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Abstract: Developmental hazard evaluation is an important part of assessing chemical risks during pregnancy. 

Toxicological outcomes from prenatal testing in pregnant animals result from complex chemical-biological 

interactions, and while New Approach Methods (NAMs) based on in vitro bioactivity profiles of human cells 

offer promising alternatives to animal testing, most of these assays lack cellular positional information, physical 

constraints, and regional organization of the intact embryo. Here, we engineered a fully computable model of 

the embryonic disc in the compucell3d.org modeling environment to simulate epithelial-mesenchymal 

transition of epiblast cells and self-organization of mesodermal domains (chordamesoderm, paraxial, lateral 

plate, posterior/extraembryonic). Cell fate in the model is determined by an autonomous homeobox (HOX) 

clock driven by morphogenetic signals (e.g., FGF, WNT, ATRA, CDX). Executing the model renders a 

quantitative cell-level computation of mesodermal subpopulations and consequences of perturbation based on 

known embryogeny. For example, synthetic perturbation of the control network rendered altered phenotypes 

(cybermorphs) mirroring experimental mouse embryology, with 50% reductions in FGF4, FGF8 and BMP4 

signaling resulting in 86%, 98% and 59% reductions, respectively in the posterior mesodermal population, 

while ATRA exposure also resulted in a 78% decrease in this population. This model enables integration of in 

vitro chemical bioactivity data for specific molecular targets with known embryology to test mechanistic 

veracity and quantitative prediction of altered development. 

Keywords: cellular dynamics; multicellular agent-based model; computer simulation; 

developmental toxicity 

 

1. Introduction 

New approach methods (NAMs) that generate bioactivity data from automated high throughput 

screening (HTS) in vitro assays offer the potential to accelerate chemical hazard assessment while 

reducing the reliance on animal testing [1]. Vast collections of HTS data from ToxCast/Tox21 

[https://comptox.epa.gov/dashboard] provide an open resource to examine cellular and molecular 

determinants of toxicity for drugs and chemicals. Pluripotent stem cell (PSC) culture is one of the 

most promising in vitro alternatives to pregnant animal testing for assessing developmental hazard 

potential of drugs and chemicals [2]. Their capacity to form most cell types in the embryo, together 

with their potential for self-renewal and self-organization into rudimentary tissues, has motivated 

the design of engineered microsystems that recapitulate various aspects of anatomical development 

[3-11].  

Computational agent-based models (ABMs) that mobilize cellular dynamics to recapitulate self-

organizing and emergent phenotypes can be used to predict systems-level outcomes linked to 

biomolecular lesions [12-17]. ABMs engineered with sufficient biological veracity allow a user to 

simulate limitless ‘what-if’ scenarios to localize and analyze critical phenomena and develop 

hypothesis-based testing strategies [18-23]. In these cases, nature-inspired agents (cells) and rules 

(behaviors) were set into motion using an open-source modeling environment (e.g., 

compucell3d.org). Information is specified from the known biology to enable bottom-up 
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reconstruction of key morphogenetic events, and to facilitate understanding the global behavior of 

complex systems following perturbation. This may include effects at multiple biological levels, for 

example: molecular and physical properties of the system; cellular fate, behavior, and signaling 

dynamics; and systems-level properties such as emergence, self-regulation, and buffering. 

Phenotype-based protocols for multiscale modeling and simulation can employ mathematical 

algorithmic selection or fuzzy logic to fill in for missing biological information. Although these 

microsystems lack all essential features of in vivo development, they harbor enough information to 

pinpoint critical phenomenon for probabilistic rendering of where, when, and how a particular insult 

might lead to an adverse developmental outcome (cybermorph) [16].     

In the present study, a cellular ABM was built for mesodermal specification during gastrulation 

in mouse and human development. This process establishes the anterior-posterior axis within an 

embryonic disc composed of epiblast and hypoblast layers, where inductive cell signaling centers 

pattern molecular specification of mesodermal linages [24-27]. In mammals, epiblast cells internalize 

at the posterior midline by epithelial-mesenchymal transition (EMT), marking the position of a 

primitive streak as a transitory hallmark of mesodermal specification [28]. The molecular profile of 

the epiblast resembles the primed pluripotent state of epiblast stem cells prior to entering primitive 

streak, and a determined state committed to regional mesodermal specification once they pass 

through the streak [29]. There is little mixing of the different mesodermal fields once cells exit the 

primitive streak. This suggests that when and where a cell exits the streak is of critical importance to 

determining its anatomical fate [30]. As such, cell position in the epiblast is a physical determinant of 

mesodermal patterning by setting the distance an individual epiblast cell must travel to reach the 

primitive streak [31].  

Nascent mesodermal populations are patterned in part by the nested expression of homeobox 

(Hox) genes activated in an anterior-posterior sequence over time [32]. A conceptual ‘Hox clock’ runs 
autonomously to activate this colinear sequence [33]. Some of the key signals regulating this 

progression include, for example, fibroblast growth factors (FGF4, FGF8), bone morphogenetic 

protein 4 (BMP4), Wnt Family Member 3 (WNT3), and all-trans retinoic acid (ATRA) [7, 34]. To 

computationally model quantitative impacts of genetic errors or chemical disruption on epiblast 

development, we built an ABM, referred to hereafter as ESABM (epiblast stem cell agent-based 

model). The model is driven by an ontology map of the signaling network of a bilaminar embryo and 

implements a physical progression of epiblast dynamics to simulate mesodermal fields and their 

disruption by biochemical alterations that can be tied to NAMs data from ToxCast/Tox21. 

2. Methods and Implementation 

2.1. Model scope 

The morphogenetic series covered in the ESABM prototype focused on epiboly of pluripotent 

epiblast cells to the midline, their ingression by EMT forming nascent mesoderm carrying nested Hox 

gene addresses, and regional specification of four regional domains: chordamesoderm, paraxial 

mesoderm, lateral plate mesoderm, and posterior mesoderm (explained in the Results). The 

simulation begins with an initial tissue configuration corresponding to the bilayered embryonic disc 

at the egg cylinder stage, just prior to the onset of gastrulation, and progresses through formation of 

a trilaminar embryo at mid-gastrulation. This approximates a timeline from embryonic (E) days E6.25 

– E7.25 in the mouse and gestational days 14-17, Carnegie Stage (CS) CS6 – CS7 in human 

development. Figure 1 shows the workflow for parameterization, representation, and 

operationalization. 
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Figure 1. Workflow for a computational (in silico) agent-based model (ESABM) that simulates 

morphodynamics generating regional mesodermal subpopulations from the pluripotent epiblast in a 

Hox-patterned system. For sensitivity analysis, the model code was altered quantitatively to test 

specific nodes or relationships in key signaling pathways. Resultant in silico morphologies 

(cybermorphs) were compared against phenotypes defined primarily from literature on mouse 

embryology. 

2.2. Model construction.  

ESABM was engineered as a three-dimensional (3D) model in CompuCell3D 

[https://compucell3d.org/], an open-source environment for simulating the spatial-temporal 

dynamics of multicellular systems given specified cell behaviors, regulatory signals, and physical 

properties [12, 14, 16]. CompuCell3D uses a cellular Potts model (CPM) that treats individual cells as 

autonomous agents interacting in a shared physical environment, modeled as a discrete lattice, in 

which each cell occupies multiple lattice sites. The version accessed for this working prototype is 

CompuCell3D v4.3.2, scripted with Python v3.9.2. The CompuCell3D lattice was 240 x 240 x 48 

(2,764,800) voxels. The bilaminar embryonic disc was arbitrarily set to a diameter of 200 voxels filling 

54.5% of the lattice from a dorsal view of the epiblast surface (31,400 voxels) and a total volume of 

331,650 voxels (12% of the lattice) for the full embryonic disc.  

Although most information is based on the mouse, initial rendering was designed to be disc-

shaped rather than cup-shaped to better reflect the human embryonic disc [26]. We do not know the 

exact number of cells in a human embryo at the time of gastrulation; however, a parallel increase in 

growth expands the epiblast in both mouse [30] and human [35]. Therefore, species equivalence is 

assumed for the purposes of this model. About 120 cells make up the epiblast of the mouse embryo 

at E5.5, and about 660 cells at E6.5 [36]. With gastrulation, cell numbers increase in the embryonic 

region to about 15,000 at E7.5 [37]. Our initial rendering consisted of two epithelial layers, one for the 

epiblast and the other for hypoblast composed of, respectively, 3483 and 3150 cells, with gastrulation 

forming a trilaminar embryonic disc as pluripotent epiblast cells ingress through the primitive streak 

to form the middle mesodermal layer. The target parameter in CompuCell3D was set to maintain 

individual cell sizes between 33-67 voxels (average 50 voxels), corresponding to biological cell sizes 

of 9 – 11 µm (average 10 µm). With little extracellular space in the epiblast layer, this range allowed 

flexibility of cell shape, movement, and growth in the simulation within a discrete size range for 

epithelial and mesenchymal cells scaled to individual cells in the mouse embryo. An appropriately 

abstracted geometric boundary condition was fixed to scale the ESABM to an intermediate 

composition within the timeline for mouse (E6.25 – E7.25) or human (CS6 – CS7) development.  

Model dynamics were discretized in Monte-Carlo steps (MCS), each corresponding to 240 × 240 

x 48 = 2.8M attempted changes following a Metropolis Monte Carlo algorithm that repeatedly 

attempts to change which cell-voxels occupy randomly chosen lattice sites. The success of attempted 
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changes is governed by corresponding changes in a pseudoenergy function (ΔE), where favorable 
changes (ΔE ≤ 0) are always successful; unfavorable changes (ΔE > 0) are successful with probability: 
P = e−ΔE/Teff where Teff is the cell-specific fluctuation amplitude or effective temperature. This adds a 

cell-level stochastic element to the model framework (see [21] for details). Each simulation ran for 

7500 MCS. Video tiles were imaged each 25 MCS and constructed into movies using Windows video 

editor. In addition, we queried CompuCell3D for morphodynamic meta data (e.g., cell counts, 

migration, differentiation) output to flat files for quantitative analysis.   

2.3. Cell types and signaling network: 

 Specifications were developed from the literature, focusing on several key signaling pathways: 

FGF4, FGF8, BMP4, WNT3, and ATRA. We used Abstract Sifter v7 for entity identification [38] and 

mined the PubMed literature for the following terms relating to gastrulation in the mouse/human: 

cell types to be incorporated into the model, key signaling pathways regulating gastrulation, 

homeobox gene expression during epiblast differentiation, temporality and cellular localization of 

expression to define parameters for our model. The ontologies, supporting literature, and color 

schema for the various cell types included in the ESABM prototype are synopsized in Table 1.  

Table 1. Ontology Annotation of Functional Cellular Components in the ESABM Simulation 1. 

Anatomical Annotation Index Signals Model Implementation References 

Medium (implantation chamber) 2 Black ATRA 3 Slows HOX clock [39] 

Ectoderm Blue -- -- -- 

Extraembryonic Ectoderm EEE 4 CYP26a1 ATRA breakdown [39], [40], [41], [42] 

Epiblast EPI 5 NODAL Mesoendoderm induction [43] 

Surface ectoderm, 

Neuromesoderm 
Blue -- Residual epiblast -- 

Endoderm Yellow -- -- -- 

Visceral Endoderm (primitive)  VE FGF4 PVE, HOX clock, draws mesoderm [44], [45] 

Posterior Visceral Endoderm PVE BMP4 Posterior polarization [46], [47] 

Anterior Visceral Endoderm  AVE 
CER1, 

LEFTY1 
NODAL antagonists [48] 

Primitive Streak Black WNT3, CDX 6 EMT 7 [40], [49], [50] 

Organizer Node Black WNT3, FGF8 
Paces HOX clock, stimulates 

migration 
[40], [42], [51] 

Mesoderm Multi HOX pattern Mesodermal fate -- 

Chordamesoderm Green Cdx-Hox Rostral [52], [53], [54] 

Paraxial Mesoderm Red Cdx-Hox Intermediate [52], [53], [54] 

Lateral Plate Mesoderm Purple Cdx-Hox Lateral  [52], [53], [54] 

Posterior Mesoderm Orange Cdx-Hox Caudal  [52], [53], [54] 
1 Human embryonic disc (early week 3 of gestation) abstracted from the mouse (E5.5 – E6.5). 2 Implicit 

representation of extraembryonic germ layers, trophectoderm, and maternal decidua. 3 Potential availability of 

maternal all-trans retinoic acid (ATRA) prior to de novo synthesis at E7.5. 4 Source of growth factor signals and 

ATRA breakdown. 5 Cell growth and mitosis are active for epiblast stem cells. 6 Caudal Type Homeobox (CDX) 

genes (Cdx2/4). 7 Epithelial-mesenchymal transition (EMT), marking the position of the primitive streak. 

Information from literature mining elucidated the flow of molecular regulatory information in 

a qualitative control network visually represented with BioTapestry v7.1.2 

[https://biotapestry.systemsbiology.net/]. To address information gaps in the downstream pathways 

we used the Mouse Genome Informatics (MGI) resource [https://www.informatics.jax.org/] and the 

Reactome Pathway Browser for human systems [https://reactome.org/userguide/pathway-browser]. 

Although the ontology map is gene-centric, the individual relationships represent ligand-receptor 

interactions and downstream targets for this cell-oriented model. Each ligand is placed in a subregion 

representing the cell type from which it is secreted. Receptors were input as intercellular nodes within 
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the cell types as they are known to be expressed in the BioTapestry. Downstream targets between the 

binding of one gene to its cognate receptor and expression of the next downstream gene (such as 

protein complexes) were input to BioTapestry as ‘bubble nodes’ to illustrate the path by which gene 

expression evolves.  

Mesoderm induction and patterning is largely regulated by NODAL activity through Activin 

receptors and SMAD2/3 transducers. Other signals patterning the epiblast include NODAL from the 

epiblast and BMP4 from the posterior visceral endoderm (PVE). The anterior visceral endoderm 

(AVE) is a major source of LEFTY1 (and by inference, LEFTY2) signals that antagonize NODAL and 

BMP4 once gastrulation has started. We recognize some key regulators not included in this model 

implementation will be left for future development; for example, CRIPTO and DRAP1 inhibit 

NODAL during pre-gastrulation stages in the mouse and have an impact on the posterior mesoderm 

[55]. 

 

Figure 2. Flow of molecular regulatory information during early embryo patterning, modeled in 

BioTapestry. The bilaminar embryo is represented in blue for the epiblast and yellow for the hypoblast 

regions indicated. The trilaminar embryo adds red for the mesoderm. Colors of the nodes (signals) 

and edges (relationships) are for visual enhancement only. Drivers of antero-posterior polarization of 

the epiblast and endo-mesodermal induction in the model include FGF4, BMP4, and regulators 

elaborated from the anterior visceral endoderm (AVE) and posterior visceral endoderm (PVE) 

signaling centers [43-50]. A genome-wide view, approximately E6.25 – E7.25, with two sub-pathways 

represented for posteriorization: (i) FGF launches the pathway in PVE leading to primitive streak 

formation, and (ii) ATRA and HOX-specification in the endo-mesoderm. Other drivers of Hox gene 

expression patterning in the model include FGF4, FGF8, WNT3, and CDX [41, 42, 45, 52, 53]. 

(i) Start FGF4: FGF is required for derivation and maintenance of a primed pluripotent state for 

human embryonic stem cells (hESCs) in vitro, and for post-implantation growth of the embryonic 

disc in vivo [25]. FGFR activation preserves hESC pluripotency by transducing information to the 

nucleus leading to negative regulation of FOXO1 phosphorylation [56, 57]. FRS2a (FGFR 

substrate 2) is an adapter protein linking activated receptor to downstream transducers that 

regulate the epiblast-stem cell fate decision switch between pluripotency (eg, FOXO1) or 

differentiation (e.g., RAF/ERK). PI3K-AKT-FOXO1 signaling emerged as the top pathway 

domain of developmental toxicity from the ToxCast hESC data [58]. It is thus relevant to the 

epiblast which depends on FGF signals from the endoderm [59]. FGF/FGFR signaling is mediated 

by the activation of RAS-mitogen-activated protein kinase (MAPK), phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K)-AKT, Phospholipase C Gamma (PLCγ), and signal transducers and 
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activators of transcription (STAT), which intersect and synergize with other signaling pathways 

such as WNT, ATRA and transforming growth factor (TGF)-β [60]. Cerebrus (CER1) as an 

antagonist of NODAL/BMP/WNT is expressed near the AVE in co-expression with LEFTY1/2 

[25]. The model represents broad expression of FGF4 and FGF8 expression localized to the 

primitive streak as a transient function of WNT signaling.  

(ii) Start ATRA: ATRA signaling is potentially active from early PSC stages [61], but the embryo does 

not make its own ATRA until mid-gastrulation (~E7.5) [62, 63]. RAR/RXR liganding suppresses 

FGF-signaling and triggers Nodal/LEFTY1/CER1 antagonists in the AVE, ultimately influencing 

mesodermal Hox gene specification through CDX. The pluripotent epiblast is protected from 

premature differentiation until exposure to inductive cues in strictly controlled spatially and 

temporally organized patterns guiding fetal formation [31]. This includes precocious ATRA, an 

endogenous regulator of the patterned Hox gene expression. The removal of ATRA is required 

for correct Nodal expression during early embryonic patterning and is primarily due to 

Cytochrome P450 CYP26 enzymatic expression (primarily Cyp26a1) in the extraembryonic tissues 

surrounding the embryo E5.5 – E6.5 [39, 40, 54]. Cyp26-deficient mouse embryos show defects 

that resemble mutants lacking Lefty1 and Cer1 due to up-regulation of Nodal activity [64]. 

Similarly, exogenous maternal ATRA (oral, 50 mg/kg on E5.5) has similar effects suggesting the 

embryo is normally protected from premature ATRA exposure but may succumb to defects with 

retinoid drugs (e.g., tretinoin, isotretinoin) or CP26 inhibitors (e.g., triazole antifungal agents) 

[40]. TCF7 (gene for TCF-1, the WNT nuclear effector) has overlapping expression with SMADs.  

3. Results 

3.1. Morphodynamics:  

Executing ESABM produced a quasi-normal simulation of the transformation of the embryo 

from bilaminar (epiblast, hypoblast) to trilaminar disc, representing the sequence of morphogenetic 

events from E6.25 – E7.25 (mouse) and 3rd week human gestation (CS6-CS7). The normal run 

encompasses 7500 MCS from start to finish. Epiblast cells are drawn to the midline by cell movement 

and cell growth (epiboly). This behavior is stimulated by FGF4 released from the hypoblast (visceral 

endoderm) across the entire simulation (MCS 0 to 7500). Biologically, the posterior visceral endoderm 

(PVE) releases BMP4 that positions the primitive streak and the anterior visceral endoderm (AVE) 

releases BMP4 inhibitors to polarize the antero-posterior axis [46, 47]. AVE and PVE signaling centers 

are specified in the model code and thus release their signals that form gradients from the start of the 

simulation (Figure 2). AVE position in vivo is influenced by mechanical stress from the uterus which 

is partly responsible for the cup versus disc shape of the bilaminar embryo in mouse versus human, 

respectively [25]. This is not, however, represented in ESABM where the epiblast borders are 

circumferentially fixed. Epiboly of the in silico epiblast is therefore limited to inward expansion, 

represented by a midline primitive streak coded into the model that represents a restricted location 

of EMT. The timing, shape, and extension of this feature could be specified at different times and 

positions; however, for the purposes of this small working prototype an ’I-shaped’ primitive streak 
was specified at 100 MCS to represent the onset of gastrulation at E6.25 (CS6).   

3.2. Primitive streak formation:  

Specification of the primitive streak was modeled as an open slot for epiblast cells undergoing 

EMT to migrate through. This reflects a simple abstraction of the biological condition, where EMT in 

the posterior epiblast is initiated by a localized breakdown of the basal lamina and loss of E-cadherin 

expression [65]. The inward flux and movement of pluripotent epiblast cells in ESABM was, however, 
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primed by position and timing [66]. Here, we focus on computational analysis of nascent mesodermal 

populations as the primary emergent output.  

3.3. Mesodermal lineages:  

Nascent mesoderm cells acquired a nested Hox address as they internalized (Figure 3). The cell 

field in the simulation (Figure 3A and Supplemental video) shows the bilaminar embryo viewed from 

above, with the epiblast rendered transparent for quantitative viewing of mesodermal populations. 

Mammals have 39 Hox genes arranged in 4 paralogous clusters numbered from 1 to 13 within each 

group. Pluripotent stem cells are usually devoid of Hox expression, but these genes are activated in 

spatial and temporal patterns defining the development of various body regions [32]. For simplicity, 

the ESABM prototype simulated only four Hox genes: Hoxd4, Hoxd9, Hoxd11, and Hoxd13 reported in 

the self-organizing mouse PSC-derived in vitro gastruloid [67].  

Epiblast cells adopt different fates based on positional information determined by an 

autonomous HOX clock encoded into the model. As each epiblast stem cell passes through the streak, 

its mesodermal identity is locked in time sync to the combinatorial Hox profile [33], modeled in 

ESABM for colinear expression of the four Hox genes. Each MCS advances the HOX clock by one tick 

that is counted as different mesodermal lineages form. Each tick of the autonomous clock in ESABM 

computes to 0.087 sec biological time in the mouse and conversely each minute of biological time in 

the mouse epiblast is represented in the model by 5.2 MCS. 

 

Figure 3. Nascent mesodermal populations emerging in the ESABM simulation, visualized from the 

dorsal aspect with the epiblast rendered transparent and hypoblast in yellow. [Video in supplemental 

file S1, generated from snapshots exported at each 25 Monte Carlo Steps (MCS)]. Three-dimensional 

(3D) time course representation of the embryonic disc modeled in CompuCell3D with cell growth 

enabled in the epiblast to generate new cells, but the embryonic disc remains constant and 

symmetrical in size as an idealized representation. A posterior section of extraembryonic ectoderm 

(ExE) is included here as a source of BMP4. Snapshots selected across an unperturbed 7500 MCS 

simulation are displayed at MCS noted in the insets. The simulation recapitulates endo-mesodermal 

formation through a primitive streak but does not model primitive streak elongation or expansion of 

the trilaminar disc into presomitic stages. Mesodermal specification is emergent based on position 

and timing of EMT through the primitive streak. These nascent cells are destined for regional fates 

including the notochord and neural tube (chordamesoderm), paraxial mesoderm and gut tube (endo-

mesoderm), limbs (lateral plate mesoderm), caudal structures and blood precursors (posterior 

mesoderm). The chordamesoderm (green), paraxial mesoderm (red), lateral plate mesoderm (purple), 

and posterior mesodermal populations (orange) form in turn from the epiblast based on timing and 

position while passing through the primitive streak. Epiblast cells remaining at the end of the 

simulation are assumed to represent neuromesoderm and surface ectoderm (transparent). In addition, 

primitive endoderm polarizes into two signaling centers (anterior and posterior visceral endoderm) 

that influence formation of the anterior-posterior axis. Positional effects on mesodermal specification 

based on Homeobox gene setpoints can be modeled for genetic errors or chemical stressors. 

3.4. Dynamical regulation:  

During early development, Cdx2/4 genes follow a similar expression pattern to Hox genes in 

conferring positional identity to mesodermal tissues derived from posterior epiblast and posterior 

primitive streak [68]. Biologically, the Hox clock is internally regulated by a small network of signals 
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acting through Cdx genes [45]. The ATRA-WNT-FGF-CDX-HOX signaling axis in ESABM therefore 

regulates mesodermal fate specification based on levels of CDX activity. Timing in the model is a 

stochastic feature dependent on a cell’s spatial position in the epiblast that determines how long it 

took an individual cell to reach the primitive streak as well as where in the primitive streak ingression 

occurred, forming chordamesoderm at the streak-node region early in the simulation to posterior 

mesoderm late in the simulation as combinatorial Hox addresses are fixed at the time mesodermal 

cells release from the epiblast (Figure 4). ESABM showed little mixing of the different mesodermal 

domains once cells exit the primitive streak so when and where a cell exits the streak is paramount 

to its anatomical fate [30]. A rudimentary caudal growth zone forms but falls short of reaching a tail 

bud stage (E7.5) [33]. This process in silico differs from the in vivo condition but recapitulates 

synchronicity between the acquisition of genetic positional information over time (temporal 

colinearity) and rostral-caudal axis (spatial colinearity) during the initiation phase of primitive streak 

formation. For this reason, we next tested the model for predicted effects on disruption of the 

signaling network. 

3.5. Perturbing the control network:  

Whereas mesoderm formation in silico is driven by FGF4, FGF8 signaling from the primitive 

streak stimulates cell migration of nascent mesoderm into the central and peripheral mesodermal 

wings. Mesodermal cell migration speed is set as a function of FGF8 concentration, which is 

expressed at the primitive streak to disperse cells following their ingression (Figure 4).  

 

Figure 4. Perturbing the control network to generate cybermorphs based on nascent mesoderm and 

Hox expression (epiblast rendered transparent to visualize the nascent mesoderm). [Video in 

supplemental file S2]. 

(A) FGF4 is a positive determinant of CDX-dependent regulation of the HOX clock. Progressive 

activation of Cdx2/4 specifies progressive mesodermal cell fates (green, chordamesoderm; red, 

paraxial mesoderm; purple, lateral plate mesoderm; orange, posterior mesoderm), and endoderm 

(yellow). Trajectories of individual cells in each mesodermal field can be traced in the simulation 

(see supplemental video S2).  

(B) Pace of the synthetic HOX clock was slowed by FGF down-regulation, thereby affecting colinear 

Hox activation through Cdx2/4. A 25% reduction in FGF4 had a critical effect on posterior 

mesodermal specification, with rarefication of cell numbers in this field foreshadowing caudal 

deficiencies observed in the mouse with 25% to 50% loss of FGFR1 function [53]. The broader 
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effect reflected anteriorization of the mesodermal field shown here at 50% FGF4 reduction with 

substantial rarefication of the posterior mesodermal population.  

(C) FGF8 signaling stimulates cell migration of nascent mesoderm away from the primitive streak 

[51]. Mesodermal cell migration speed is set as a function of FGF8 concentration, which is 

expressed at the primitive streak. A 50% reduction of FGF8 is shown. In the complete absence of 

FGF8 (not shown), we have no migration away from the primitive streak and the mesodermal 

cells pile up and slowly expand outwards only due to contact forces from more cells undergoing 

EMT.  

(D) Retinoid signaling: the embryo acquires its potential for de novo ATRA synthesis around E7.5 [62, 

63] and is protected from maternal ATRA exposure by the local expression of Cyp26a1 [69]. 

Precocious ATRA exposure was modeled as an inhibition of CYP26a1 activity at a level that 

yielded a 50% reduction in Cdx2/4 expression.  

(E) Quantitative mesodermal fields and cell counts computed for 5 replicates (mean + SD for n = 5 

runs). 

 

Figure 5. Cybermorphs based on nascent mesoderm and Hox expression. [Video in supplemental file 

S3]. 

(A) Regulatory network implemented for abstracted Hox genes in the model, limited for simplicity 

to sequential activation of Hoxd4, Hoxd9, Hoxd11, and Hoxd13 (3’-anterior, 5’-posterior) as 

reported in a mouse gastruloid system [67]. An autonomous HOX clock in ESABM is paced by 

FGF4 and ATRA signaling coordinated by CDX. FGF activation of Cdx2/4 (assisted by WNT, 

BMP4) speeds the HOX clock for co-linear expression of more posterior (5’) cell fates, according 
to color addresses in the abstracted model. Responsiveness to ATRA is highest for Hox genes at 

the 3’ end in a HOX cluster while genes at the 5’ end are more responsive to FGF signaling [54]. 

(B) Hox states in the model cell field visualized across the 7500 MCS for a normal simulation. Mid-

longitudinal sections of the embryonic disc shown as a snapshot at the designated MCS, with the 

trilaminar disc oriented anterior (left) to posterior (right). Quantitative mesodermal fields were 

scored at MCS 7500 for n = 5 replicates (mean + compucell SD). Anteriorization of Hox gene 

patterning is predicted for FGF4 hypomorphs or ATRA hypermorphs.  

Dysregulation of ATRA signaling was modeled in ESABM (Figure 5). Although de novo ATRA 

synthesis begins circa E7.5 in the mouse, precocious accumulation in the implantation chamber 

disrupts axial elongation and anteroposterior patterning, especially in the posterior mesoderm [40, 

70, 71]. The embryo is protected from precocious ATRA exposure in the implantation chamber by 

FGF-induced Cyp26a1 expression in extraembryonic tissues surrounding the epiblast (E5.5 – E6.0) 

and later in the primitive streak and posterior mesoderm [69]. ESABM does not currently have 

homeostatic feedback loops for FGF-dependent recovery of Cyp26a1 or Cdx2/4 expression so 

kinematics of ATRA exposure were modeled as a 50% alteration of Cdx2/4 function. Overall, 
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synthetic perturbation of FGF and ATRA signaling had pronounced consequences on the timing of 

posterior mesoderm formation consistent with experimental mouse embryology. Reduced FGF4, 

FGF8 and BMP4 signaling resulted in 86%, 98% and 59% loss, respectively in specification of the 

posterior mesodermal population. Elevated ATRA exposure resulted in a 78% decrease in this 

mesodermal population. These effects were highly significant by ANOVA (P < 0.001) across five 

replicates (n = 5), with the critical effect on FGF4 at or below 25% reduction. 

4. Discussion 

ESABM provides an in silico platform for the integration of in vitro chemical bioactivity profiles 

on specific molecular targets with known function in embryology for mesodermal specification. The 

model is driven by a biomolecular ontology (Figure 2) of the bilaminar embryo and implements a 

quasi-normal physical progression of epiblast dynamics to simulate nascent mesoderm formation. 

Although based largely on biological information from the mouse, the initial rendering was 

physically structured to represent the progression from bilaminar to trilaminar disc stages in the 

human. ESABM showed little mixing of the different mesodermal layers once cells exit the primitive 

streak. This is consistent with en toto imaging of the mouse and with the concept that when and 

where a cell exits the streak is critical for its final anatomical fate [30]. The in silico mesodermal fields 

produced in the 3D simulation were a quasi-normal facsimile to the pattern from en toto imaging of 

the early mouse embryo [30], albeit limited by a fixed boundary and absence of the heart field in our 

model. The in situ epiblast was rendered transparent as epiblast stem cells underwent EMT 

somewhat akin to the out-of-focal plane of the epiblast layer in the en toto mouse imaging study [30].  

Computational dynamics of the ESABM simulation can be used to model countless ‘what-if’ 
scenarios for predictive biology. Scenarios can be tuned for primitive streak formation, colinear 

activation of homeobox patterning genes, and cell migration to anterior, paraxial, lateral, and 

posterior mesoderm fields. The current ESABM prototype arbitrarily implements only four 

(Hoxd4/d9/d11/d13) of 39 Hox genes in the mammalian genome. They were selected to recapitulate 

colinear expression during self-organization of the anterior-posterior axis in a murine in vitro 

gastruloid derived from PSCs [67]. Future expansion of ESABM can incoporate the full complement 

of Hox genes based on their known expression patterns from the relevant literature and emerging 

cell atlases of the early embryo [24, 25] (see Supplemental Figure S3). This information would enhance 

resolution of chemical injury predicted on regional Hox codes determined for different mesodermal 

lineages.  

Dual regulation of Hox gene activation by ATRA and FGF signaling is a common theme for 

shaping the early embryo [63]. ATRA regulates Hox gene activation directly through DR5 elements 

(primarily anterior Hox gene cluster) [54] or indirectly through Cdx expression in the primitive streak 

and surrounding epiblast [68, 72, 73]. The early peri-implantation embryo is protected from 

premature ATRA exposure (prior to E7.5) by locally expressed CYP26A1 enzymatic activity [52, 53]; 

however, maternal exposure to retinoids during early gastrulation or agents that block CYP26 (e.g, 

triazole antifungal agents) may be expected to alter Hox patterning at a critical time during early 

mesodermal fate specification [54, 74]. In contrast to ATRA overload, loss of FGF in early mouse 

embryos is embryolethal at pre-primitive streak stages (E5) for FGF4-deficiency, and early 

gastrulation (E7) for FGF8 deficiency [75]. Although it may be difficult to define a threshold of ‘lethal’ 
outcome in the model, the reduction of FGF8 signaling resulted in the progressive accumulation of 

cells at the primitive streak failing to complete EMT and dispersing from the primitive streak. The 

current ESABM prototype does not engage apoptosis, which remains for future model development; 

however, dispersal of nascent mesoderm from the primitive streak is an FGF8-driven cell behavior 

[75]. This pathway involves down-regulation of E-cadherin in the mouse epiblast [76] and 

RAS/MAPK and PI3K/AKT pathways in the chick epiblast [51]. FGF8-dependent dispersion of 

nacsent mesoderm is coarsely represented in ESABM at the level of FGFR1 activity, which is 

influenced by FGF4 from the hypoblast before primitive streak formation and then by FGF8 in the 

primitive streak.  
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Finally, ESABM predicted strong disruption in the timing of posterior mesodermal formation 

with FGF-deficiency or ATRA-excess, consistent with empirical observations for Cdx-dependent 

growth of the posterior mesoderm [53, 73]. The small working prototype is proof-of-concept for 

predictive toxicology, particularly for how the embryo forms blood which is substantially derived 

from the posterior mesoderm [24, 70, 71]. In this way, the in vitro chemical effects data from largely 

human cell-based assays in ToxCast/Tox21 [https://comptox.epa.gov/dashboard/] can be imported to 

a dynamical, self-organizing in silico toxicodynamics platform for dose-time exposure scenarios. As 

a use case, we queried USEPA’s CompTox Chemicals Dashboard for ToxCast hits with an activity 

concentration of 50% (AC50) < 1 µM on the in vitro bioactivity profiles for inhibition of FGFR1 

biochemical activity in a cell-free assay (NVS_ENZ_hFGFR1) and/or reporter gene activation of the 

Direct Repeat 5 retinoic acid response element in a cis-activation assay (ATG_DR5_CIS_up). For 

example, PharmaGSID_48519 (CASRN 686756-87-6) had an AC50 (concentration that altered 

bioactivity by 50%) of 0.005 µM on hFGFR1 liganding. At 0.36 µM, this kinase directed drug, 

identified as a SMAD binding element inhibitor at 0.57 µM [77], invoked a gene signature of EMT in 

the MCF7 cell line. At AC50 = 1.22 µM, GSID_48519 caused cis-activation of DR5 inferring an effect 

on ATRA-induced gene expression. This concentration was the dTP index in the ToxCast STM_hESC 

assay inferring a threshold for human developmental toxicity potential at 1.22 µM [58]. In the absence 

of a direct validation, these lines of evidence from different types of assays for GSID_48519 support 

each other and add confidence to the simulated outcomes. Chemicals may disrupt FGF signaling in 

multiple ways including FGF kinematics or effects on FGF-modulated genes, including Hox 

activation. Chimeric embryoids constructed from different proportions of normal and FGF-deficient 

cells showed a biologically relevant reduction of FGF signaling around 25% [53], consistent with the 

cybermorph predicted by ESABM. Computationally different degrees of chemical insult to the 

kinematics of FGF and/or ATRA systems can thus be modeled with ESABM for predictive toxicology. 

Although much of ESABM is based on biological information from the mouse, translation of 

developmental toxicity potential to a human epiblast model can be evaluated with in vitro ToxCast 

data from embryonic stem cell platforms for human and mouse [58]. 

5. Conclusions 

Virtual in silico tissue models are a novel approach to visualize cellular trajectories, map 

toxicodynamics, and predict adverse phenotype (cybermorphs) in ways difficult to accomplish in 

vivo. The temporality of ESABM at present covers some of the morphogenetic series of events from 

pre-gastrulation (E6.25) through mid-gastrulation (E7.25). We consider the present state of ESABM 

as quasi-normal because the primitive streak does not elongate, and the Hox-pattern is over-

simplified. Proof of concept shows that the model enables integration of in vitro chemical bioactivity 

data for specific molecular targets with known embryology for mechanistic prediction of altered 

mesoderm development, shown in a case example with FGF and ATRA pathways. An important 

limitation with the current ESABM prototype is that it does not simulate anterior extension of the 

neuraxis, heart field nor caudal growth zones. Those subsequent morphogenetic stages will be left 

for future model development. However, it’s capacity to translate NAMs data into potential 
mesodermal phenotypes in silico may be validated by in vitro studies using engineered microsystems 

such as gastruloids that recapitulate various morphogenetic processes.  

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1: Videos in supplemental figures S1 (for Figure 3), S2 (for Figure 4), and S3 (for Figure 5).  

Author Contributions: Conceptualization, T.B.K. and R.S.; Methodology, R.S. and N.B.; Formal analysis, K.B.; 

Writing—original draft preparation, T.B.K. and K.B.; Project administration, T.B.K. All authors have read and 

agreed to the published version of the manuscript.  

Funding: This research received internal funding from the Chemical Safety for Sustainability (CSS) National 

Research Program of the US EPA, Virtual and Complex Tissue Models (CSS.5.3.4). 

Institutional Review Board Statement: Not applicable. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2023                   doi:10.20944/preprints202309.2097.v1

https://comptox.epa.gov/dashboard/
https://doi.org/10.20944/preprints202309.2097.v1


 12 

 

Data Availability Statement: The CompuCell3D and Python code running ESABM are provided in 

Supplemental files. Case study data from the EPA/Tox21 ToxCast/Tox21 data set is public 

[https://comptox.epa.gov/dashboard]. 

Acknowledgments: The authors gratefully acknowledge support from John Kenneke of USEPA/ORD/CCTE in 

conceptualizing this study, as well as Cindy Wolf (EPA/ORD-CPHEA-PHITD-RDTB), Kelly Carstens 

(EPA/ORD-CCTE-BCTD-CTBB) and Job Berkhout (Utrecht University) for helpful comments on the final 

manuscript. 

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. USEPA. New Approach Methods Work Plan (V2).U.S. Environmental Protection Agency, Washington, DC, 

2021,EPA/600/X-21/209,https://www.epa.gov/chemical-research/new-approach-methods-work-plan. 

2. Piersma, A. H., N. C. Baker, G. P. Daston, B. Flick, M. Fujiwara, T. B. Knudsen, H. Spielmann, N. Suzuki, 

K. Tsaioun, and H. Kojima. "Pluripotent Stem Cell Assays: Modalities and Applications for Predictive 

Developmental Toxicity." Curr Res Toxicol 3 (2022): 100074; DOI: 10.1016/j.crtox.2022.100074. 

3. Warmflash, A., B. Sorre, F. Etoc, E. D. Siggia, and A. H. Brivanlou. "A Method to Recapitulate Early 

Embryonic Spatial Patterning in Human Embryonic Stem Cells." Nat Methods 11, no. 8 (2014): 847-54; DOI: 

10.1038/nmeth.3016. 

4. Knight, G. T., B. F. Lundin, N. Iyer, L. M. Ashton, W. A. Sethares, R. M. Willett, and R. S. Ashton. 

"Engineering Induction of Singular Neural Rosette Emergence within Hpsc-Derived Tissues." eLife 7 (2018); 

DOI: 10.7554/eLife.37549. 

5. Manfrin, A., Y. Tabata, E. R. Paquet, A. R. Vuaridel, F. R. Rivest, F. Naef, and M. P. Lutolf. "Engineered 

Signaling Centers for the Spatially Controlled Patterning of Human Pluripotent Stem Cells." Nature methods 

16, no. 7 (2019): 640-48; DOI: 10.1038/s41592-019-0455-2. 

6. Simunovic, M., J. J. Metzger, F. Etoc, A. Yoney, A. Ruzo, I. Martyn, G. Croft, D. S. You, A. H. Brivanlou, 

and E. D. Siggia. "A 3d Model of a Human Epiblast Reveals Bmp4-Driven Symmetry Breaking." Nature cell 

biology 21, no. 7 (2019): 900-10; DOI: 10.1038/s41556-019-0349-7. 

7. Zheng, Y., X. Xue, Y. Shao, S. Wang, S. N. Esfahani, Z. Li, J. M. Muncie, J. N. Lakins, V. M. Weaver, D. L. 

Gumucio, and J. Fu. "Controlled Modelling of Human Epiblast and Amnion Development Using Stem 

Cells." Nature 573, no. 7774 (2019): 421-25; DOI: 10.1038/s41586-019-1535-2. 

8. Xu, P. F., R. M. Borges, J. Fillatre, M. de Oliveira-Melo, T. Cheng, B. Thisse, and C. Thisse. "Construction of 

a Mammalian Embryo Model from Stem Cells Organized by a Morphogen Signalling Centre." Nature 

communications 12, no. 1 (2021): 3277-77; DOI: 10.1038/s41467-021-23653-4. 

9. Amadei, G., C. E. Handford, C. Qiu, J. De Jonghe, H. Greenfeld, M. Tran, B. K. Martin, D. Y. Chen, A. 

Aguilera-Castrejon, J. H. Hanna, M. B. Elowitz, F. Hollfelder, J. Shendure, D. M. Glover, and M. Zernicka-

Goetz. "Embryo model Completes Gastrulation to Neurulation and Organogenesis." Nature 610, no. 7930 

(2022): 143-53; DOI: 10.1038/s41586-022-05246-3. 

10. Iyer, N. R., J. Shin, S. Cuskey, Y. Tian, N. R. Nicol, T. E. Doersch, F. Seipel, S. G. McCalla, S. Roy, and R. S. 

Ashton. "Modular Derivation of Diverse, Regionally Discrete Human Posterior Cns Neurons Enables 

Discovery of Transcriptomic Patterns." Science advances 8, no. 39 (2022): eabn7430-eabn30; DOI: 

10.1126/sciadv.abn7430. 

11. Tarazi, S., A. Aguilera-Castrejon, C. Joubran, N. Ghanem, S. Ashouokhi, F. Roncato, E. Wildschutz, M. 

Haddad, B. Oldak, E. Gomez-Cesar, N. Livnat, S. Viukov, D. Lokshtanov, S. Naveh-Tassa, M. Rose, S. 

Hanna, C. Raanan, O. Brenner, M. Kedmi, H. Keren-Shaul, T. Lapidot, I. Maza, N. Novershtern, and J. H. 

Hanna. "Post-Gastrulation Synthetic Embryos Generated Ex Utero from Mouse Naive Escs." Cell 185, no. 

18 (2022): 3290-306.e25; DOI: 10.1016/j.cell.2022.07.028. 

12. Izaguirre, J. A., R. Chaturvedi, C. Huang, T. Cickovski, J. Coffland, G. Thomas, G. Forgacs, M. Alber, G. 

Hentschel, S. A. Newman, and J. A. Glazier. "Compucell, a Multi-Model Framework for Simulation of 

Morphogenesis." Bioinformatics (Oxford, England) 20, no. 7 (2004): 1129-37; DOI: 

10.1093/bioinformatics/bth050. 

13. Macal, C. M., and M. J. North. "Tutorial on Agent-Based Modelling and Simulation." Journal of Simulation 

4, no. 3 (2010): 151-62; DOI: 10.1057/jos.2010.3. 

14. Hirashima, T., E. G. Rens, and R. M. H. Merks. "Cellular Potts Modeling of Complex Multicellular 

Behaviors in Tissue Morphogenesis." Development, growth & differentiation 59, no. 5 (2017): 329-39; DOI: 

10.1111/dgd.12358. 

15. Glen, C. M., M. L. Kemp, and E. O. Voit. "Agent-Based Modeling of Morphogenetic Systems: Advantages 

and Challenges." PLoS computational biology 15, no. 3 (2019): e1006577-e77; DOI: 

10.1371/journal.pcbi.1006577. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2023                   doi:10.20944/preprints202309.2097.v1

https://doi.org/10.20944/preprints202309.2097.v1


 13 

 

16. Knudsen, T. B., R. M. Spencer, J. D. Pierro, and N. C. Baker. "Computational Biology and in Silico 

Toxicodynamics." Current opinion in toxicology 23-24, no. Oct-Dec 2020 (2020): 119-26; DOI: 

10.1016/j.cotox.2020.11.001. 

17. Yu, J. S., and N. Bagheri. "Agent-Based Models Predict Emergent Behavior of Heterogeneous Cell 

Populations in Dynamic Microenvironments." Frontiers in bioengineering and biotechnology 8 (2020): 249-49; 

DOI: 10.3389/fbioe.2020.00249. 

18. Hester, S. D., J. M. Belmonte, J. S. Gens, S. G. Clendenon, and J. A. Glazier. "A Multi-Cell, Multi-Scale Model 

of Vertebrate Segmentation and Somite Formation." PLoS computational biology 7, no. 10 (2011): e1002155-

e55; DOI: 10.1371/journal.pcbi.1002155. 

19. Kleinstreuer, N. C., R. S. Judson, D. M. Reif, N. S. Sipes, A. V. Singh, K. J. Chandler, R. Dewoskin, D. J. Dix, 

R. J. Kavlock, and T. B. Knudsen. "Environmental Impact on Vascular Development Predicted by High-

Throughput Screening." Environmental health perspectives 119, no. 11 (2011): 1596-603; DOI: 

10.1289/ehp.1103412. 

20. Leung, M. C., M. S. Hutson, A. W. Seifert, R. M. Spencer, and T. B. Knudsen. "Computational Modeling 

and Simulation of Genital Tubercle Development." Reproductive toxicology (Elmsford, N.Y.) 64 (2016): 151-61; 

DOI: 10.1016/j.reprotox.2016.05.005. 

21. Hutson, M. S., M. C. K. Leung, N. C. Baker, R. M. Spencer, and T. B. Knudsen. "Computational Model of 

Secondary Palate Fusion and Disruption." Chemical research in toxicology 30, no. 4 (2017): 965-79; DOI: 

10.1021/acs.chemrestox.6b00350. 

22. Adhyapok, P., A. M. Piatkowska, M. J. Norman, S. G. Clendenon, C. D. Stern, J. A. Glazier, and J. M. 

Belmonte. "A Mechanical Model of Early Somite Segmentation." iScience 24, no. 4 (2021): 102317; DOI: 

10.1016/j.isci.2021.102317. 

23. Naphade, Om, Kaitlyn Barham, Richard Spencer, Nancy C. Baker, Todd J. Zurlinden, Katerine S. Saili, 

Kelly Carstens, Aymeric Silvin, Florent Ginhoux, and Thomas B. Knudsen. "Microglial Dynamics, Blood-

Brain Barrier Morphogenesis, and Developmental Toxicity: A Brief Review and Computational Model." 

Current opinion in toxicology 36 (2023): 100419; DOI: https://doi.org/10.1016/j.cotox.2023.100419. 

24. Pijuan-Sala, B., J. A. Griffiths, C. Guibentif, T. W. Hiscock, W. Jawaid, F. J. Calero-Nieto, C. Mulas, X. Ibarra-

Soria, R. C. V. Tyser, D. L. L. Ho, W. Reik, S. Srinivas, B. D. Simons, J. Nichols, J. C. Marioni, and B. Göttgens. 

"A Single-Cell Molecular Map of Mouse Gastrulation and Early Organogenesis." Nature 566, no. 7745 (2019): 

490-95; DOI: 10.1038/s41586-019-0933-9. 

25. Molè, M. A., T. H. H. Coorens, M. N. Shahbazi, A. Weberling, B. A. T. Weatherbee, C. W. Gantner, C. 

Sancho-Serra, L. Richardson, A. Drinkwater, N. Syed, S. Engley, P. Snell, L. Christie, K. Elder, A. Campbell, 

S. Fishel, S. Behjati, R. Vento-Tormo, and M. Zernicka-Goetz. "A Single Cell Characterisation of Human 

Embryogenesis Identifies Pluripotency Transitions and Putative Anterior Hypoblast Centre." Nature 

communications 12, no. 1 (2021): 3679-79; DOI: 10.1038/s41467-021-23758-w. 

26. Rossant, J., and P. P. L. Tam. "Early Human Embryonic Development: Blastocyst Formation to 

Gastrulation." Developmental cell 57, no. 2 (2022): 152-65; DOI: 10.1016/j.devcel.2021.12.022. 

27. Zeng, B., Z. Liu, Y. Lu, S. Zhong, S. Qin, L. Huang, Y. Zeng, Z. Li, H. Dong, Y. Shi, J. Yang, Y. Dai, Q. Ma, 

L. Sun, L. Bian, D. Han, Y. Chen, X. Qiu, W. Wang, O. Marín, Q. Wu, Y. Wang, and X. Wang. "The Single-

Cell and Spatial Transcriptional Landscape of Human Gastrulation and Early Brain Development." Cell 

stem cell 30, no. 6 (2023): 851-66.e7; DOI: 10.1016/j.stem.2023.04.016. 

28. Sheng, G., A. Martinez Arias, and A. Sutherland. "The Primitive Streak and Cellular Principles of Building 

an Amniote Body through Gastrulation." Science (New York, N.Y.) 374, no. 6572 (2021): abg1727-abg27; DOI: 

10.1126/science.abg1727. 

29. Klein, A. M., L. Mazutis, I. Akartuna, N. Tallapragada, A. Veres, V. Li, L. Peshkin, D. A. Weitz, and M. W. 

Kirschner. "Droplet Barcoding for Single-Cell Transcriptomics Applied to Embryonic Stem Cells." Cell 161, 

no. 5 (2015): 1187-201; DOI: 10.1016/j.cell.2015.04.044. 

30. McDole, K., L. Guignard, F. Amat, A. Berger, G. Malandain, L. A. Royer, S. C. Turaga, K. Branson, and P. 

J. Keller. "In Toto Imaging and Reconstruction of Post-Implantation Mouse Development at the Single-Cell 

Level." Cell 175, no. 3 (2018): 859-76.e33; DOI: 10.1016/j.cell.2018.09.031. 

31. Yeh, C. Y., W. H. Huang, H. C. Chen, and Y. J. Meir. "Capturing Pluripotency and Beyond." Cells 10, no. 12 

(2021); DOI: 10.3390/cells10123558. 

32. Seifert, A., D. F. Werheid, S. M. Knapp, and E. Tobiasch. "Role of Hox Genes in Stem Cell Differentiation." 

World journal of stem cells 7, no. 3 (2015): 583-95; DOI: 10.4252/wjsc.v7.i3.583. 

33. Deschamps, J., and D. Duboule. "Embryonic Timing, Axial Stem Cells, Chromatin Dynamics, and the Hox 

Clock." Genes & development 31, no. 14 (2017): 1406-16; DOI: 10.1101/gad.303123.117. 

34. Zhu, M., and M. Zernicka-Goetz. "Principles of Self-Organization of the Mammalian Embryo." Cell 183, no. 

6 (2020): 1467-78; DOI: 10.1016/j.cell.2020.11.003. 

35. Ghimire, S., V. Mantziou, N. Moris, and A. Martinez Arias. "Human Gastrulation: The Embryo and Its 

Models." Developmental biology 474 (2021): 100-08; DOI: 10.1016/j.ydbio.2021.01.006. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2023                   doi:10.20944/preprints202309.2097.v1

https://doi.org/10.1016/j.cotox.2023.100419
https://doi.org/10.20944/preprints202309.2097.v1


 14 

 

36. Wen, J., Y. Zeng, Z. Fang, J. Gu, L. Ge, F. Tang, Z. Qu, J. Hu, Y. Cui, K. Zhang, J. Wang, S. Li, Y. Sun, and Y. 

Jin. "Single-Cell Analysis Reveals Lineage Segregation in Early Post-Implantation Mouse Embryos." The 

Journal of biological chemistry 292, no. 23 (2017): 9840-54; DOI: 10.1074/jbc.M117.780585. 

37. Tzouanacou, E., A. Wegener, F. J. Wymeersch, V. Wilson, and J. F. Nicolas. "Redefining the Progression of 

Lineage Segregations During Mammalian Embryogenesis by Clonal Analysis." Developmental cell 17, no. 3 

(2009): 365-76; DOI: 10.1016/j.devcel.2009.08.002. 

38. Baker, N., T. Knudsen, and A. Williams. "Abstract Sifter: A Comprehensive Front-End System to Pubmed." 

F1000Research 6 (2017); DOI: 10.12688/f1000research.12865.1. 

39. Abu-Abed, S., P. Dollé, D. Metzger, B. Beckett, P. Chambon, and M. Petkovich. "The Retinoic Acid-

Metabolizing Enzyme, Cyp26a1, Is Essential for Normal Hindbrain Patterning, Vertebral Identity, and 

Development of Posterior Structures." Genes & development 15, no. 2 (2001): 226-40; DOI: 10.1101/gad.855001. 

40. Uehara, M., K. Yashiro, K. Takaoka, M. Yamamoto, and H. Hamada. "Removal of Maternal Retinoic Acid 

by Embryonic Cyp26 Is Required for Correct Nodal Expression During Early Embryonic Patterning." Genes 

& development 23, no. 14 (2009): 1689-98; DOI: 10.1101/gad.1776209. 

41. Beck, F., T. Erler, A. Russell, and R. James. "Expression of Cdx-2 in the Mouse Embryo and Placenta: 

Possible Role in Patterning of the Extra-Embryonic Membranes." Developmental dynamics : an official 

publication of the American Association of Anatomists 204, no. 3 (1995): 219-27; DOI: 10.1002/aja.1002040302. 

42. Neijts, R., S. Amin, C. van Rooijen, and J. Deschamps. "Cdx Is Crucial for the Timing Mechanism Driving 

Colinear Hox Activation and Defines a Trunk Segment in the Hox Cluster Topology." Developmental biology 

422, no. 2 (2017): 146-54; DOI: 10.1016/j.ydbio.2016.12.024. 

43. Lowe, L. A., S. Yamada, and M. R. Kuehn. "Genetic Dissection of Nodal Function in Patterning the Mouse 

Embryo." Development (Cambridge, England) 128, no. 10 (2001): 1831-43; DOI: 10.1242/dev.128.10.1831. 

44. Murohashi, M., T. Nakamura, S. Tanaka, T. Ichise, N. Yoshida, T. Yamamoto, M. Shibuya, J. Schlessinger, 

and N. Gotoh. "An Fgf4-Frs2alpha-Cdx2 Axis in Trophoblast Stem Cells Induces Bmp4 to Regulate Proper 

Growth of Early Mouse Embryos." Stem cells (Dayton, Ohio) 28, no. 1 (2010): 113-21; DOI: 10.1002/stem.247. 

45. Mouilleau, V., C. Vaslin, R. Robert, S. Gribaudo, N. Nicolas, M. Jarrige, A. Terray, L. Lesueur, M. W. Mathis, 

G. Croft, M. Daynac, V. Rouiller-Fabre, H. Wichterle, V. Ribes, C. Martinat, and S. Nedelec. "Dynamic 

Extrinsic Pacing of the Hox Clock in Human Axial Progenitors Controls Motor Neuron Subtype 

Specification." Development (Cambridge, England) 148, no. 6 (2021); DOI: 10.1242/dev.194514. 

46. Morgani, S. M., J. J. Metzger, J. Nichols, E. D. Siggia, and A. K. Hadjantonakis. "Micropattern Differentiation 

of Mouse Pluripotent Stem Cells Recapitulates Embryo Regionalized Cell Fate Patterning." eLife 7 (2018); 

DOI: 10.7554/eLife.32839. 

47. Miura, S., S. Davis, J. Klingensmith, and Y. Mishina. "Bmp Signaling in the Epiblast Is Required for Proper 

Recruitment of the Prospective Paraxial Mesoderm and Development of the Somites." Development 

(Cambridge, England) 133, no. 19 (2006): 3767-75; DOI: 10.1242/dev.02552. 

48. Yamamoto, M., Y. Saijoh, A. Perea-Gomez, W. Shawlot, R. R. Behringer, S. L. Ang, H. Hamada, and C. 

Meno. "Nodal Antagonists Regulate Formation of the Anteroposterior Axis of the Mouse Embryo." Nature 

428, no. 6981 (2004): 387-92; DOI: 10.1038/nature02418. 

49. Theka, I., F. Sottile, M. Cammisa, S. Bonnin, M. Sanchez-Delgado, U. Di Vicino, M. V. Neguembor, K. 

Arumugam, F. Aulicino, D. Monk, A. Riccio, and M. P. Cosma. "Wnt/ß-Catenin Signaling Pathway 

Safeguards Epigenetic Stability and Homeostasis of Mouse Embryonic Stem Cells." Scientific reports 9, no. 

1 (2019): 948-48; DOI: 10.1038/s41598-018-37442-5. 

50. Kemler, R., A. Hierholzer, B. Kanzler, S. Kuppig, K. Hansen, M. M. Taketo, W. N. de Vries, B. B. Knowles, 

and D. Solter. "Stabilization of Beta-Catenin in the Mouse Zygote Leads to Premature Epithelial-

Mesenchymal Transition in the Epiblast." Development (Cambridge, England) 131, no. 23 (2004): 5817-24; DOI: 

10.1242/dev.01458. 

51. Hardy, K. M., T. A. Yatskievych, J. Konieczka, A. S. Bobbs, and P. B. Antin. "Fgf Signalling through 

Ras/Mapk and Pi3k Pathways Regulates Cell Movement and Gene Expression in the Chicken Primitive 

Streak without Affecting E-Cadherin Expression." BMC developmental biology 11 (2011): 20-20; DOI: 

10.1186/1471-213X-11-20. 

52. Iimura, T., and O. Pourquié. "Hox Genes in Time and Space During Vertebrate Body Formation." 

Development, growth & differentiation 49, no. 4 (2007): 265-75; DOI: 10.1111/j.1440-169X.2007.00928.x. 

53. Young, T., J. E. Rowland, C. van de Ven, M. Bialecka, A. Novoa, M. Carapuco, J. van Nes, W. de Graaff, I. 

Duluc, J. N. Freund, F. Beck, M. Mallo, and J. Deschamps. "Cdx and Hox Genes Differentially Regulate 

Posterior Axial Growth in Mammalian Embryos." Developmental cell 17, no. 4 (2009): 516-26; DOI: 

10.1016/j.devcel.2009.08.010. 

54. Nolte, C., B. De Kumar, and R. Krumlauf. "Hox Genes: Downstream "Effectors" of Retinoic Acid Signaling 

in Vertebrate Embryogenesis." Genesis (New York, N.Y. : 2000) 57, no. 7-8 (2019): e23306-e06; DOI: 

10.1002/dvg.23306. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2023                   doi:10.20944/preprints202309.2097.v1

https://doi.org/10.20944/preprints202309.2097.v1


 15 

 

55. Jin, J. Z., Y. Zhu, D. Warner, and J. Ding. "Analysis of Extraembryonic Mesodermal Structure Formation in 

the Absence of Morphological Primitive Streak." Development, growth & differentiation 58, no. 6 (2016): 522-

9; DOI: 10.1111/dgd.12294. 

56. Zhang, X., S. Yalcin, D. F. Lee, T. Y. Yeh, S. M. Lee, J. Su, S. K. Mungamuri, P. Rimmelé, M. Kennedy, R. 

Sellers, M. Landthaler, T. Tuschl, N. W. Chi, I. Lemischka, G. Keller, and S. Ghaffari. "Foxo1 Is an Essential 

Regulator of Pluripotency in Human Embryonic Stem Cells." Nature cell biology 13, no. 9 (2011): 1092-9; DOI: 

10.1038/ncb2293. 

57. Yu, F., R. Wei, J. Yang, J. Liu, K. Yang, H. Wang, Y. Mu, and T. Hong. "Foxo1 Inhibition Promotes 

Differentiation of Human Embryonic Stem Cells into Insulin Producing Cells." Experimental cell research 362, 

no. 1 (2018): 227-34; DOI: 10.1016/j.yexcr.2017.11.022. 

58. Zurlinden, T. J., K. S. Saili, N. Rush, P. Kothiya, R. S. Judson, K. A. Houck, E. S. Hunter, N. C. Baker, J. A. 

Palmer, R. S. Thomas, and T. B. Knudsen. "Profiling the Toxcast Library with a Pluripotent Human (H9) 

Stem Cell Line-Based Biomarker Assay for Developmental Toxicity." Toxicological sciences : an official journal 

of the Society of Toxicology 174, no. 2 (2020): 189-209; DOI: 10.1093/toxsci/kfaa014. 

59. Martello, G., and A. Smith. "The Nature of Embryonic Stem Cells." Annual review of cell and developmental 

biology 30 (2014): 647-75; DOI: 10.1146/annurev-cellbio-100913-013116. 

60. Mossahebi-Mohammadi, M., M. Quan, J. S. Zhang, and X. Li. "Fgf Signaling Pathway: A Key Regulator of 

Stem Cell Pluripotency." Frontiers in cell and developmental biology 8 (2020): 79-79; DOI: 

10.3389/fcell.2020.00079. 

61. Palmer, J. A., A. M. Smith, L. A. Egnash, M. R. Colwell, E. L. R. Donley, F. R. Kirchner, and R. E. Burrier. 

"A Human Induced Pluripotent Stem Cell-Based in Vitro Assay Predicts Developmental Toxicity through 

a Retinoic Acid Receptor-Mediated Pathway for a Series of Related Retinoid Analogues." Reprod Toxicol 73 

(2017): 350-61; DOI: 10.1016/j.reprotox.2017.07.011. 

62. Duester, G. "Retinoic Acid Synthesis and Signaling During Early Organogenesis." Cell 134, no. 6 (2008): 921-

31; DOI: 10.1016/j.cell.2008.09.002. 

63. Cunningham, T. J., and G. Duester. "Mechanisms of Retinoic Acid Signalling and Its Roles in Organ and 

Limb Development." Nature reviews. Molecular cell biology 16, no. 2 (2015): 110-23; DOI: 10.1038/nrm3932. 

64. Perea-Gomez, A., F. D. Vella, W. Shawlot, M. Oulad-Abdelghani, C. Chazaud, C. Meno, V. Pfister, L. Chen, 

E. Robertson, H. Hamada, R. R. Behringer, and S. L. Ang. "Nodal Antagonists in the Anterior Visceral 

Endoderm Prevent the Formation of Multiple Primitive Streaks." Developmental cell 3, no. 5 (2002): 745-56; 

DOI: 10.1016/s1534-5807(02)00321-0. 

65. Williams, M., C. Burdsal, A. Periasamy, M. Lewandoski, and A. Sutherland. "Mouse Primitive Streak Forms 

in Situ by Initiation of Epithelial to Mesenchymal Transition without Migration of a Cell Population." 

Developmental dynamics : an official publication of the American Association of Anatomists 241, no. 2 (2012): 270-

83; DOI: 10.1002/dvdy.23711. 

66. Kim, Y. S., R. Fan, S. C. Lith, A. K. Dicke, H. C. A. Drexler, L. Kremer, N. Kuempel-Rink, L. Hekking, M. 

Stehling, and I. Bedzhov. "Rap1 Controls Epiblast Morphogenesis in Sync with the Pluripotency States 

Transition." Developmental cell 57, no. 16 (2022): 1937-56.e8; DOI: 10.1016/j.devcel.2022.07.011. 

67. Beccari, L., N. Moris, M. Girgin, D. A. Turner, P. Baillie-Johnson, A. C. Cossy, M. P. Lutolf, D. Duboule, and 

A. M. Arias. "Multi-Axial Self-Organization Properties of Mouse Embryonic Stem Cells into Gastruloids." 

Nature 562, no. 7726 (2018): 272-76; DOI: 10.1038/s41586-018-0578-0. 

68. Pinglay, S., M. Bulajic, D. P. Rahe, E. Huang, R. Brosh, N. E. Mamrak, B. R. King, S. German, J. A. Cadley, 

L. Rieber, N. Easo, T. Lionnet, S. Mahony, M. T. Maurano, L. J. Holt, E. O. Mazzoni, and J. D. Boeke. 

"Synthetic Regulatory Reconstitution Reveals Principles of Mammalian Hox Cluster Regulation." Science 

(New York, N.Y.) 377, no. 6601 (2022): eabk2820-eabk20; DOI: 10.1126/science.abk2820. 

69. Roberts, C., S. Ivins, A. C. Cook, A. Baldini, and P. J. Scambler. "Cyp26 Genes A1, B1 and C1 Are Down-

Regulated in Tbx1 Null Mice and Inhibition of Cyp26 Enzyme Function Produces a Phenocopy of Digeorge 

Syndrome in the Chick." Hum Mol Genet 15, no. 23 (2006): 3394-410; DOI: 10.1093/hmg/ddl416. 

70. Lengerke, C., and G. Q. Daley. "Caudal Genes in Blood Development and Leukemia." Annals of the New 

York Academy of Sciences 1266 (2012): 47-54; DOI: 10.1111/j.1749-6632.2012.06625.x. 

71. Rawat, V. P., R. K. Humphries, and C. Buske. "Beyond Hox: The Role of Parahox Genes in Normal and 

Malignant Hematopoiesis." Blood 120, no. 3 (2012): 519-27; DOI: 10.1182/blood-2012-02-385898. 

72. Houle, M., P. Prinos, A. Iulianella, N. Bouchard, and D. Lohnes. "Retinoic Acid Regulation of Cdx1: An 

Indirect Mechanism for Retinoids and Vertebral Specification." Molecular and cellular biology 20, no. 17 

(2000): 6579-86; DOI: 10.1128/MCB.20.17.6579-6586.2000. 

73. Foley, T. E., B. Hess, J. G. A. Savory, R. Ringuette, and D. Lohnes. "Role of Cdx Factors in Early Mesodermal 

Fate Decisions." Development (Cambridge, England) 146, no. 7 (2019); DOI: 10.1242/dev.170498. 

74. Menegola, E., M. L. Broccia, F. Di Renzo, and E. Giavini. "Postulated Pathogenic Pathway in Triazole 

Fungicide Induced Dysmorphogenic Effects." Reproductive toxicology (Elmsford, N.Y.) 22, no. 2 (2006): 186-

95; DOI: 10.1016/j.reprotox.2006.04.008. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2023                   doi:10.20944/preprints202309.2097.v1

https://doi.org/10.20944/preprints202309.2097.v1


 16 

 

75. Sun, X., E. N. Meyers, M. Lewandoski, and G. R. Martin. "Targeted Disruption of Fgf8 Causes Failure of 

Cell Migration in the Gastrulating Mouse Embryo." Genes & development 13, no. 14 (1999): 1834-46; DOI: 

10.1101/gad.13.14.1834. 

76. Ciruna, B., and J. Rossant. "Fgf Signaling Regulates Mesoderm Cell Fate Specification and Morphogenetic 

Movement at the Primitive Streak." Developmental cell 1, no. 1 (2001): 37-49; DOI: 10.1016/s1534-

5807(01)00017-x. 

77. Wei, Z., S. Sakamuru, L. Zhang, J. Zhao, R. Huang, N. C. Kleinstreuer, Y. Chen, Y. Shu, T. B. Knudsen, and 

M. Xia. "Identification and Profiling of Environmental Chemicals That Inhibit the Tgfß/Smad Signaling 

Pathway." Chemical research in toxicology 32, no. 12 (2019): 2433-44; DOI: 10.1021/acs.chemrestox.9b00228. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2023                   doi:10.20944/preprints202309.2097.v1

https://doi.org/10.20944/preprints202309.2097.v1

