PubMed: 29316444] 

[37]. Hinson JT, Chopra A, Nafissi N, Polacheck WJ, Benson CC, Swist S, Gorham J, Yang L, Schafer 
S, Sheng CC, Haghighi A, Homsy J, Hubner N, Church G, Cook SA, Linke WA, Chen CS, 
Seidman JG, Seidman CE, HEART DISEASE. Titin mutations in iPS cells define sarcomere 
insufficiency as a cause of dilated cardiomyopathy, Science 349 (2015) 982–986. [PubMed: 
26315439] 

[38]. Calore M, Lorenzon A, De Bortoli M, Poloni G, Rampazzo A, Arrhythmogenic cardiomyopathy: 
a disease of intercalated discs, Cell Tissue Res 360 (2015) 491–500. [PubMed: 25344329] 

[39]. Frey N, Katus HA, Olson EN, Hill JA, Hypertrophy of the heart: a new therapeutic target?, 
Circulation 109 (2004) 1580–1589. [PubMed: 15066961] 

[40]. Blaauw E, van Nieuwenhoven FA, Willemsen P, Delhaas T, Prinzen FW, Snoeckx LH, van Bilsen 
M, van der Vusse GJ, Stretch-induced hypertrophy of isolated adult rabbit cardiomyocytes, Am J 
Physiol Heart Circ Physiol 299 (2010) H780–787. [PubMed: 20639217] 

Teng and Engler Page 9

Exp Cell Res. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[41]. Visel A, Zhu Y, May D, Afzal V, Gong E, Attanasio C, Blow MJ, Cohen JC, Rubin EM, 
Pennacchio LA, Targeted deletion of the 9p21 non-coding coronary artery disease risk interval in 
mice, Nature 464 (2010) 409–412. [PubMed: 20173736] 

[42]. Kim JB, Deluna A, Mungrue IN, Vu C, Pouldar D, Civelek M, Orozco L, Wu J, Wang X, 
Charugundla S, Castellani LW, Rusek M, Jakubowski H, Lusis AJ, Effect of 9p21.3 coronary 
artery disease locus neighboring genes on atherosclerosis in mice, Circulation 126 (2012) 1896–
1906. [PubMed: 22952318] 

[43]. Soldner F, Jaenisch R, Medicine. iPSC disease modeling, Science 338 (2012) 1155–1156. 
[PubMed: 23197518] 

[44]. Saha K, Jaenisch R, Technical challenges in using human induced pluripotent stem cells to model 
disease, Cell Stem Cell 5 (2009) 584–595. [PubMed: 19951687] 

[45]. Park CY, Sung JJ, Choi SH, Lee DR, Park IH, Kim DW, Modeling and correction of structural 
variations in patient-derived iPSCs using CRISPR/Cas9, Nat Protoc 11 (2016) 2154–2169. 
[PubMed: 27711053] 

[46]. Wu H, Lee J, Vincent LG, Wang Q, Gu MH, Lan F, Churko JM, Sallam KI, Matsa E, Sharma A, 
Gold JD, Engler AJ, Xiang YK, Bers DM, Wu JC, Epigenetic Regulation of Phosphodiesterases 
2A and 3A Underlies Compromised β-Adrenergic Signaling in an iPSC Model of Dilated 
Cardiomyopathy., Cell Stem Cell 17 (2015) 89–100. [PubMed: 26095046] 

[47]. Archer CR, Sargeant R, Basak J, Pilling J, Barnes JR, Pointon A, Characterization and Validation 
of a Human 3D Cardiac Microtissue for the Assessment of Changes in Cardiac Pathology, 
Scientific reports 8 (2018) 10160. [PubMed: 29976997] 

[48]. Adebayo O, Hookway TA, Hu JZ, Billiar KL, Rolle MW, Self-assembled smooth muscle cell 
tissue rings exhibit greater tensile strength than cell-seeded fibrin or collagen gel rings, J Biomed 
Mater Res A 101 (2013) 428–437. [PubMed: 22865465] 

[49]. Niklason LE, Gao J, Abbott WM, Hirschi KK, Houser S, Marini R, Langer R, Functional arteries 
grown in vitro, Science 284 (1999) 489–493. [PubMed: 10205057] 

[50]. Elsayed Y, Lekakou C, Labeed F, Tomlins P, Smooth muscle tissue engineering in crosslinked 
electrospun gelatin scaffolds, J Biomed Mater Res A 104 (2016) 313–321. [PubMed: 26378902] 

[51]. Mihalko E, Huang K, Sproul E, Cheng K, Brown AC, Targeted Treatment of Ischemic and 
Fibrotic Complications of Myocardial Infarction Using a Dual-Delivery Microgel Therapeutic, 
ACS Nano 12 (2018) 7826–7837. [PubMed: 30016078] 

[52]. Rufaihah AJ, Seliktar D, Hydrogels for therapeutic cardiovascular angiogenesis, Adv Drug Deliv 
Rev 96 (2016) 31–39. [PubMed: 26212158] 

[53]. Wang LL, Chung JJ, Li EC, Uman S, Atluri P, Burdick JA, Injectable and protease-degradable 
hydrogel for siRNA sequestration and triggered delivery to the heart, J Control Release 285 
(2018) 152–161. [PubMed: 29981357] 

[54]. Zhu J, Marchant RE, Design properties of hydrogel tissue-engineering scaffolds, Expert Rev Med 
Devices 8 (2011) 607–626. [PubMed: 22026626] 

[55]. Camci-Unal G, Annabi N, Dokmeci MR, Liao R, Khademhosseini A, Hydrogels for cardiac 
tissue engineering, NPG Asia Materials 6 (2014) e99.

[56]. Legant WR, Pathak A, Yang MT, Deshpande VS, McMeeking RM, Chen CS, Microfabricated 
tissue gauges to measure and manipulate forces from 3D microtissues, Proc Natl Acad Sci U S A 
106 (2009) 10097–10102. [PubMed: 19541627] 

[57]. Hoang P, Wang J, Conklin BR, Healy KE, Ma Z, Generation of spatial-patterned early-
developing cardiac organoids using human pluripotent stem cells, Nat Protoc 13 (2018) 723–737. 
[PubMed: 29543795] 

[58]. Mills RJ, Titmarsh DM, Koenig X, Parker BL, Ryall JG, Quaife-Ryan GA, Voges HK, Hodson 
MP, Ferguson C, Drowley L, Plowright AT, Needham EJ, Wang QD, Gregorevic P, Xin M, 
Thomas WG, Parton RG, Nielsen LK, Launikonis BS, James DE, Elliott DA, Porrello ER, 
Hudson JE, Functional screening in human cardiac organoids reveals a metabolic mechanism for 
cardiomyocyte cell cycle arrest, Proc Natl Acad Sci U S A 114 (2017) E8372–E8381. [PubMed: 
28916735] 

[59]. Jackman CP, Carlson AL, Bursac N, Dynamic culture yields engineered myocardium with near-
adult functional output, Biomaterials 111 (2016) 66–79. [PubMed: 27723557] 

Teng and Engler Page 10

Exp Cell Res. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[60]. Ma Z, Wang J, Loskill P, Huebsch N, Koo S, Svedlund FL, Marks NC, Hua EW, Grigoropoulos 
CP, Conklin BR, Healy KE, Self-organizing human cardiac microchambers mediated by 
geometric confinement, Nature communications 6 (2015) 7413.

[61]. Shadrin IY, Allen BW, Qian Y, Jackman CP, Carlson AL, Juhas ME, Bursac N, Cardiopatch 
platform enables maturation and scale-up of human pluripotent stem cell-derived engineered 
heart tissues, Nature communications 8 (2017) 1825.

[62]. Mathur A, Loskill P, Shao K, Huebsch N, Hong S, Marcus SG, Marks N, Mandegar M, Conklin 
BR, Lee LP, Healy KE, Human iPSC-based cardiac microphysiological system for drug 
screening applications, Scientific reports 5 (2015) 8883. [PubMed: 25748532] 

Teng and Engler Page 11

Exp Cell Res. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 1: Mechanical Influences on Cardiovascular Progeny.
This schematic depicts stem cells and their key progenitor stages during chemically 

mediated differentiation protocols; black arrows denote cells’ progression through the 

differentiation process (circular arrow at top denotes self-renewal). Red italics indicate genes 

characteristic of each stage. Mechanical cues and/or signals are shown in the blue box (top) 

and circled numbers by each arrow indicate the differentiation stage at which each can have 

an effect.
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Fig 2: Mechanically active disease models in a dish.
Images illustrate the breadth of fabrication methods employing bioengineering approaches to 

create systems that mimic cardiovascular mechanics in vitro to better model disease. 

Specifically labs have created tissue rings where embedded cells contract a matrix 

polymerized around a central post resulting in a tissue ring (A), electrospun scaffolds where 

cells migrate throughout the material to create a 3D tissue (B), polymerized hydrogels with 

cells embedded in it (C), embedded cells in a matrix that are allowed to contract around 

multiple posts and is often flexible to report contractile force (D), or created chambers where 

multicellular tissues are exposed to controlled flow (E). Images are reproduced from 

references [48], [50], [55], [56] and [62], respectively.
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