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Abstract

Reconstitution is an experimental strategy that seeks to recapitulate biological events outside their 

natural contexts using a reduced set of components. Classically, biochemical reconstitution has 

been extensively applied to identify the minimal set of molecules sufficient for recreating the basic 

chemistry of life. By analogy, reconstitution approaches to developmental biology recapitulate 

aspects of developmental events outside an embryo, with the goal of revealing the basic genetic 

circuits or physical cues sufficient for recreating developmental decisions. The rapidly growing 

repertoire of genetic, molecular, microscopic, and bioengineering tools is expanding the 

complexity and precision of reconstitution experiments. We review the emerging field of synthetic 

developmental biology, with a focus on the ways in which reconstitution strategies and new 

biological tools have enhanced our modern understanding of fundamental questions in 

developmental biology.
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INTRODUCTION

In a single cell, thousands of genes act in an orchestrated way at any given time, and 

simplification of a large molecular network into the interactions among a few of its core 

components can be useful for understanding complex cellular processes. Biochemical 

reconstitution has proven to be a successful approach to simplify and isolate such core 

interactions. In biochemical reconstitution, a small set of molecular components are 

assembled outside the cell to recapitulate cellular processes that occur inside the cell 

(Fletcher 2016). To date, reconstitution using purified molecular components has 

recapitulated most of the central dogma including DNA replication, RNA transcription, and 
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protein synthesis (Benne & Hershey 1978, Sayre et al. 1992, Yeeles et al. 2017). Although 

these reconstituted systems do not fully recapitulate all the features of a cellular process, 

they help define the minimal components needed for critical cellular processes.

Compared with that of single cells, the development of multicellular tissues involves 

additional levels of biological complexity, such as spatial patterning of different cell types, 

control of population sizes among the cell types, and changes in tissue shapes and 

mechanics. To accomplish these multicellular tasks, individual cells act as the basic unit that 

sends, perceives, and acts on signals to coordinate with one another. Combining these 

multicellular tasks in specific spatial and temporal orders allows cells to self-organize into 

tissues of certain cellular compositions, arrangements, shapes, and sizes. In the past several 

decades, research based on a handful of organisms has revealed amazing details about the 

genes involved in multicellular interactions. On the basis of this rich information, we can 

start putting together molecular models to explain developmental processes, but the 

sufficiency of the molecular models remains largely untested.

Sufficiency tests require taking cells outside their normal tissue contexts, or genes outside 

their normal cellular contexts, and testing their capability of reconstituting the behavior in a 

new environment. This way of thinking and experimenting has provided key insights into 

embryo development. For example, by transplanting cells from one part of an embryo to 

another, Spemann & Mangold (1924) famously demonstrated that a tissue fragment taken 

from the dorsal lip in a developing newt is sufficient to induce the formation of a secondary 

neural plate on the ventral side of the embryo. Going beyond these early transplantation 

experiments, it is possible to remove different parts of early Xenopus gastrula embryos, 

culture them in vitro either separately or in contact, and watch whether the reconstituted 

embryonic tissues can autonomously undergo central developmental processes such as 

gastrulation (Keller & Danilchik 1988). Ex situ gastrulation experiments revealed that 

tissues from different regions within the embryo have different degrees of convergence or 

extension capabilities and that their capability depends on the explant size and the presence 

of other tissues.

These early efforts demonstrated that reconstituting developmental processes outside 

embryos, as a complementary approach to using intact embryos, could offer a valuable 

opportunity for testing developmental models. In such reconstituted systems, just as in an 

embryo, individual cells are the basic building blocks. But unlike embryos, these cells do not 

have all the chemical or physical information needed to form tissues. By supplying the 

missing information using biological and/or engineering tools, one can discover the minimal 

set of components sufficient for programming multicellular events. Importantly, 

reconstituted systems provide the possibility of testing interactions between arbitrary cell 

types, the isolation of specific multicellular behaviors from parallel developmental 

processes, the flexibility of rewiring genetic pathways, and the precision to quantitatively 

manipulate key parameters in the system. Together, these technical advantages allow us to 

ask a broad range of questions: What is the minimal set of components sufficient for 

programming multicellular phenomena? What are the key parameters that determine the 

dynamics and precision of cell–cell interaction in space and time? How do modifications to 

the system during evolution lead to quantitative or qualitative changes in phenotype? Can 
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different pathway designs enable similar multicellular outputs, and if so, what are the trade-

offs? Answering these questions could help synthesize the general principles of embryo 

development and evolution. Building the system from the bottom up provides the knowledge 

and tools needed for rationally programming cells to form complex tissues, which is an 

engineering goal for regenerative medicine and embodies the emerging field of synthetic 

developmental biology.

Due to space limitations, we cannot comprehensively list all the examples that reconstitute 

different aspects of developmental biology, especially given the rapid progress at the 

interface between synthetic biology and developmental biology (Davies 2017, Ebrahimkhani 

& Ebisuya 2019, Santorelli et al. 2019, Toda et al. 2019). Instead, we focus on a few recent 

studies that apply modern molecular and engineering tools to reconstituted systems in order 

to answer fundamental questions in developmental biology. We start by discussing how cells 

determine what cell types to become. We then discuss examples of reconstituting several 

multicellular processes, including the maintenance of appropriate proportion among 

different cell types, the formation of spatial patterns due to chemical or physical cues, and 

the usage of temporal dynamics to organize cell fates.

CELL FATE DECISIONS

Perhaps no process is more fundamental to understanding development than cell fate 

determination. Although cell fate decisions are not unique to multicellular systems, they are 

among the earliest examples for which developmental functions have been reconstituted 

using molecular tools. Since realizing the importance of transcription factors in cell fate 

decisions, the field of developmental biology has been seeking the essential codes of 

transcription factor expression that can drive the differentiation of distinct lineages. A 

prominent approach to understanding cell fate specification has been to perform mutagenesis 

screens for mutants in which cell fate is perturbed. This strategy has identified many 

extracellular cell signaling pathways that coordinate developmental cell fate decisions, as 

well as the transcription factors that ultimately control a cell’s transcriptional response 

(Wieschaus & Nüsslein-Volhard 2016).

An alternative to the loss-of-function approach is to express the candidate fate-regulating 

genes in cells and investigate whether they can convert the cells to a different fate. If the 

cells can change their identity, this gain-of-function test would demonstrate the sufficiency 

of the genes for specifying cell identity in a particular context. Early experiments suggested 

that this approach might be feasible by using cell–cell fusion to show that cell identity can 

be converted (Blau et al. 1983, Gurdon et al. 1958). By applying this reasoning and 

molecular tools, investigators successfully reprogrammed the mouse fibroblast cell line 

C3H10T1/2 into myogenic cells, which led to the discovery of MyoD as a master regulator 

of muscle differentiation (Davis et al. 1987, Lassar et al. 1986). Subsequently, a series of 

studies demonstrated that converting cell identities by reconstituting the core transcriptional 

circuits can be applied to initiate many different cell fates (Figure 1a) (Morris & Daley 

2013). For example, fibroblasts can be converted into neurons with a combination of three 

transcription factors (Ascl1, Brn2, and Myt1l) (Vierbuchen et al. 2010), and mouse and 

human fibroblast cells can be reprogrammed into induced pluripotent stem cells (iPSCs) by 
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adding a few transcription factors (Oct3/4, Sox2, c-Myc, and Klf4) (Takahashi & Yamanaka 

2006, Takahashi et al. 2007). The success of iPSC induction vividly demonstrated that a 

small set of genes encoding transcription factors can impart pluripotency to cells. Much of 

the excitement around iPSCs came from the possibility of deriving any cell type from 

fibroblasts through an iPSC intermediate, which would open many doors to regenerative 

medicine. Such applications require a second category of cell identity conversion that starts 

from pluripotent stem cells and forces their differentiation down a particular path. The 

efforts to induce pluripotent cell differentiation outside an embryo have led to key 

discoveries about embryo development, such as the identification of mesoderm-inducing 

signaling molecules using the animal cap from amphibian blastulas (Nieuwkoop 1969, 

Smith 1989). More recently, sophisticated protocols have been developed to differentiate 

mammalian embryonic stem cells (ESCs) or iPSCs into numerous cell types. For example, 

mouse ESCs can be induced to become motor neurons by supplying signaling molecules at a 

defined time in a stepwise manner that mimics embryonic development, or by synthetically 

expressing three motor neuron transcription factors to directly stimulate a lineage-specific 

transcriptional program (Velasco et al. 2017, Wichterle et al. 2002).

Clearly, some examples of transcription factor–driven cell fate switches do not occur 

naturally, especially in the case of reprogramming differentiated cells into iPSCs or 

converting one type of terminally differentiated cell into another type of differentiated cell. 

Do these direct programming or reprogramming experiments, then, teach us anything about 

the principles of cell identity determination, maintenance, and switching, or are they 

interesting mainly for their potential biomedical applications? An interesting comparison 

between the two strategies of motor neuron differentiation revealed that whereas the 

stepwise differentiation protocol included a progenitor cell state that expressed 

oligodendrocyte markers, the direct differentiation strategy by synthetic expression of 

transcription factors entirely bypassed any intermediate progenitor-like cell state (Figure 1b) 

(Briggs et al. 2017). This surprising finding implies not only that cell identity is plastic but 

also that cells can take multiple paths to reach the same identity (Aydin & Mazzoni 2019, 

Briggs et al. 2017). These gain-of-function or reconstitution studies also demonstrated that 

synthetically expressed transcription factors are sufficient to instruct cell identity in the 

absence of differentiation cues from external sources. Even though these synthetic 

experiments might not fully recapitulate any known developmental process, they inspire new 

thoughts and questions about natural development. The possible alternative paths of cell 

differentiation make one wonder whether and how such plasticity can be tinkered with 

during evolution to produce different developmental dynamics and new cell types.

POPULATION SIZE CONTROL

Tissue function depends not only on cells having the appropriate identities but also on the 

correct ratio of cell types that exist within the tissue. Loss of those properties can result in 

tumorigenesis. In ecology and microbiology, it is axiomatic that a cell will divide until the 

carrying capacity of its environment is reached; however, in healthy metazoan tissue, cells 

can be below the apparent carrying capacity of their niche. We can interpret the observation 

that cell abundances are at levels below the apparent carrying capacity in two ways: Either 

we do not fully understand the limiting resources in a cell’s environment, or biological 

Schlissel and Li Page 4

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2021 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



processes like cell communication enforce a defined ratio of cell types. In one clearly 

articulated example of the latter idea, macrophage and fibroblast cocultures consistently 

converged to a stable ratio of ~1:1 after 2 weeks of cell culture (Zhou et al. 2018). 

Mathematical models based on previously characterized properties of macrophage and 

fibroblast growth factor requirements (Andrae et al. 2008, Chitu & Stanley 2006) describe 

how macrophages and fibroblasts in coculture can target a stable cell ratio by completing a 

cross-feeding circuit in which reciprocal growth factor exchange and negative feedback 

between two growth factor pathways can result in a stable population mixture (Figure 2a). 

Interestingly, in competitive coculture experiments that grew macrophages with two types of 

fibroblast simultaneously, including fibroblasts that were capable of cross-feeding with 

macrophages as well as fibroblasts that were not, fibroblasts that were capable of cross-

feeding outcompeted non-cross-feeding fibroblasts, suggesting that maintaining a defined 

cell ratio by local cross-feeding enhances the survival of both cell types in the tissue (Zhou 

et al. 2018).

Whereas macrophages and fibroblasts coordinate their growth by using two distinct 

signaling pathways, the positive and negative feedback features that allow cells to achieve a 

defined population density can operate through a single extracellular signal. In CD4+ T cells, 

the autocrine cytokine interleukin-2 can activate both proliferation and cell death with 

different kinetics, such that cells converge to a target growth density—below the apparent 

carrying capacity—at which proliferation is exactly offset by cell death (Hart et al. 2014).

In addition to regulation of cell growth and death, cell-state switching provides another 

mechanism to maintain a desired ratio between two cell types. Notch signaling pathway has 

been observed in numerous developmental contexts to instruct binary fate switching between 

adjacent cells (reviewed in Mumm & Kopan 2000, Sjöqvist & Andersson 2017). In the 

Notch signaling pathway, the membrane-bound ligand Delta binds a Notch receptor, causing 

the intracellular domain of Notch to be cleaved and enter the nucleus, where it acts as a 

transcription factor to control cell fate decisions. Notch signaling is either positively 

activated by trans-presented Delta ligand expressed on adjacent cells or negatively regulated 

with cis-presented Delta ligand on the same cell (Sprinzak et al. 2010, 2011). Cells 

continuously monitor the amount of endogenous and exogenous Delta ligand, and on the 

basis of their observations each cell commits to either the signal-sending or signal-receiving 

state, a binary switch that has been synthetically recapitulated in cultured Chinese hamster 

ovary cells (Sprinzak et al. 2010). By further engineering Notch and Delta into a lateral 

inhibition circuit in which Notch activity downregulates Delta expression in the same cell, a 

stable ratio of the two cell states within the population can be achieved regardless of the 

initial ratio (Figure 2b) (Matsuda et al. 2015). In addition, the cis and trans interaction 

between Notch and Delta can be modified by Lunatic Fringe, a glycosylase that potentiates 

Notch signaling, to specify cells’ signaling states (Moloney et al. 2000, LeBon et al. 2014). 

Adding another feedback loop mediated by Lunatic Fringe could tune the ratio of cell types 

observed in culture (Matsuda et al. 2015). Through reconstitution of ligand, receptor, 

modifier, and feedback circuits, a picture has emerged of how a simple contact-dependent 

signaling circuit can specify the relative abundance of alternative cell types.
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SPATIAL PATTERN FORMATION

Embryo development requires not only that the right number of the right cell types be made 

but also that they be present in the right place, a process resulting in pattern formation. Early 

embryonic patterns are established over multiple length scales and with varied geometry, and 

can arise through chemical-based cell–cell communication and/or in response to physical 

stimuli (Salazar-Ciudad 2003). In the following sections, we discuss reconstitution 

approaches to understand chemical or physical signals that influence developmental patterns.

Chemical Cues Instructing Spatial Patterns

Cells communicate with one another by producing ligands and receptors. To communicate 

with cells that are not immediately adjacent, developing animals rely on secreted molecules 

called morphogens, a name coined by Alan Turing (Turing 1952). Morphogens form 

concentration gradients outside cells and trigger graded intracellular signals that decay 

continuously as a function of distance (Figure 3a) (reviewed in Rogers & Schier 2011). 

Subsequently, it was suggested that each cell can autonomously calculate its position by 

interpreting its quantitative exposure to a diffusible signaling molecule, and that this process 

can instruct the development of discrete tissue boundaries (Stumpf 1966, Wolpert 1969). 

Despite the long history of this theory, the identity of morphogens was not revealed until 

decades later, when molecular genetics became available. These genetic studies in embryos 

have identified the key components and their interactions in the signaling pathways that 

mediate the effect of morphogens. However, pathway diagrams alone are not sufficient to 

explain key aspects of tissue patterning, such as its speed, size, robustness to perturbations, 

and changes during evolution. Spatiotemporal dynamics become increasingly relevant for 

the understanding tissue patterning because accumulating evidence suggests that correct 

tissue patterning depends on both the concentrations and the temporal dynamics of 

morphogen signals (Briscoe & Small 2015).

Constructing dynamic models of tissue patterning requires precise perturbation and 

quantitative measurements to determine the key biochemical and biophysical parameters. 

Furthermore, to understand not only how but also why the underlying genetic circuits are 

wired in a specific way, one would need to systematically rewire the circuit architecture 

while quantitatively monitoring the pattern dynamics in space and time. All of these goals 

can be achieved more easily in reconstituted systems than inside an embryo. Recent studies 

have shown that gradients of morphogens, such as Sonic Hedgehog (SHH) and Nodal/Lefty, 

can be reconstituted in confluently cultured cells, enabling quantitative analyses of gradient 

dynamics in space and time (Figure 3b) (Li et al. 2018, Sekine et al. 2018). An important 

criterion for this approach to be useful is that reconstituted morphogen gradients should 

behave in analogous ways to their embryonic counterparts. A critical feature of morphogen 

gradient formation in embryos is the appropriate movement of signaling molecules through 

the developing tissue, and it is not obvious that the two-dimensional cell culture extracellular 

matrix (ECM) and growth medium environment would be similarly permissive of 

morphogen diffusion compared with tissue in developing animals. In the case of SHH 

gradients reconstituted with mouse fibroblast cells, turbulent mixing of the cell culture 

medium—achieved by culturing cells on a rocking table or by frequently changing the 
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media—did not affect morphogen signaling gradients, suggesting that the SHH ligands 

responsible for gradient formation stayed associated with the cell layer (Li et al. 2018). 

Additionally, SHH morphogen gradients could not cross gaps where there are no cells or 

ECM, consistent with the model in which a continuous layer of cells or ECM is required for 

gradient formation (Müller et al. 2013). In the case of reconstituted mouse Nodal/Lefty 

gradients in cultured human HEK293 cells, these ligands exhibit similar diffusion rates 

compared with their respective homologs in the zebrafish embryo (Müller et al. 2012, Sekine 

et al. 2018). With the inhibitory ligand Lefty diffusing faster than the activating ligand 

Nodal, the two ligands create two signaling zones: a local activation zone and a distal 

inhibition zone (Figure 3c). Together, these results suggest that the reconstituted system 

behaves in a similar way as embryonic tissues in supporting morphogen gradient formation.

Working with developmental pathways in cell culture makes available a wide range of 

genetic tools that can be used to test the causal relationship between genetic circuits and 

patterning behavior. For example, morphogen pathways often employ negative or positive 

feedback loops, some of which act only inside or outside the cell while others can influence 

both extracellular morphogen distribution and intracellular signal transduction (Figure 3d). 

What patterning capabilities can different feedback loops provide, and why do certain 

feedback designs act ubiquitously in response to their respective morphogen signals while 

others operate only in a tissue-specific manner? Using the reconstituted SHH gradient 

system, the SHH pathway architecture in the signal-receiving cells has been genetically 

rewired into different designs to test how different types of negative feedback loops affect 

the dynamic establishment and precision of the SHH signaling gradient. To switch the 

feedback loops on or off and to quantitatively tune the strength of the feedback, investigators 

implemented a synthetic circuit design that can be modulated by both SHH signal and an 

exogenously added drug. This manipulation revealed that the evolutionarily conserved 

negative feedback loop in the SHH pathway outperformed alternative designs by improving 

the robustness of signaling gradients to perturbations in the rate of morphogen secretion 

(Figure 3d) (Li et al. 2018). In this conserved feedback loop, HH signal transcriptionally 

upregulates its own receptor, Patched (PTCH), in signal-receiving cells. PTCH sequesters 

HH outside cells to regulate the size of the gradient and dampens the response inside cells to 

control the signal amplitude. Both the gradient size and amplitude provide crucial 

information for tissue patterning. While feedback loops with either intracellular or 

extracellular function exist and can improve the accuracy of the gradient, coupling these two 

control mechanisms in PTCH further protects the gradient from fluctuations in sender cells 

and therefore improves the accuracy of tissue patterning. An analogous negative feedback 

loop whereby an activator (Nodal) induces expression of its own repressor (Lefty) makes 

developmental processes more tolerant of perturbations to the level of Nodal signaling in 

zebrafish embryos (Rogers et al. 2017). Both reconstitution and embryo studies suggest that 

negative feedback is a central element of spatial patterning by morphogens. Although the 

bottom-up reconstitution approach to studying patterning is in its infancy, it has shown early 

promise in its ability to reconstruct, control, and compare genetic circuits and, importantly, 

to reveal their design principles for regulating developmental patterning.
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Physical Cues Instructing Spatial Patterns

From cell cleavage in early embryos to gastrulation and organogenesis, embryo development 

is a manifestation of changes in physical properties. In particular, recent research has 

identified many examples in which physical forces within tissues can act as bona fide 

developmental signals (Mammoto & Ingber 2010). However, the molecular bases underlying 

generation of physical forces are often unclear, and there is much more to learn about how 

physical forces control tissue patterns and shapes. Reconstituted systems are well suited for 

addressing these questions because of their simplicity and manipulability.

A classic example of using reconstitution to study tissue mechanics and patterning is 

adhesion-based cell sorting. For more than 100 years, embryologists have been dissociating 

embryos or even adult tissues into cell suspension and reaggregating the cells to see whether 

the cells adhere to one another and whether they reform patterns and structures (Grunwald 

1991, Kirillova et al. 2018). Cells from different tissue origins within the same species can 

often sort into distinct clusters; a classic example is the use of Hydra cells in sorting 

endoderm from ectoderm (Technau & Holstein 1992). With certain combinations of cell 

types, the arrangements of cells within the aggregates resemble the tissues they came from 

(Townes & Holtfreter 1955). This observation led to the suggestion that cell sorting was due 

to directed movement, meaning that cells move unidirectionally toward their destination 

possibly because of attractive signals. An alternative model was later proposed in which 

differential adhesion together with nondirectional cell movement could lead to cell sorting, 

with less cohesive cells surrounding a core of more cohesive cells achieving the lowest 

energy state (Steinberg 1963). Thirty years later, with better molecular tools, it became 

possible to test the alternative model directly by expressing P-cadherin in L cells at high or 

low levels and aggregating the two cell populations (Steinberg & Takeichi 1994); in these 

experiments, the two cell populations sorted into separate clusters. These reconstitution 

experiments elegantly demonstrated that the differential adhesion model is sufficient to 

explain cell sorting and the creation of spatial patterns. Furthermore, by using synthetic 

Notch signaling to induce differential cadherin expression properties between adjacent cells, 

cell aggregates initially composed of two cell types that are randomly mixed together can 

spontaneously form organized structures of three layers (Toda et al. 2018). In fact, cadherin-

mediated cell sorting has been observed in the formation of sharp cell fate boundaries in the 

zebrafish neural tube, as well as in aggregates made of zebrafish cells from different tissue 

layers, suggesting that similar mechanisms can operate in both embryos and cultured cells 

(Krieg et al. 2008, Tsai et al. 2019, Xiong et al. 2013). Interestingly, in addition to cadherin-

dependent differential adherence of cells within distinct tissue layers, generic actinomyosin 

cortex tension controls cell sorting by causing cells to favor distinct topologies within an 

aggregate (Krieg et al. 2008). These reconstitution experiments demonstrate that multiple 

physical processes act collectively to determine the cell sorting outcome.

Although processes that affect cell–cell interactions have been well described, the factors 

that control tension at the tissue scale remain unclear. To understand how developing tissues 

build tension, Hughes et al. (2018) reconstituted tissue folding behavior by plating 

fibroblasts on a collagen substrate. They found that on a collagen substrate, fibroblasts 

formed dense local cell aggregates and that aggregation required nonmuscular activity of 
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myosin II. When cells were plated with defined spacing, for example, in a two-dimensional 

grid with unequal spacing in the x and y directions, cells selectively contracted toward their 

nearest neighbors, resulting in linear bundles of dense collagen and cords of tense cells. By 

manipulating the geometry of patterned cells, one can recreate complex tissue morphologies 

including helices, tubes, spheres, cubes, and sinusoidal wrinkles (Hughes et al. 2018). This 

study demonstrated that spatial patterns of tension can control three-dimensional 

morphogenesis of the tissue. The researchers took advantage of the manipulability in the 

reconstituted system to precisely control key parameters, which otherwise would be difficult 

to manipulate inside an embryo.

Dissecting Chemical Versus Physical Influences

In an embryo, the developmental cues mentioned above, including long-range morphogen 

signals, cell contact–mediated signals, and cell–ECM interaction, are all likely to coexist. In 

addition, these developmental cues can influence one another, forming convoluted feedback 

circuits (Howard et al. 2011). Therefore, the necessity and sufficiency of chemical or 

physical signals in a patterning process are often not easy to tease apart. Reconstituting 

patterning processes outside an embryo can help isolate and control each factor and test their 

direct consequences on patterning.

The involvement of both chemical and physical cues in tissue patterning is exemplified in 

the formation of the periodic patterns of hair follicles that give rise to feathers in birds. 

Starting as a uniform sheet of epithelium attached to the underlying mesenchyme, hair 

follicle primordia emerge as regularly spaced multicellular aggregates in the mesenchyme 

(Davidson 1983). A reconstitution system has been developed to capture the initial events of 

patterning and study how pattern emerges (Jiang et al. 1999, Widelitz et al. 1999). In order 

to harvest the right cell types, dermal mesenchymal cells were dissected out of early-stage 

embryos, dissociated into single cells, and plated on a tissue culture dish at high density. 

Intact epidermal epithelial tissue was then layered on top of the mesenchyme. The authors of 

these studies found that cells in the mesenchyme spontaneously formed periodic patterns of 

cell aggregates, a process that requires the presence of the epithelial tissue. While the 

spacing between aggregates depends on the number of mesenchymal cells initially seeded, 

the size of the aggregates can be modulated by bone morphogenetic protein signaling 

activities (Figure 4a) (Jiang et al. 1999). Importantly, the reconstituted system allowed the 

authors to test specific hypotheses. For example, one hypothesis suggests that two different 

cell populations exist in the mesenchymal compartment, one with the capability of becoming 

primordia and the other without, and patterns subsequently arise through differential 

adhesion-mediated sorting. By labeling subsets of cells and putting them through the 

dissociation–aggregation procedure, the authors could randomly mix the labeled cells with 

unlabeled cells. They elegantly demonstrated that all mesenchymal cells have equivalent 

capability of becoming primordia (Jiang et al. 1999). On the basis of these observations, 

they proposed that cells can randomly collide and adhere to one another to form unstable 

microaggregates, which can be refined and stabilized through physical and chemical 

feedback mechanisms.
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A recent study in chicken skin explants demonstrated that physical tension in the dermal 

mesenchyme is sufficient for initiating pattern formation (Shyer et al. 2017). By culturing 

chicken skin samples on gels of different stiffness and chemically perturbing cellular 

contractility, the authors were able to control feather progenitor pattern establishment 

(Figure 4b). Cellular contractility acted as a local activator and tissue-level stiffness acted as 

a long-range inhibitor for forming cell aggregates. Both studies (Jiang et al. 1999, Shyer et 

al. 2017) suggested that physical cues can initiate pattern formation, but the two studies 

perturbed different physical parameters. A better understanding of the molecular/genetic 

nature of the mechanical properties will be the key to connecting different observations. In 

addition, in the reconstituted system, periodic patterns appear simultaneously across the 

entire tissue, whereas in chicken embryos, feather primordia in adjacent regions emerge with 

a stereotypical temporal order (Davidson 1983, Jiang et al. 1999). Reconstitution 

experiments demonstrated the sufficiency of certain factors and also suggested the existence 

of missing factors that await further investigation.

RECONSTITUTING TEMPORAL DYNAMICS

Accumulating evidence suggests that spatial patterns crucially depend on the temporal 

dynamics of developmental events, from the spatiotemporal onset of transcription of 

different Hox genes to the sequential patterning of the ventral neural tube (Briscoe & Small 

2015, Kmita & Duboule 2003). Temporal oscillation in somite development is a beautiful 

example of the close relationship between temporal and spatial patterns. According to the 

classic clock and wavefront model, presomitic mesoderm (PSM) cells oscillate between a 

somite-permissive and a somite-nonpermissive state, while a somite-inducing signal moves 

as a wave from anterior to posterior through an embryo. Where a somite-inducing signal 

meets in space and time with somite-permissive cells, it induces the cells to differentiate into 

somites (reviewed in Dequéant & Pourquié 2008). This model depends on cell-autonomous 

oscillations that are coordinated between adjacent cells, an assumption difficult to assess 

inside an embryo.

Recently, a reconstitution approach has helped with understanding the molecular basis of 

coordinated PSM oscillations by demonstrating that PSM cells surgically removed from a 

mouse tail bud continue to oscillate cell-autonomously after they have been dissociated into 

single cells. Furthermore, if they are reaggregated in cell culture they can spontaneously 

entrain their oscillations to recover the locally coordinated oscillation pattern observed in the 

PSM (Figure 5a) (Tsiairis & Aulehla 2016). Although the oscillations can appear to be 

oriented geometrically around an organizing point, PSM cells that oscillate in culture 

continue to oscillate even if cells at the center of the oscillating pattern are ablated, 

suggesting that the oscillations do not depend on a specific geometry to achieve synchronous 

oscillations (Hubaud et al. 2017)

How, then, is oscillation entrained? One clue came from the fact that the oscillations are 

structured over very small spatial scales (i.e., cells in contact with one another have 

coordinated oscillations). This observation motivated experiments that tested whether 

contact-dependent Notch signaling is required for oscillation entrainment, and led to the 

discovery that PSM cells do not show entrained oscillations in the absence of Notch 
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signaling (Tsiairis & Aulehla 2016). Coculturing explanted PSM cells with PSM cells 

mutated for Lunatic Fringe, a Notch modifier, revealed that Notch feedback through Lunatic 

Fringe affects the rate of entrainment (Yoshioka-Kobayashi et al. 2020). In addition, the 

entrainment depended on the precise density of the reaggregated cells, consistent with our 

understanding that Notch/Delta signaling requires direct physical contact between 

interacting cells.

When considering the temporal dynamics of development, it is useful to keep in mind the 

relative rates of different biological events. Oscillations during somite development occur 

with a ~90-min period in mice, which is sufficiently long for classically understood signal 

transduction and gene regulation (Lauschke et al. 2013). However, some developmentally 

critical events occur on much shorter timescales, such that signals cannot physically be 

transmitted by classically understood physical processes like diffusion (Howard et al. 2011). 

For example, a Xenopus egg has a 600-μm radius, and if mitosis were coordinated by a 

classical diffusion mechanism it would take ~2 h for an initiating signal at the center of the 

egg to reach the periphery of the egg. However, observations demonstrated that a fertilized 

egg proceeds through the cell cycle within only a few minutes (Chang & Ferrell 2013). One 

hypothesis that could explain this observation is that a mitotic signal propagates not through 

diffusion but instead as a trigger wave, which has the property that its speed and amplitude 

do not decrease as a function of distance from the source, and can theoretically arise from a 

signaling molecule that has fast positive autoregulation and slow negative autoregulation 

(Figure 5b) (Chang & Ferrell 2013). In one proof-of-principle experiment, Xenopus egg 

extract was mixed with sperm nuclei, which can divide mitotically in the egg extract and 

thus serve as a reporter for promitotic signals. The mixture was loaded into thin tubes, such 

that any wave that normally occurs in three dimensions over ~600 μm in a frog embryo can 

be observed in one dimension over ~7 mm. Remarkably, sperm nuclei showed coordinated 

mitosis, wherein a random initiating mitotic event results in a propagating wave of mitosis 

with a speed that decreased only slightly as it moved away from the source (Chang & Ferrell 

2013). Sha et al. (2003) postulated and demonstrated that Cdk1, which is capable of rapid 

positive feedback and slow negative feedback, is involved in the trigger wave. Interestingly, 

the same framework in which Cdk1 coordinates mitosis in a developing Xenopus embryo 

translates directly into the corresponding process in early Drosophila embryos, suggesting 

that it is an ancient signaling circuit that can rapidly coordinate cell behavior throughout a 

tissue (Deneke et al. 2016, Vergassola et al. 2018).

Trigger wave propagation by Cdk1 enables an entire Xenopus egg to enter mitosis in a span 

of a few minutes, compared with diffusion-limited signaling, which would take hours to 

coordinate activity throughout the egg. In addition to rapid signal propagation during 

mitosis, Xenopus eggs show faster-than-diffusion synchrony as eggs undergo apoptosis. 

Using a similar reconstitution setup as had been used to model mitotic trigger waves, 

investigators observed apoptosis by monitoring the integrity of sperm nuclei suspended in 

thin tubes of egg extract, and found that the apoptotic signal propagated rapidly through thin 

tubes of Xenopus egg extract (Cheng & Ferrell 2018). Furthermore, by increasing the 

abundance of mitochondria (and therefore the positive feedback of proapoptotic signals) in 

the cell extract, the authors sped up apoptotic wave propagation. The measured propagation 

rate of the apoptotic wave—30 μm/min—closely matched the observed rate of apoptotic 
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wave propagation when cytochrome c was injected into natural Xenopus oocytes, suggesting 

that the mechanism of apoptotic wave propagation observed in vitro is consistent with the 

process that occurs in vivo (Cheng & Ferrell 2018).

Although much progress has been made toward understanding entrainment of genetic 

oscillators and rapid propagation of certain signals in development, efforts to understand the 

basic temporal dynamics of embryogenesis have been hampered by the difficulty of 

quantitatively following dynamic processes in animals. Reconstituted systems are amenable 

to time-lapse imaging and can be studied to extract quantitative information about key 

parameters during embryo development. At the same time, it is crucial to evaluate whether 

the parameter values used in reconstituted experiments make sense in the context of 

developing embryos.

CHALLENGES AND OUTLOOK

As a cornerstone of synthetic developmental biology, reconstitution is not the goal but rather 

an approach to address questions that would be difficult to study inside an embryo, to 

distinguish between different models, or to discover novel biological features that can 

eventually be tied to actual embryo development (Davies 2017, Elowitz & Lim 2010). The 

examples discussed above demonstrate that reconstitution provides a unique angle for 

understanding development. Reconstituted systems enable isolation of concurrent 

developmental cues, quantitative observation of the spatiotemporal dynamics, fine control of 

individual parameters using synthetic tools, and even systematic rewiring of genetic circuits. 

For reconstitution of (aspects of) developmental processes, cells can come from many 

different sources, such as immortalized cell lines, primary cells isolated from an organism, 

or pluripotent stem cells. Different cells naturally have different self-organizing capabilities. 

In recent years, stem cells that can self-organize into three-dimensional tissues (e.g., 

organoids/embryoids/gastruloids) have been broadly used to recapitulate developmental 

processes outside an organism. The amount of literature on this exciting topic alone merits a 

separate review. We refer readers to recent excellent reviews on this topic (Huch et al. 2017, 

Rossi et al. 2018, Shahbazi et al. 2019, Siggia & Warmflash 2018, Simunovic & Brivanlou 

2017). As the complexity of multicellular behavior that can be recapitulated increases, our 

control over the genetic programs decrease. Therefore, the right level of reconstitution 

should be carefully chosen depending on the question under study.

Synthetic developmental biology is still at a very early stage. In addition to reconstitution 

outside an embryo, synthetic biology tools have enabled numerous applications in live 

embryos, such as precise spatiotemporal control of protein activities (Johnson & Toettcher 

2019) and tracking of developmental cell lineages (reviewed in McKenna & Gagnon 2019). 

However, to develop synthetic biology as a powerful approach for studying developmental 

questions, and to reconstitute basic building blocks for tissue engineering, several technical 

challenges must be solved. One challenge is to engineer the physical aspects of multicellular 

systems: to learn how to spatially arrange multiple cell types and how to supply missing 

boundary conditions in cell culture, such as ECM composition and tissue geometry. 

Miniaturized engineering tools, such as micropatterning and microfluidic techniques, have 

been incorporated into reconstituted systems to provide more precise control over cellular 
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systems (Warmflash et al. 2014, Zheng et al. 2019), but new tools are still needed for dealing 

with submillimeter length scales. A second challenge is to genetically engineer cellular 

responses to environmental stimuli. Multicellular behavior depends on constant cell–cell 

communication and feedback, which often trigger changes in transcriptional programs. The 

ability to rationally engineer these transcriptional programs is crucial for building genetic 

circuits that enable complex multicellular behavior. Whereas analytical approaches have 

been effective in determining what function is computed by an enhancer, attempts to build 

enhancers from the bottom up using discrete regulatory elements have had limited success in 

recapitulating the behavior of natural enhancers, demonstrating how much we have left to 

discover about the design principles of enhancers (Crocker et al. 2017, Fakhouri et al. 2010, 

Ramos & Barolo 2013, Vincent et al. 2016). A third challenge is to introduce genetic 

perturbations that are precisely targeted in space and time. Natural developmental signals 

depend on precise spatial and temporal coordination, and we need equivalently precise 

experimental control to study such events. The rapidly progressing area of mammalian 

synthetic biology has ushered in new engineering tools that could introduce more precise 

perturbations in space and time (Lienert et al. 2014, Mathur et al. 2017). Once tested in 

reconstituted systems, these new tools can be adapted for genetic manipulation in animals. 

Finally, it is important to be able to efficiently integrate genes and large circuits into the 

genome, a shared goal in the field of synthetic biology. Together, reconstituting 

developmental processes will provide not only insights into developmental biology but also 

new tools for probing natural systems and programming multicellular behavior that will have 

key implications for tissue engineering and cell-based therapy.
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Figure 1. 
Cell fate decisions can be programmed or reprogrammed. (a) From a fertilized egg to an 

embryo that is made of different cell types, cells have to make sequential fate decisions 

(branched tree). However, cell fates can be synthetically engineered by overexpressing a few 

transcription factors (red arrows). For example, fibroblasts can be converted into induced 

pluripotent stem cells (iPSCs) or neurons by different sets of transcription factors. (b) iPSCs 

can follow different trajectories, natural differentiation (black lines) versus synthetic 

engineering (red lines), both of which can give rise to the same neuronal fate, but transit 

through distinct intermediate cell identities.
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Figure 2. 
Tissues coordinate proliferation or state transition of multiple cell lineages to achieve the 

correct ratio of cell types. (a) Natural communication circuits between fibroblasts (FB) and 

macrophages (MP) ensure a fixed ratio of the two population sizes, regardless of the initial 

ratio between the two. The circuits involve positive and negative feedback loops, as well as a 

fixed carrying capacity imposed by the cell culture environment. (b) Synthetically 

engineered circuits in Chinese hamster ovary cells instruct cell state bifurcation and a fixed 

ratio between the two states. Two cells with identical lateral inhibition (LI) circuit, in which 

cells expressing both Notch and Delta induce a negative feedback loop to repress Delta upon 

Notch activation, eventually adopt either the signal-sending (“sender”) or signal-receiving 

(“receiver”) state. Within a population of cells, the ratio between the two states depends on 

the LI circuit and a positive feedback loop involving Lunatic Fringe (LF). Abbreviations: 

CSF, colony-stimulating factor; PDGF, platelet-derived growth factor.
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Figure 3. 
Morphogen pathway architectures regulate patterning behavior. (a) Morphogens secreted by 

sender cells form spatial gradients, which trigger graded signaling responses in receiver cells 

and determine cell fates. (b) Morphogen signaling gradients can be reconstituted using 

genetically engineered fibroblasts in cell culture, and the gradients are dynamic in both time 

and space. (c) Nodal and Lefty morphogens secreted from the same sender cells form short-

range activation and long-range inhibition zones, due to the differential diffusion rates of the 

two ligands. Nodal is an activator and Lefty is an inhibitor of the pathway. (d) The 

robustness of Sonic Hedgehog (SHH) signaling gradients to fluctuations in the morphogen 

production rate depends on the feedback loops in the pathway. Receiver cells with different 

types of negative feedback loops, which can be genetically engineered, show different 

capabilities to buffer the changes in the morphogen production level. Feedback that induces 

only an intracellular inhibitor (orange) or an extracellular inhibitor (red) buffer the gradient’s 

amplitude or length scale, respectively, against an increase in the morphogen production 

level. The evolutionarily conserved feedback loop (blue), in which receptor expression is 

upregulated upon signal activation, can provide both capabilities in the SHH pathway. 

Abbreviations: FB, feedback.
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Figure 4. 
Chemical or physical cues can act on the same patterning process. Chicken skin explants 

were used to study the mechanism of feather follicle primordia formation. (a) Mesenchymal 

cells from the skin explant were dissociated from the epithelial cells and plated in vitro. An 

intact epithelial layer was then placed on top of the mesenchymal cells. Primordia formed 

spontaneously in the reconstituted system. The spacing between the primordia could be 

modulated by adjusting the number of mesenchymal cells seeded, and the size of the 

primordia could be modulated by the activity of the bone morphogenetic protein (BMP) 
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signaling. (b) To test the role of physical cues in primordia formation, skin explants 

composed of both epithelial and mesenchymal cells were placed on top of engineered gels 

with defined stiffness. Primordia can form only on the substrate with intermediate stiffness 

(Medium). Primordia formation also depends on mesenchymal cell contraction, which can 

be blocked by myosin inhibitors.
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Figure 5. 
Mechanisms for generating temporal coordination. (a) Explant experiments using mouse tail 

buds demonstrated that presomitic mesoderm (PSM) cells achieve coordinated oscillations 

during somitogenesis by entraining locally with their neighbors via Notch signaling. When a 

mouse tail bud is explanted and cultured ex situ, PSM cells from the tail bud show 

coordinated oscillations in gene expression that reflect oscillations that occur during 

somitogenesis. Disaggregated tail bud cells spontaneously entrain with their neighbors if 

cells are disaggregated and then reaggregated, and neighbor entrainment requires Notch 

signaling between adjacent cells. Interfering with Notch signaling or Notch feedback (by 

interfering with Lunatic Fringe) prevents PSM cells from entraining with their neighbors. (b) 

Some signals in biology are propagated more quickly than could be achieved by diffusion of 

signaling molecules. Cell division in the Xenopus zygote is coordinated by a self-

propagating wave of Cdk1 activity that does not slow down or change shape as it spreads 

from its source. The chemistry required to achieve self-propagation of Cdk1 waves can be 
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reconstituted in tubes of zygotic extract, such that waves of activity that ordinarily travel 

~300–600 μm can be made to travel 3–7 mm. Even over ~7-mm length scales, waves of 

Cdk1 activity were propagated at a constant rate without a decrease in amplitude, suggesting 

that early Xenopus cell cycles are coordinated by a Cdk1 trigger wave that travels with a 

uniform shape and speed to initiate cell division simultaneously throughout the zygote.
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