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Abstract

Synthetic biology efforts began in simple single-cell systems, which were relatively easy to 

manipulate genetically1. The field grew exponentially in the last two decades, and one of the latest 

frontiers are synthetic developmental programs for multicellular mammalian systems2,3 to 

genetically control features such as patterning or morphogenesis. These programs rely on 

engineered cell-cell communications, multicellular gene regulatory networks and effector genes. 

Here, we contextualize the first of these synthetic developmental programs, examine molecular 

and computational tools that can be used to generate next generation versions, and present the 

general logic that underpins these approaches. These advances are exciting as they represent a 

novel way to address both control and understanding in the field of developmental biology and 

tissue development4–7. This field is just at the beginning and it promises to be of major interest in 

the upcoming years of biomedical research.
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Introduction

The early days of synthetic biology were devoted to engineering simple genetic circuits in 

simple single-cell systems, which were relatively easy to manipulate genetically. As the field 

has progressed, our understanding and tools have become more sophisticated, first extending 

to simple eukaryotic cells, and eventually to mammalian cells1. More recently, synthetic 

developmental programs have been developed for multicellular mammalian systems2,3 to 

genetically control features such as patterning or morphogenesis. To achieve this, these 

genetic programs take usually inspiration from natural genetic circuits that pattern and build 

the embryo. A general logic of both natural and synthetic developmental program is the 

linking of cell-cell communication channels, patterning through multicellular gene 

regulatory networks, and morphogenesis through changes in cell biophysical parameters via 

effector genes (Fig. 1).

This new field has the potential to contribute to different areas of research:
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• Study of developmental principles. By using an understanding-by-building 

framework4, this approach can attempt to recapitulate endogenous 

morphogenetic networks and/or transitions to see what it takes to build them 

from the bottom-up, thereby illuminating defining design principles.

• Controlling tissue development in a dish. Current approaches, such as organoids 

and tissue engineering, display shortcomings, especially at the level of single cell 

control. Synthetic development can try to correct features of in vitro tissues that 

are not recapitulating actual organs due to growth in isolation5. Additionally, this 

approach could deliver a new generation of organs or tissues with enhanced 

synthetic capacities.

• Expression of creativity. This field could benefit from a certain degree of “free-

form” exploration, where the only motivation is the curiosity and ingenuity of the 

researcher. This spirit has been a strong defining feature of the early days of 

synthetic biology, and likely underlies its current popularity.

While this is an exciting time in the field, it is also in its early days, and it is important to 

continue developing the tools and conceptual frameworks necessary to realize its full 

potential.

In this review, we first introduce an abstraction logic for developmental programs in multiple 

components (cell-cell signaling, multicellular networks and effector genes); for each of these 

components, we present the expanding array of relevant synthetic biology tools, including 

ones that could be generated through a combination of existing tools; then we describe the 

first examples of how the first synthetic developmental programs have been achieved; finally 

we give an overview of the parallel computational efforts that have been used for modeling 

endogenous developmental system, and that may be used in the future to guide design of 

synthetic developmental systems.

Abstraction of development

The goal of synthetic development is to guide the formation of multicellular mammalian 

structures by engineering genetic programs in cells. This is conceptually similar to what 

happened during evolutionary times to generate the instructions in the DNA code to instruct 

embryonic development. During embryonic development, genetically encoded, 

evolutionarily selected programs guide cells from an amorphous aggregate (and before that, 

a single cell) to a multicellular structure with integrated functions. For example, during early 

mammalian development, the equipotent cells of the morula differentiate such that cells on 

the outside of the morula become placental precursors, while those on the interior become 

embryonic stem cells. The compacted morula then forms an inner cavity containing an inner 

cell mass, which undergoes a subsequent cycle of morphogenesis to differentiate into 

epiblast stem cells and primitive endoderm cells. These transitions produce the nascent 

blastocyst6. We propose an abstraction that deconstructs developmental trajectories like this 

one into various cycles. This abstraction moves from the characterization of cells as having a 

dual nature as both information processors and material7. For each such cycle, we 

deconstruct the molecular and cellular logics that propel the transitions as: cell-cell 
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communication systems, multicellular genetic networks, and physical or biological cell 

changes.

Cell-cell communication describes the ways in which cells send and receive signals to and 

from each other and their environment. Cell-cell communication pathways can be linked in 

multicellular networks, when their output changes the communication itself. Networks 

contain feedback and non-linearity that generate different cellular states in a population of 

cells (i.e. patterning). Finally, physical and biological cellular changes occur when cells 

acquire different physical features or differentiation routes—including changes to cell 

adhesiveness, shape, identity, etc. Cell-cell communication, multicellular networks, and 

physical changes create a highly dynamic system since all the components affect each-other: 

cell-cell signaling pathways generate patterning networks, and different parts of the pattern 

execute different functional programs that in turn generate new states and new 

communication networks. In this way, a fluid yet very robust process of computation and 

morphogenesis unfolds over time until, from an amorphous beginning, the cell aggregate 

develops into a complex tissue (Fig. 1).

We think that in order to implement synthetic versions of these types of complex programs it 

is important to abstract their logic. Abstractions in synthetic biology have been very valuable 

as they can work as mission statements guiding the kinds of genetic programs or synthetic 

proteins that need to be made, which kinds of control are helpful and what kind of collective 

behaviors we want to implement. The framework presented here does not represents the only 

possible definition or abstraction, but is our own interpretation based on our knowledge and 

experience in the field; not every facet of it is well-defined and many grey areas still exist for 

exploration.

Synthetic cell communication pathways

Mammalian multicellular development uses a handful cell-cell communication pathways8, 

which can be distinguished by input features such as contact-dependence, short-versus long-

range diffusibility, cell versus extracellular matrix (ECM), and physical versus chemical 

signals. The input itself is either produced by other cells or present in the extracellular 

environment and allows a community of cells to communicate with each other to coordinate 

their behaviors.

The logic of these communication pathways revolves around protein sensors that connect 

inputs from the cell’s exterior to intracellular changes (Fig. 2). At the molecular level, this is 

achieved with protein sensor domains for the inputs (A) linked to transducers (B) activating 

an effector domain for the output (C) that effect changes in the cell. To build synthetic 

receptors, these domains have been linked to form chimeric proteins9–113,12,13. In Fig. 2 we 

map existing receptors based on categorical features, such as sensor, transduction and 

effector domains.

Different kinds of transduction logic result in differences in signaling features. Contact-

dependent synthetic receptors (synNotch) have been developed and used for multicellular 

patterning (see below), based on the framework of the native contact-dependent receptor 
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Notch (Fig. 2B.1). Several versions of synthetic soluble-signal dependent pathways have 

been developed, either by using endogenous transduction frameworks (GEMS, TANGO, 

CHA-CHA and calcium-signaling based) or by using dimerization-based transduction 

(MESA and dCas9-synR) (Fig. 2B.2–5). How receptors with different molecular logics 

affect communication and determine their suitability to particular applications or network 

types is an area of current investigation.

The modularity of signaling pathways allows for the generation of different combinations of 

input/transduction/output. For this reason, we propose the following nomenclature for 

synthetic receptors: [Input]Transduction[Output]. For example, GEMS receptors that 

recognize rapamycin and activate JACK/STAT pathways would be described as 

[rapamycin]GEMS[JACK/STAT]; anti-CD19 synNotch that activates the orthogonal 

transcription factor tTA, which in turn activates an mCherry reporter, would be 

[CD19]synNotch[tTA→mCherry] and so on.

To design synthetic signaling pathways there is a spectrum of possibilities framed by two 

extremes: using completely orthogonal communication pathways, or rewiring endogenous 

ones. When synthetic control of a native cellular behavior is desired, mixed synthetic/

endogenous receptors are useful. For example, endogenous pathways can be rendered 

activatable by synthetic ligands using programmable sensor domains linked by a transducers 

to an endogenous effector domain or CRISPR-Cas9 based transcription factor, as in 

[rapamycin]GEMS[JAK/STAT]14 and similar [VEGF]MESA[Cas9-TF→IL-2]15,16, 

[CNO]RASSL[GPCR signaling]17, and [sCD14]Ca2+RT[CaRQ→migration]18.

In other cases, endogenous sensing can be rewired to drive a synthetic response, as in 

[vasopressin]TANGO[tTA→luciferase]19, [NMB]ChaCha[Crispr-VPR→IFN-gamma]20, 

and [VEGF]dCas9-synR[Crispr-VP64→TNFalfa/TSP-1]21. Another way to achieve similar 

rewiring is to act at the transcriptional level: a synthetic cassette with an endogenous 

promoter responsive to endogenous pathways can contain a user-defined effector gene22. In 

this way, TNF pathway activation was rewired to produce anti-TNF proteins at the 

transcriptional level23. Using endogenous sensors or outputs can be beneficial for detecting 

endogenous ligands, or using the endogenous response of a particular pathway.

In other cases, it’s more fitting to be orthogonal to endogenous pathways. To design a 

program that is completely orthogonal to endogenous ones, synthetic control on both input 

and output is needed, as in [GFP]synNotch[tTA→mCherry]24,25, and 

[rapamycin]MESA[Gal4]15. Such programs can be useful in designing complex patterning 

in multicellular or other systems with minimal cross-talk with endogenous cellular activity.

In the future, we anticipate the field of synthetic receptors to provide an array of different 

molecular controls. For example, new sensors can enable receptors to be designed to sense 

other inputs, including mechanical inputs and ones presented on the extracellular matrix. 

One important point for the field will be to be able to provide guidance for users of these 

technologies by systematically comparing the different synthetic signaling pathways.
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Patterning through synthetic multicellular networks

Synthetic cell communication pathways can be used to connect multiple cells to form 

multicellular communication networks. Networks like these are important for generating 

spatial and temporal patterns of differential gene expression (Fig. 3a).

Contact-dependent receptors have been used to generate precise single-cell patterns in 2D. 

The Notch pathway has been reconstituted in epithelial cells (CHO) to regenerate the 

checkerboard pattern displayed during the development of the inner ear. To do so, Notch-

responsive promoters are linked to the repression of the endogenous Notch ligand Delta in a 

circuit known as lateral-inhibition. Starting from a uniform population of cells expressing 

the same program, this system generates two cellular states (receptor high or ligand high)26 

(Fig. 3a.1). In other examples, signaling cascades have been implemented with Notch/tTA 

receptors or synNotch. In these experiments, the core network is a positive feedback network 

where receptor activation leads to the induction of ligands for subsequent communications. 

This can lead to signal propagation in epithelial cells27, or to alternating activation of 

different responses in epithelial monolayers24, depending on the number of pathways and 

ligands (Fig. 3a.2–3).

Endogenous soluble ligand-dependent pathways have been used to generate longer-range 

patterning. In one example, a reconstituted SHH (sonic hedgehog) pathway was used to 

generate a morphogen-like expression gradient of reporter genes from a signal source in 

fibroblasts in 2D28. The signal (Shh) was produced by sender cells restricted to one side of 

the cell culture, and the response in receiver cells closer to the signal source decreased as 

distance from the source increased. In another recent example, Turing-like patterns were 

generated with a reconstituted Nodal/Lefty pathway in epithelial cells. To reconstitute the 

local activation (positive feedback) and long-range inhibition (negative feedback) typical of 

Turing systems, the responses to Nodal were rewritten to include the induction of both 

Nodal itself (positive feedback) and of its diffusible inhibitor Lefty (negative feedback). The 

result was the formation of multicellular patterns of spots reminiscent of some Turing 

patterns29,30 (Fig. 3a.4).

Gene regulatory networks that achieve purely temporal patterning are also possible to 

implement in mammalian cell with synthetic biology tools. For example, negative feedback 

with response delay gives rise to oscillations31–33 (Fig. 3b). Other temporal controls, such as 

memory and timed pulses34, have also been implemented in mammalian cells. These 

intracellular networks are not usually coordinated at the cell population level. We anticipate 

progress in this area to connect intracellular temporal networks with spatial control and 

coordination, thanks to links between the cell-cell communication pathways and the 

intracellular gene regulatory networks.

Physical and biological cellular changes through effector genes

In order for a group of cells to change their shape to form structurally complex tissues, cells 

need to take on different physical and/or biological features. In this section, we focus on 

cellular changes underlying morphogenetic and developmental processes. Genes that 
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underlie these physical and biological events are called here effector genes (Fig. 3c). A long 

series of effector genes cassettes are known to reprogram cell behaviors, either through 

differentiation into distinct cell fates via reprogramming factors35,36, or by changes in cells’ 

physical features, such as adhesion or shape37. Changes of cell fate affect both physical and 

biological features, making them a major motor of multicellular development and 

morphogenesis. Processes such as proliferation, apoptosis, and cell fusion can also be 

powerful, as they control the number of cells. Additionally, changing isolated physical 

properties of a single cell can be responsible for morphogenetic transitions at the 

multicellular level. Cytoskeletal players can induce cell shape changes that can underlie 

behaviors such as apical constriction and folding, and cell adhesion molecules can control 

multicellular aggregation status and sorting38,39.

It will be interesting to see if synthetic versions of effector genes can be generated for 

mammalian cells, and how much they can drive orthogonal programs of morphogenesis in 

the presence of endogenous effectors. Recently, synthetic versions of adhesion proteins have 

been generated in bacterial cells40. Additionally, other cell behaviors have been identified as 

drivers of multicellular morphogenesis: (i) the “fluidity” status of multicellular tissues was 

shown to be important for tissue elongation in vivo41, although driver genes have not yet 

been clearly identified; (ii) cytoskeletal dynamics, for example supracellular contractions of 

multicellular actomyosin cables, were recently shown to drive neural crest cells 

chemotaxis42.

Effector genes induced by synthetic cell-cell communication pathways are another building 

block of morphogenesis (Fig. 3d). Synthetic versions of this concept have been developed: 

synthetic signaling pathways that can sense chemical compounds or chemotactic agents via 

RASSL or Ca2+RT are wired to respond with a chemotactic behavior18,43 (Fig. 3d.1). In 

other examples, synNotch pathways turn on (i) the transcription factor Snail to change cell 

behavior from epithelial to mesenchymal/fibroblastoid; or (ii) the master regulator MyoD 

that turns fibroblasts into myotubes24 (Fig. 3d.2).

It will be interesting to see which synthetic pathways can drive effector genes efficiently 

enough to guide robust changes in cell behavior that can control multicellular dynamics.

Synthetic developmental trajectories

To generate an architecturally complex tissue starting from a uniform cell population, 

signaling, patterning, and effectors are linked into a developmental trajectory (Fig. 1). This 

allows cell behavior to be changed, through effector genes and multicellular networks, in a 

precise spatial and temporal fashion in order to generate functional units. So far, the full 

generation of a functional tissue via a synthetic artificial network has not been achieved.

However, Toda et al. recently combined a synthetic signaling-based multicellular network 

with simple morphogenetic effectors of the adhesion family to generate multi-step synthetic 

developmental trajectories44 for generating structural units (Fig. 4). Two channels of 

orthogonal contact-dependent synNotch pathways were used as the synthetic cell signalling 

component; the network was back-and-forth communication between two different cell 
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populations; the effectors were adhesion molecules of the cadherin family. In one example 

(Fig. 4c), the communication from cell 1 induced E-cadherin in cell 2, and a new signal that 

communicated back to induce lower levels of E-cadherin in subset of the cell 1 population. 

The resulting structure was a radially symmetric three-layered spheroid, which was more 

ordered and complex than when they used only effectors or only networks (Fig. 4a,b). 

Structures generated in this way displayed robustness against perturbations such as cutting in 

half (Fig. 4 c, second row). Moreover, similar networks with different effectors (different 

members of the cadherin family) generated polarized structures (Fig. 4d,e), showing that 

changing one parameter of the system could generate multiple variants—a feature we might 

call “synthetic evolvability.”

Continued progress in this area could pave the way for a field devoted to synthetic 

development where synthetic multicellular networks can execute a variety of effector 

functions in cells, including more complex morphogenesis. In the future, we expect more 

complex circuits, coupled with effector genes, will generate more complex morphogenesis 

and even functional structures.

Computational approaches can facilitate synthetic development

The design of developmental trajectories in vitro for synthetic developmental systems (as 

well as organoids) currently proceeds through trial and error. A more deterministic method 

involving computational models could provide powerful tools for synthetic development5. 

Below, we review how, in recent works, the aforementioned developmental trajectory 

components of multicellular signaling networks, and physical changes are modeled 

separately to yield patterning, and how they can be integrated to form comprehensive 

morphogenesis models.

Multicellular signaling networks have been described via sets of differential equations 

modeling the level of each reactive species/protein on some kind of lattice that describes the 

cells. Usually ordinary differential equations (ODES) are used for temporal patterning and 

partial differential equations (PDES) for spatial patterning. For contact-dependent signaling, 

Shaya et al.45 provide an innovative example. Utilizing a fixed heterogeneous cell size 

lattice, the authors described extracellular membrane-bound ligand/receptor levels via ODES 

on each inter-cell boundary, as opposed to the homogenous cell method in prior works46–48. 

By doing so, they generated a patterning model with high spatial resolution, which was able 

to match in vitro observations that small cells are biased towards one fate and large cells 

towards another. For diffusible signals, Li et al.28 provided an outstanding example by 

developing a minimalist mathematical framework to investigate how a specific diffusible 

signal can affect gradient patterning. By describing the diffusible ligand levels via reaction-

diffusion PDES, and other species’ (receptor, repressor, etc.) levels via coupled ODES per 

discretized space, the authors recapitulated and predicted key patterning results.

The morphological effect of effector genes is usually modeled via mechanical modeling. For 

example, cell-cell or cell-ECM adhesion is typically modeled as energy, which is then 

converted into a probability of cells sticking together49–51 or converted into equations of 

motion52,53. Growth can also lead to patterning, such as brain folding, and can be modeled 
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by mechanical deformation equations54. In the discretized cell case, it can be modeled by 

adding a volume constraint to a cell, thus designating a cell’s “ideal” volume. Increasing the 

“ideal” volume over time leads to growth55 while proliferation can be modeled by simple 

division at a specified volume55–58. Apoptosis can be considered the opposite of growth, and 

therefore can be implemented by decreasing the “ideal” volume over time until the cell 

disappears58. For more complex/different formulations of growth, proliferation, and 

apoptosis, we refer the readers to56–59, 60, and56, respectively.

Integrating models of multicellular signaling networks with mechanical models makes it 

possible to describe complex native developmental trajectories. For example, secreted 

diffusible signals directing motion can capture chicken feather primordia striping and 

spotting61. Secreted diffusible ligands directing mitosis instead recapitulate a different 

biological process, ex vivo kidney explant branching60. Adding differential adhesion allows 

modeling of tooth germ formation59. Joining multiple signals with multiple outputs achieves 

even higher complexity, as Hester et al.62 demonstrate by mixing lateral inhibition 

synchronization with secreted diffusible signals to dynamically describe somitogenesis. 

Indeed, utilizing multiple inputs, such as multiple diffusible ligands, allows for the 

description of other complex processes, such as palate fusion56.

Computational models have been helpful for modeling native developmental trajectories. 

The ability to model cell communication networks and effector genes in silico parallels the 

abstraction we described for synthetic development, making it especially well-suited for this 

application. It would be interesting to adjust and link existing models for various signals and 

responses in order to generate a variety of in silico synthetic developmental trajectories. For 

example, they can be used to screen different possible structures, establish parameter 

dependencies, study different forms of computation, and extract algorithms that can be used 

in other biologically inspired computational contexts. Ideally, a closed loop with modeling 

and implementation would allow the most progress in this area.

Conclusions

We have described how we can deconstruct developmental morphogenetic programs in order 

to start reconstructing them in novel ways. We discussed how cell-cell signaling, 

multicellular networks, and effector genes form a core motif for programming 

developmental trajectories. Many controllable cell-cell communication channels are 

currently available through synthetic receptor and synthetic pathway engineering, and some 

of them have already been used to either build patterning networks or drive cellular physical 

and biological changes.

Challenges ahead include expanding the toolkit for cell-cell communication, alongside its 

characterization in various cellular contexts. Much of the focus has been on model cell lines, 

and we will want to continue expanding towards either therapeutically useful cells, such as 

immune cells or stem cells, or embryonic cells for modeling development. Moreover, 

advances in developmental biology research will help identify genetic, biochemical or logic 

controllers for mesoscale phenomena63, ushering in the next generation of synthetic 

developmental systems. The ultimate challenge will be to design genetic program at the 
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single cell level to control behaviors at the multicellular scale. One important step in that 

direction will be the generation of closed loop computational/experimental frameworks for 

guiding and exploring network/morphogenesis relationships.

For the first time, we find ourselves equipped with the tools and basic knowledge necessary 

for engineering self-organization in multicellular systems. This multi-disciplinary effort 

could enhance our control of the development and functional behavior of complex 

multicellular systems and serve as a valuable testing ground for cell signaling in 

multicellular contexts. We expect this effort to uncover basic biological principles and create 

the next generation of therapies for regenerative medicine.
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Figure 1 –. Deconstruction of developmental trajectory into cycles and molecular 
implementations.
The spiral represents the developmental trajectory unfolding over time through a series of 

cycles (Cycle 1, Cycle 2, etc.). Each cycle is driven by the underlying genetic program made 

of: 1) cell-cell signaling, 2) multicellular networks that generate patterns, 3) and changes in 

cells’ physical and/or biological properties by changing expression of one or more effector 

genes. The new signaling, biological, and physical status of the multicellular system defines 

the new starting conditions for a new cycle.
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Figure 2 –. Mapping existing synthetic receptor systems based on their input, transduction and 
output characteristics.
A schematic of various synthetic receptors that process information from the extracellular 

space (top), to inside the cell (bottom).

Sensing domains are classified as antibody-based (A1), based on natural ligand binding 

domains (A2), or generated via directed evolution (A3). Effector domains are natural (C3) if 

endogenous domains are used. For transcriptional outputs, we distinguish artificial 

transcription factors like Gal4 or tTA that activate exogenous expression cassettes 

(transgene) (C2), or dCas9-based transcription factors that activate endogenous targets (C3). 

Each sensor and effector domain can be mounted onto a part of the receptor protein that 

executes the transduction (B). B1 is contact dependent, i.e. is activated only via membrane-

bound ligand (green circles presented on a neighboring cell in the upper left corner). B2–5 

all recognize ligands that are soluble in the extracellular environment (green circles secreted 

from other cells in the upper right corner).

At the far bottom, we list the synthetic receptor systems that have been implemented to date 

using alphanumeric codes according to the notation introduced in the text of 

[input]transduction[output]. For example, [A1]synNotch[C2] represents the synthetic 

receptor that uses an antibody-based sensor as input (A1), and activates an artificial 

transcription factor as output (C2), and so on. The works that describe in the details those 

receptors are in the references below and in the text.

SynNotch = Synthetic Notch24; MESA = Modular Extracellular Sensor Architecture15,64,65; 

IcPSAD = Intracellular protein sensor actuator device66; GEMS = generalized extracellular 
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molecule sensor14; RASSL = Receptor activated solely by synthetic ligand17; Tango19; 

ChaCha20; dCas9 synRs = dCas9 synthetic receptor21; Ca2+ST = calcium sensing-rewiring 

tool67; Ca2+RT = calcium rewiring tool18,68; GPCR = G-protein coupled receptor; TKR= 

tyrosine kinase receptor.
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Figure 3 –. Multicellular signaling networks and effector genes can drive patterning of different 
cell states and biophysical changes.
(a-b) Examples of spatial and temporal patterning guided by multicellular synthetic gene 

regulatory networks implemented in mammalian cells. The gene regulatory networks are 

presented on the left-hand side; on the right hand side are the corresponding cellular 

patterns. The gene regulatory networks are represented as blocks-and-arrows schemes: the 

solid arrows are the regulatory links of the intracellular network, acting in the same cell; the 

dashed arrows are the intercellularly regulatory links between two cells. (a.1) Representation 

of network scheme and resulting checkerboard pattern generated using a single cell 

population expressing NOTCH receptor (blue), repressing its own ligand DELTA (red); this 

network was implemented in 2D in CHO cells26. (a.2) Representation of network scheme 

and resulting multi-layered pattern generated using two distinct cell lines, where cell type 1 

expresses a constitutively active green fluorescent protein (GFP) ligand (green) and cells 2–3 

express a [GFP]synNotch[tTA→CD19 ligand], a 

[CD19]synNotch[tTA→BlueFluorescentProtein] (blue) and an mCherry reporter (red). 

When co-cultured, cell type 1 acts as a nucleation center for a signal cascade where cells 2 

that are in contact with cells 1 fluoresce red and create a secondary ligand, which then 

signals to neighboring cells 3 to fluoresce blue. This network was implemented in 2D in 

MDCK cells24. (a.3) Representation of network scheme and resulting signal propagation 

pattern generated using two distinct cell lines, where cell 1 constitutively expresses the 

NOTCH ligand DELTA (green) and cells 2–3 express the synthetic modular receptor 
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[DELTA]NOTCH[tTA→DELTA]. When co-cultured, cell 1 triggers signal propagation in 

neighboring cells 2–3. This network was implemented using MDCK cells as cell 1 and CHO 

cells as cells 2–327. (a.4) Network scheme and resulting Turing pattern obtained by using 

two different genetically encoded signaling molecules characterized by differential diffusion 

properties: Nodal the short range network activator (red) and Lefty the long range network 

inhibitor (blue). The network was implemented in 2D in 293AD Cells30. (b) In the 

oscillation program a desynchronized temporal pattering was generated in a cell population 

using the transcriptional repressor Hes1 (blue) that is able to repress its own expression after 

a delay encoded by its introns. This network was implemented in 2D in CHO cells and 3T3 

mouse fibroblasts33,69.

(c) Examples of effector genes driving physical (1.) or biological (2.) differentiation when 

overexpressed. (c1.) Examples of effector genes that, when exogenously overexpressed, 

induce cell differentiation into motoneurons from human induced pluripotent stem cells, 

endothelial cells from a lung fibroblast cell line, and cardiomyocytes from a fibroblast cell 

line70–72. (c.2) Examples of effector genes changing selected cells physical properties: 

production of type II collagen proteins was achieved in adipose stem cells by overexpression 

of the Sox trio (Sox5, Sox6 and Sox9)73. The rest of the figure c2 is an adaptation from37,74.

(d) Examples of effector genes induced by synthetic signaling pathways. (d.1) Soluble 

ligand CD14, released by source cells (HEK293), activates 

[sCD14]Ca2+RT[CaRQ→migration] on the membrane of seeking cells (HEK293) causing 

intracellular Ca2+ release from the endoplasmic reticulum. In the receiver cells, Calcium 

signaling is rewired via CaRQ to trigger migration towards the source cell18. (d.2) CD19 

ligand exposed on the membrane of a sender cell activates a 

[CD19]synNotch[tTA→myoD]receptor that drives Myo-D expression: overexpression of 

myoD in turn drives myoblast differentiation from embryonic fibroblasts24.
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Figure 4 –. Engineered synthetic developmental trajectories in multicellular fibroblast spheroids.
The combination of multicellular signaling network driving effector genes are shown on the 

left hand side; the resulting developmental trajectories are shown on the right.

The multicellular regulatory network (dashed arrows represent the intercellular signaling, 

solid arrows the intracellular signaling) (left most column), downstream effector genes 

(central column) and the corresponding developmental trajectory (right column) for each 

genetic program are shown. (a) No regulatory network is present, N-cad is constitutively 

expressed at high level in the green cells and at low levels in the red cell line39, generating a 

2-layered structure. (b) The regulatory network based on synNotch signaling drives the 

expression of fluorescent proteins (no effector genes). The blue cell line activates the gray 

cell line turning it green, the green cell line then activates the blue cell line turning it red. (c) 

The regulatory network is the same as in (b), but it now drives expression of effector genes 

as well: high levels of E-cadherin (E-cad) in green cells and low levels of E-cad in red cells. 

The differences in the expression levels of E-Cad (null in blue cells, low in red cells, and 

high in green cells) generated in a temporally controlled fashion cause spatial 

rearrangements and cell sorting into a three-layered structure. The three-layer structure is 

able to self-repair after cleavage (c, second row). (d-e) The same regulatory network as in (b) 

drives the expression of N-Cadherin (N-cad) (green) and P-Cadherin (P-cad) (red), 
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generating (d) multiple poles (initial co-culture conditions of 200 cells) or (e) a single pole 

(initial co-culture conditions of 60 cells) 75.
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